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An Adaptive Hexahedral FEM with 3D Nodal Displacement for CSEM Modeling

and Its Application to a Hydrothermal System
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The Finite Element Method (FEM) is a powerful tool for 3D electromagnetic modeling in geophysical exploration methods
such as CSEM and MT. To balance computational cost and accuracy, adaptive FEM techniques using octree-based mesh
refinement have been developed. While both tetrahedral and hexahedral elements are used, hexahedral elements are often
preferred for their ability to align with geological layers and maintain numerical stability. However, previous hexahedral
adaptive FEM approaches have primarily been limited to vertical nodal displacement for representing complex topography
and have used linear approximations for the transfer function at the boundaries, which can pose challenges in accurately
modeling finite-length sources and suppressing artificial reflections.

In this study, we significantly extend this methodology to overcome these limitations. First, we have developed a new
hexahedral adaptive mesh generation technique that incorporates full 3D nodal displacement. This allows for the high-fidelity
representation of complex features such as finite-length CSEM sources and lake bathymetry without sacrificing mesh quality.
The 3D mesh deformation is achieved through a two-step process: we first calculate 2D displacements on the surface mesh to
match target features using a non-linear FEM, and then compute the full 3D displacements after incorporating elevation data.
Second, we have implemented an improved boundary condition using a transfer function composed of a superposition of
exponential functions (exp(= ikx)). This condition simulates an outgoing wave, effectively minimizing artificial reflections
from the model boundaries. Compared to the conventional Dirichlet boundary condition, our approach achieves high accuracy
over a wider area of the computational domain, even with a smaller model space.

In this presentation, we will first validate our new code by comparing its numerical results with the analytical solution for a
finite-length dipole CSEM source. We will then present a key application of the code to the continuous CSEM data acquired
at Inferno Crater Lake, New Zealand, in 2023. This site is known for its vigorous 40-day cycle of water level and temperature
fluctuations, suggesting dynamic subsurface processes. We use our forward modeling to quantitatively interpret the observed
resistivity variations that are synchronized with the lake’s cycle, and discuss the implications for the dynamics of the shallow
high-resistivity layer, interpreted as a vapor-dominated zone.
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Electrical Resistivity Anisotropy in Brine-Saturated Rocks during Triaxial Defor-

mation
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Electrical resistivity anisotropy within the crust serves as a crucial geophysical indicator reflecting the distribution of
stress-aligned cracks and fault zones. Recent advances in electromagnetic methods have enabled the identification of numer-
ous anisotropic electrical resistivity structures in both continental and oceanic crusts, revealing the presence of cracks aligned
with regional stress fields. These cracks typically develop with their long axes parallel to the direction of maximum principal
stress, creating anisotropy that reflects the dominant stress regime of the region. To interpret resistivity anisotropy observed in
the field, it is essential to validate through resistivity anisotropy measurements under controlled differential stress conditions.
However, previous studies have primarily measured resistivity along the maximum stress axis direction, and comprehensive
experimental methods for evaluating resistivity anisotropy have not been established. Therefore, this study developed a novel
methodology for measuring anisotropic electrical resistivity during triaxial deformation experiments and elucidated the evo-
lution of resistivity anisotropy throughout the deformation process.

For radial resistivity measurements in cylindrical rock samples, the effective cross-sectional area of electrical current was
determined through three-dimensional electrostatic field numerical simulations. Evaluation of electrode materials under
high-pressure conditions confirmed that Ag/AgCl electrodes demonstrated superior performance. The developed experimen-
tal method enabled simultaneous measurement of both axial and radial resistivities during triaxial deformation.

The method was applied to triaxial compression tests on Aji granite (confining pressure 20 MPa, pore pressure 10 MPa).
As a result, the development of resistivity anisotropy throughout the entire deformation process could be monitored. During
the early deformation stage, the increase in radial resistivity was more pronounced than in the axial direction. This can be in-
terpreted as closure of pre-existing cracks oriented at high angles to the compression axis. In the middle stage of deformation,
the decrease in axial resistivity became more pronounced than in the radial direction. This is interpreted as the development
of new cracks parallel to the stress axis. At least the resistivity anisotropy observed in the early stages of deformation is con-
sidered uniform throughout the sample, and the results obtained from this study can provide data for interpreting resistivity
anisotropic structures observed in field surveys.
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Three-dimensional Magnetotelluric Inversion based on a Data Space variant of
Akaike’s Bayesian Information Criterion
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We develop a three-dimensional (3-D) magnetotelluric (MT) inversion method based on Akaike’s Bayesian Information
Criterion (ABIC), which statistically determines the optimal regularization parameter that balances the prior constraints and
data fitting, and therefore controls the smoothness of the final model by incorporating the entropy-maximization theorem
into Bayesian statistics. To mitigate the high computational cost of calculating the ABIC indicator, we introduce a low-rank
transformation, similar to that used in model-to-data space inversions, resulting in a data-space variant of ABIC. This adap-
tation significantly reduces computational complexity, facilitating the practical application of ABIC in 3-D MT inversions.
Our discussion on the methodology and its application begins with a theoretical analysis of the proposed inversion method,
including the underlying assumptions, the mathematical foundations of this statistical framework, a detailed derivation of
the data-space ABIC formulation, and the procedure for obtaining maximum likelihood solutions in 3-D MT inversion. We
then assess the method’s performance using synthetic data, evaluate its stability under different inversion configurations, and
benchmark it against other inversion strategies, including those based on the L-curve criterion, the cooling approach, and the
original ABIC in model space. We demonstrate that the proposed inversion based on the data-space ABIC formulation yields
stable performance across various configurations and offers improved objectivity compared to L-curve and cooling-based in-
versions. It also gains a substantial computational advantage over the original model-space ABIC formulation, achieving over
a 70-fold speedup in synthetic tests while preserving statistical rigor. This facilitates a smooth transition of ABIC-based MT
inversion from 2-D to 3-D and also opens the door to its broader application in other large-scale inverse problems. Finally,
we briefly consider a field data application of the proposed 3-D method to the Yellowstone — Snake River Plain region using
EarthScope USArray MT data to showcase its practical applicability.
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Two-Dimensional MT Inversion with Impedance and Tipper Response using
KLU, Cholesky, and BiCGSTAB Solvers
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This study develops a two-dimensional magnetotelluric inversion program utilizing both impedance and tipper responses.
The forward modeling in the inversion framework is carried out using a finite element numerical method based on nodes
and unstructured triangular elements to solve the electromagnetic field problem formulated as a second-order differential
equation. The inversion process is implemented using the Gauss-Newton algorithm, along with several matrix solver
algorithms (KLU, Cholesky, and BiCGSTAB) to evaluate computational accuracy and efficiency. Validation of the forward
modeling program was conducted using standard COMMEMI 2D-0 and COMMEMI2D-1 models. The average percentage
error of apparent resistivity for the COMMEMI2D-0 model ranged from 5.06% to 6.44%, while for the COMMEMI2D-1
model, the range was between 1.80% and 1.95%. Further validation of the inversion program was performed using synthetic
Earth models, including a homogeneous Earth model, a layered Earth model, and an Earth model with anomalies. The
results from the three matrix solver algorithms show that while different solvers yield similar inversion accuracy, they differ
in computational efficiency, particularly in terms of iteration time and memory usage. Among them, the KLU algorithm
demonstrated the best performance, with shorter iteration times (200 — 3200 seconds) and lower memory usage (2.0 —
3.1 GB) compared to the others. In addition, the integration of tipper responses significantly improved the modeling results
for Earth structures with lateral resistivity variations, producing more accurate outcomes than those obtained without tipper
integration.
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On statistical confidence interval inference of resistivity for a target block in
optimal resistivity model using a paired t-test
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This presentation proposes a scheme for the statistical confidence interval inference of the subsurface electrical resistivity
model using a paired t-test assisted by forward modeling. The method assesses the confidence interval of resistivity for a
target block in optimal model obtained by inversion. The target block consists of several model elements, and arbitrarily
defined by an operator. By changing resistivity of the target block, and executing the forward modeling, we evaluate the
confidence interval of resistivity for the target block using a paired t-test to assess the change in data misfit. Previous studies
used the F-test to estimate the confidence interval of resistivity by assessing the change in chi-square misfit. However, the
F-test requires the chi-square misfits must follow chi-square distributions, and the chi-square misfit actually does not follow
any chi-square distribution in many cases. The proposed method using the t-test is to evaluate the change in mean of z misfit,
which is defined by in-phase and quadrature-phase of magnetotelluric impedance and geomagnetic transfer function misfit
normalized by standard data error.

This presentation shows an example to apply this method to estimate the confidence interval of resistivity of the
magma/hydrothermal reservoir beneath Mt. Azuma (Ichiki et al., 2021), and reveals that the confidence interval obtained
using the F-test is likely to overestimate the confidence interval.

Acknowledgment: This study was inspired by discussions with Dr. Noriko Tada, and we are grateful to Professors Ogawa
and Uyeshima for their valuable comments.
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Estimation of Kozushima subsurface resistivity structure using tsunami-induced

electric fields from the 2011 Tohoku earthquake
#Tetsuji TAKEBAYASHIY), Takuto MINAMI"), Makoto UYESHIMA?)
(1Graduate School of Science, Kobe University, (?Earthquake Research Institute, The University of Tokyo

When conductive seawater moves through the geomagnetic field during a tsunami, tsunami-generated electromagnetic
(TGEM) variations occur (e.g., Tyler, 2005). The TGEM variations can be observed both on land and at the seafloor (e.g.,
Minami et al., 2017). During the 2011 Tohoku earthquake tsunami, significant electric field variations were detected on
Kozushima, a volcanic island in the Izu Islands, with the maximum occurring almost simultaneously with the tide gauge peak
(Nakatani, 2015, Graduation thesis in Tokyo Gakugei University). While tsunami-generated electric (TGE) fields observed
at the seafloor are little affected by the subseafloor resistivity (Shimizu and Utada, 2015), they are strongly influenced by
the subsurface resistivity on islands (Minami, 2024; Shibahara, 2022, Graduation thesis in Kobe University). In this study,
we estimate the subsurface resistivity structure of Kozushima using TGE variation data during the 2011 Tohoku earthquake
tsunami.

On Kozushima, electric potential observations utilizing two long dipoles were conducted by Dr. Yoshiaki Orihara and Mr.
Yoichi Noda as part of the “Earthquake International Frontier Research” program of the Science and Technology Agency. The
two dipoles were oriented southeast-northwest (2.382km) and northeast-southwest (2.137km), providing two components of
potential difference. The observed potential differences were divided by the dipole lengths to obtain two components of
the electric field in the northwestward and southwestward directions. To remove variations unrelated to tsunamis from the
observed data, we applied the RRRMT method using magnetic data at Changchun, China, reducing magnetic storms effect,
following the method in Minami et al. (2017).

The TGE variations on Kozushima were simulated using the time-domain finite-element electromagnetic fields simulation
code TMTGEM (Minami et al., 2017). The tsunami velocity field used as input was calculated with JAGURS (Baba et al.,
2017), a tsunami simulation code based on linear dispersive wave theory. For the TGE simulations, a tetrahedral mesh was
constructed with a minimum edge length of about 200 m around Kozushima.

As a first test, we used homogeneous resistivity structures and performed simulations with resistivity values of 10, 100,
and 1000 Q m. None of these cases reproduced the observed data. The northwest electric field variation showed a negative
excursion consistent with the observation, whereas the southwestward component exhibited a positive peak for all resistivity
values, in contrast to the observed data, which did not display a distinct peak. Next, we constructed a resistivity model based
on geological evidence that eruption centers aligned in a southeast-northwest direction (Taniguchi, 1977), and on previous
electromagnetic surveys suggesting the presence of groundwater (Orihara et al., 2010). We assumed a southeast-northwest
trending low-resistivity anomaly embedded within a high-resistivity background. Specifically, the background resistivity was
set to 1000 Q m and a 10 Q m anomaly extending from the surface down to 300 m below sea level was introduced. This
model successfully reproduced the northwestward electric field variation, as in the homogeneous cases, while also improving
the agreement with the observed southwestward variation. These results suggest the presence of a low-resistivity region
within the central part of Kozushima, embedded in the homogeneous high-resistivity background structure.

This study demonstrates the potential of using TGE variations as a new approach for subsurface structure estimation,
revealing a low-resistivity anomaly beneath Kozushima. While the structures around the dipoles have been constrained,
regions farther away remain poorly resolved. Future work will focus on improving estimation accuracy by focusing on
regions with higher sensitivity and by refining the tsunami simulations that provide input to the electric field calculations.
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Electromagnetic ocean tidal signals for oceanic monitoring
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As currently the oceans absorb 90% of Earth’s excess heat, the importance of estimating the oceanic heat budget cannot be
overestimated. Knowing changes in this process as early as possible is highly important. Changes in the heat uptake rate or
even raised re-emissions will have a large impact on the future climate. Already now we see a rising number of oceanic heat
waves at the ocean surface which lead to corral bleaching and other severe impacts on the ecosystem. Likewise, knowing
the freshwater input into the oceans, e.e., from the melting glaciers is highly important as it might lead to tipping of the
overturning circulation.

Oceanic electromagnetic (EM) tidal signals are in principle sensitive to both temperature and salinity of oceanic waters. If
changes of these tidal signals could be accurately detected and related to climate change induced variations of the sea water
properties then the analysis of these measurements could provide a highly significant contribution to oceanic monitoring,
prediction and mitigation. We will report on the progress made in EM tidal signal detection and separation from satellites
and in-situ observations. Furthermore, we will advertise the exploration of EM tidal signals for oceanic monitoring by
demonstrating and discussing the next steps in EM ocean tidal analysis that go beyond the mere signal detection.
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Three-Dimensional Resistivity Structure and Its Relation to Seismic Activity in
the Northern Noto Peninsula
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On January 1, 2024, a large intraplate earthquake (Mw?7.5) struck the northern part of the Noto Peninsula in north-central
Japan, causing widespread damage due to strong ground motions and a tsunami. Prior to this catastrophic earthquake, an
intense earthquake swarm and localized non-steady crustal deformation had been observed continuously since late 2020 in
the region, which is a non-volcanic area. The swarm activity persisted, producing several M5-class earthquakes, including an
M6.5 on May 5, 2023, before culminating in the Mw 7.5 earthquake. In 2007, an Mw 6.7 earthquake also occurred near the
western side of the Mw 7.5 rupture zone.

We conducted MT surveys to elucidate the structural characteristics of the swarm activity and to determine whether there
were structural differences from the area of the 2007 Noto Peninsula earthquake. The resistivity structure inverted from the
onshore broadband electromagnetic field data acquired in 2021 and 2022 shows the existence of a continuous low-resistivity
zone from the depth of the southern cluster, where a series of seismic swarms started, to the northern cluster, which is the
upper extension of the source of non-steady crustal deformation. Furthermore, the clustered seismic located along the upper
outer edge of this low resistivity zone, strongly suggesting the involvement of fluid in this activity. Preliminary 3D inversion
covering only the central part of the Mw 7.5 rupture zone indicates good agreement between high-slip regions on the fault
plane and zones of high resistivity.

In this presentation, we will report on the resistivity structure of the entire northern part of the Noto Peninsula, including
data from supplemental observations conducted in 2022, 2023 and 2024 at 12 seafloor sites and two land sites to obtain
higher resolution of the subsurface structure, as well as previously acquired data from 26 sites in the northwestern part of
Noto Peninsula in 2007 (Yoshimura et al., 2008), and we discuss its relationship with the recent sequence of seismic activity.

2024 £ 1 A 1 H, BEEFEILEHT Mw7.5 O RRBHIEDFAE L, WER) » RIS X 2 WENLRHEAIC KA, ZoH

BRAEWEI D, IEXNUHIRTH 2 2 oMU TIX, 2020 F5RK & b BB & /ATH 74 IEE H S Z B A5k L Tu
2o ZOBEFEHUBETEENZ. 2018 £ 6 AEICHZF L. 2021 £ 9 H 16 Hizid M5.1. 2022 & 6 A 19 Hizld M5.4. 2023
£5H5HIEM6S OHIENFEL, 2L T2024%F 1 A1 HDO Mw7.5 OHIEBDOFEICE -7, Mw7.5 OBEEROPE
RIFHETIE. 2007 £ Mw6.7 OHEERFAE L TV 3

FxE, BERTEEIDRIENINC Y D X 5 RIGATTHRAE L“CL\Z) D, Fiz, 2007 FREEN EHIE DR © OREER 72
BWEZHL TS ZeZHNE LT, MRHIREIEERE LI L T =72, 2021~2022 EICRES CTEUS L 7251 55 H»
FRDILIRERKIS 7 — 2 H D @ h 5%, —HOBIEEE DSBS L 72 RID 27 7 X 2 DD & IEE M8 2 BhE
D _FEIERICH 7= 2 ALEID 7 5 2 2120 TEfE§ 2 REEPEROBFENHL h e i o/, X 512, HRMEEEIX
DKL FIFIH O EEAVEERICEFR L TE D, MAROEE 2 R T 2 BERNE SN2,

AREFRTIE, HTFHEEOEREBELZ HINZ, 2022~2024 FEREEICEM L7 12 /& - BB 2 S TofMR > — 4
WA, 2007 FEICES S Nz REEE B ALPEER 26 T — & (Yoshimura etal., 2008) =& L. REB-FLEILEIE2E DL
BHSEICOWTHEG L. —EHOMBIEH £ OERICOWTER



R003-09
D&1E : 11725 AM2 (11:05-12:35)
11:50~12:05:00

LFEEY TR b TILY Y VEREICL 3 FEFEDOLENEE

HIEL B ), R G Y, T SASE ), FRS . I B . 0 B, ), BB ),
il 55 ) T 4277, P RHS ), il 45K 2, ol 89, I R D), E MOKER D), S A Y, E ik 0, 7%
[

(UMK, @ BSOS, O SOAZE, (B SSRAEREIRTIZE, © PSR & DFIRT

The resistivity structure of Izu peninsula inferred from broadband magnetotel-

luric surveys
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The Izu Peninsula is located at the northern end of the Izu - Bonin volcanic arc along the eastern margin of the Philippine
Sea Plate, and is known as the region where the plate has collided with Honshu. Volcanic activity has continued in the Izu
Peninsula from approximately 20 million years ago to the present, forming a group of monogenetic volcanoes known as the
Higashi-Izu Monogenetic Volcano Group. In the coastal to offshore area of eastern Izu Peninsula, earthquake swarm reflect-
ing magmatic activity occurred notably in 1930 and during the 1970s to 1990s, accompanied by ground inflation around the
region. Their events imply the presence of magmatic activity beneath the Izu Peninsula. Furthermore, the northern part of
the Izu Peninsula hosts the Tanna Fault, which generated the 1930 North Izu Earthquake. Therefore, it is necessary to clarify
the interaction between magmatic and seismic activities. The subsurface structure of the Izu Peninsula remains unclear, and
the relationship between magmatic and seismic activities has not been fully clarified. In this study, we conducted broadband
magnetotelluric (BBMT) survey from January to March 2025.

We recorded time series data consisting of two horizontal electric and three magnetic field components by the ELOG-MT
system (NT system design Co. Ltd.) at 15 measurement sites. At 17 sites, we measured two horizontal electric fields by
the ELOG-1k system (NT system design Co. Ltd.) without magnetic components. We acquired time series data with 32 Hz
sampling rates. High frequency bandwidth data were acquired with 1024 Hz sampling rates during one hour at night (UT:
17:00718:00). We calculated the MT responses (impedance tensor and geomagnetic transfer function) from the time-series
data using the TRACMT code (Usui et al., 2024, GJI) using horizontal magnetic field measured at Kuju area (about 750 km
from the west of the survey area). We obtained relatively high-quality response functions over a wide frequency range. At 14
sites from the western to the central part, the Z,,, component shows the phases out of the quadrant (POQ) in the long-period
band (approximately 50-4000 s).

We used the FEMTIC code (Usui, 2015, GJI; Usui et al., 2017, GJI; Usui et al., 2024) and estimated the resistivity structure
that reproduces the observed POQ features using 3-D inversion. The error floors of the impedance tensor and the geomag-
netic transfer function were set to 5 % (off-diagonal components) and 10 % (diagonal components) and 0.02, respectively.
A uniform half-space of 100 2 m was used for initial model, in which the resistivities of the blocks corresponding to sea
and air were fixed at 0.33 and 10® Q m, respectively. The inversion results revealed a conductive anomaly at a depth of 5
km in the northern Izu Peninsula, while a resistive zone appeared at approximately 15 km depth in the southern area. In this
presentation, we will show the preliminary resistivity structure of the Izu Peninsula and discuss the detailed anomalies.
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A Practical Approach for Estimating Temporal Resistivity Changes in Volcanoes
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Broadband magnetotelluric (MT) surveys have been widely conducted on volcanoes worldwide, often revealing a shallow
conductive layer underlain by a column-shaped conductor. While imaging resistivity structure is a common application of
MT, detecting temporal resistivity changes is more challenging due to surficial distortion and limited repeated measurements.
In this study, we show a practical approach for estimating temporal resistivity changes using broadband MT data from two
volcanoes. The first case involves repeated MT observations at 26 sites on Iwo-yama, Kirishima volcanic complex (2015 -
2017 and 2024), where a small phreatic eruption occurred in April 2018. The second case uses five months of MT recording
(February — June 2010) at six sites on Sakurajima volcano.

MT response functions were estimated from electric and magnetic field time series using remote-reference processing. The
most significant temporal changes appeared in vertical magnetic transfer functions (VTFs), emphasizing the importance of
measuring vertical geomagnetic fields for resistivity monitoring. Changes in the phase tensor (Caldwell et al., 2004) were
also detected, indicating that these variations reflect subsurface resistivity changes rather than surficial distortion.

We estimated 3-D resistivity changes using the FEMTIC code on a hexahedral mesh (Usui, 2015, 2024), incorporating two
VTF components, four phase tensor components, and four impedance tensor components as input data. Galvanic distortion
on the 2 X 2 impedance tensor was also considered. Although impedance data are susceptible to distortion, they remain
necessary for constraining resistivity values. Phase tensor data help improve constraints, particularly in shallow regions. In
the first step of the inversion, we determined a reference resistivity structure and corresponding galvanic distortion parameters
using reference datasets (Iwo-yama: 2015 — 2016; Sakurajima: entire observation period). In the second step, these reference
models were used as initial models for subsequent inversions (Iwo-yama: 2024 data; Sakurajima: monthly averaged data),
enabling estimation of temporal 3-D resistivity changes.

At Iwo-yama, we found a substantial decrease in resistivity from the surface to “200 m depth, coinciding with the area
of post-eruption geothermal activation. This change likely reflects mixing of high-temperature volcanic fluids with shallow
groundwater. The clay-rich cap layer expanded in an ENE - WSW direction and evolved into a more bell-shaped structure,
potentially enhancing fluid storage. In contrast, the uppermost part locally increased in resistivity, possibly due to capping
degradation from heating or acidification. These changes suggest an elevated potential for larger-scale phreatic eruptions.
Interpretation of the Sakurajima results is ongoing, with volatile-rich fluids from magma interacting with groundwater as a
possible mechanism.
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Comparison of Resistivity Heterogeneity in Subduction Zones to Clarify the
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In subduction zones, the movement and distribution of fluids brought into the Earth’s interior by the subducting oceanic
plate (slab) are crucial for driving igneous/volcanic activity and seismic events. As these fluids reach specific temperature-
pressure conditions during the subducting process, they are released from the oceanic plate through a dehydration reaction.
The released fluids in the mantle lead to partial melting of the mantle, resulting in the formation of magma sources for island
arc volcanoes. This process establishes volcanic chains/regions (on island arcs) that align with depth contour lines of the
subducting plate. On the other hand, some island arcs, such as the island of Kyushu in Japan and the North Island of New
Zealand, exhibit non-volcanic regions devoid of active Quaternary volcanoes for approximately 100 km. It is not entirely
understood why volcanic and non-volcanic regions form, or why volcanic chains are discontinuous in a single-island arc
despite being under the same tectonic conditions. Thus, a key objective of our research is to obtain and compare subsurface
heterogeneity information for different island arcs using the electromagnetic method to aid in understanding the mechanism
behind the formation of island-arc volcanoes.

In addition, due to the subduction of oceanic plates, various types of earthquakes have recurrently occurred in and around
the island of Kyushu and the North Island of New Zealand, including significant thrust earthquakes offshore and historic
earthquakes along tectonic lines within the land area. We have constructed three-dimensional (3-D) electrical resistivity
structures by inverting magnetotelluric (MT) data, which were collected across the entirety of Kyushu through various
surveys, to elucidate the fluid/magma distribution beneath Kyushu [e.g., Hata et al., 2015; 2017; 2020]. The 3-D resistivity
models reveal magma and fluid systems associated with slab-derived fluid as notable electrical resistivity features/anomalies.
Furthermore, we conducted long-period MT surveys over a 300 km X 150 km area, encompassing the southernmost part
of the Taupo volcanic zone (TVZ) and a non-volcanic region on the North Island of New Zealand within the Hikurangi
subduction zone, from July 2023 to January 2024. The primary objective of these surveys is to extract information on
subsurface heterogeneity, covering the depths of the crust and mantle in the transition area between the TVZ and the
non-volcanic region, as a 3-D electrical resistivity model. In this presentation, we provide a detailed discussion of the
subsurface heterogeneity beneath the transition area between the volcanic and non-volcanic regions of the two island arcs, as
inferred from the 3-D resistivity distribution.
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Calibration of the LEMI long-period MT instruments
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The LEMI long-period magnetotelluric (MT) instrument measures 3 component magnetic field with a fluxgate sensor and
4 channel electrical potential differences. Due to low power consumption and good quality of the magnetic sensor against
temperature drift, the instrument is widely used in the MT community in the world. We also used the instruments for
surveys in several target areas such as Tohoku, Kii Peninsula, and North Island of the New Zealand. After estimating the MT
impedance between the electric field and the magnetic field, however, we found anomalous behavior of impedance especially
in the phase in the shorter period range (shorter than 100s). In many cases, the phase value decreases toward the shorter
periods. Thus, unless we get the calibration table for the instruments, we cannot obtain the correct impedances and estimate
the true resistivity structure. The manufacturer only gave us a single typical calibration table, where frequency characteristics,
however, were somewhat differenct from channel to channel and not very reliable.

Thus it is very important to determine the calibration table for respective channels in the MT recorders of respective serial
numbers. In order to realize this, we performed the parallel MT observation at Samegawa site in Fukushima prefecture.
We install one wide-band MT system (ADUO8e produced by Metronix) and four LEMIs in the field. ADUO8e measured
2 component electric fields and 3 component magnetic fields by using induction coils at 32 Hz sampling rate. All the
electric channels of all the LEMIs measured the electric field of EW component and respective LEMIs measures 3 component
magnetic field with respective fluxgate sensors at 1 Hz sampling rate. We obtained the records for about two months from
June to August, 2025.

We estimated the response functions in the period range from 4s to 10"4s between EW component electric fields obtained
by respective LEMIs and the ADUO8e. We also estimated the response functions between vertical components obtained by
respective LEMIs and the ADUOS8e. In this estimation, we used the BIRRP code developed by Chave and Thomson (2004).
For the electric field, the phase value starts to decrease from 100s and reaches about -150 degree at 4s. The minus sign
indicates phase delay of LEMIs abainst the ADU. About the magnetic field we only estimate response functions between
vertical component of respective LEMIs and that of ADU. In comparison with the electric field, the magnetic field response
functions are not very stable and some scatters are detected. Moreover, we cannot estimate response functions for horizontal
components since orientation of the sensors cannot be aligned. In spite of this difficulty, we found that magnetic field phase
rotation is at most -15 degree throughout the period range. This result is consistent with our experience in MT impedance
estimation mentioned above. But there exists some variation of the frequency characteristics from channel to channel and
serial number to serial number. We realized that we have to do further efforts to obtain correct calibration table, especially
for magnetic channels.
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Probability Tomography, which was initially proposed by Patella (1997), has been extensively applied across geophysical
exploration fields. The method calculates a probability value for each subsurface node, which quantifies the likelihood of an
anomalous source (e.g., a charge, dipole, or physical property contrast) existing at that location.

The magnetotelluric (MT) probability tomography (Mauriello, 1999) uses electromagnetic induction field components
(Equations 1 and 2) to derive charge-occurrence probability for TM mode (Equation 3) and dipole-occurrence probability for
TE mode (Equation 4), thereby enabling a rapid reconstruction of the probable geometry of anomalous bodies without costly
iteration. Here, the terms (x-X,,)/[(X-X,,)?+Z,,?] and -z,,,/[(X-X,,)?+Z,,, ] represent the space domain electric and magnetic
tomography scanners, respectively.

However, this MT probability tomography employs frequency-independent scanners, neglecting the differential contribu-
tions of subsurface structures to the surface frequency response. To overcome this drawback, we introduce a novel probability
tomography approach founded on the correlation of impedance perturbations with the Fréchet operators, as derived from
the first-order Taylor expansion of the MT impedance (Equation 5). Its core principle involves calculating the correlation
between the field generated by a unit source at the subsurface node and the measured anomalous field. This advancement
allows effective integration of multi-frequency data.

To implement this method, the subsurface region is discretized into Q elementary cells, each with constant resistivity.
The background impedances are obtained through forward modeling of a reference model, while the Fréchet operators are
computed using the adjoint-state method. Thus, the core probability function for this technique is defined by Equation
6, where L is the number of frequencies, N is the number of measuring points, and W is the data weight matrix, which
balances the disparities across different frequencies and measurement errors.

The effectiveness of the proposed method has been validated through extensive synthetic model tests (Figure 1 is result
of synthetic three-block model). The results demonstrate that our method can characterize the morphology, boundaries,
and depth extent of anomalous bodies with remarkable computational efficiency. This approach effectively mitigates the
inherent limitations of conventional probability tomography, particularly its insufficient ability to differentiate between the
depth and the resistivity values of anomalous bodies. Integrating the probability distributions of the TE and TM modes with
the reference model’s allows for the construction of an initial model that more closely approximates the true geological
structure. This provides reliable initial constraints for subsequent inversion, significantly enhancing its convergence speed
and the reliability of the final model. In addition, we applied the method to a real dataset acquired from the Junggar Basin.
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Figure 1. Comparison of imaging methods for the synlhcllc three-block modcl (a) True model. (b)
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probability tomography (TE model).
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Since Cagniard (1953) first presented the basic theory of the magnetotelluric (MT) method, model calculations have
traditionally been carried out in Cartesian coordinates, assuming plane-wave sources. However, because MT observations
are made on the Earth, the fundamental theory and modeling tools should first be constructed in spherical coordinates, and
the Cartesian framework, even if adopted for reasons of computational convenience, should be used only while maintaining
consistency with the spherical-coordinate formulation.

In general, modeling in spherical coordinates employs an external dipole as the source. A set of three orthogonal external
dipoles with unit amplitude is used as basis for representing arbitrary sources. The magnetic field generated by an external
dipole has the simplest possible spatial structure (spatially uniform) that can physically exist. For a dipole oriented in the
north — south direction, it is well known that the tangential component of the magnetic field at any point on the Earth’s
surface is proportional to the cosine of the latitude, while the radial component is proportional to the sine. This implies that
assuming a plane-wave source in Cartesian coordinates represents a spatial structure even simpler than that of any external
magnetic field that can exist in reality. At the very least, modeling with plane-wave sources in Cartesian coordinates cannot
be regarded as consistent with modeling using dipole sources in spherical coordinates.

In this study, we approximately represent an external dipole source in spherical coordinates by finite-wavenumber
sine/cosine functions in Cartesian coordinates, and investigate how deviations from the plane-wave assumption affect the
impedance and tipper. Following Srivastava (1966), the source effect is expressed by approximating the wavenumber v _n=
v (n(n+1))/a, which corresponds to a given spherical harmonic degree n. Using this framework, we systematically examined
through numerical experiments the following four issues:

(Dthe appropriate treatment of the space above the Earth’s surface in numerical models when the wavenumber is finite;

(2)the lower bound of source harmonic degree (wavenumber) for which the plane-wave approximation holds;

(3)the appropriate choice of a set of basis sources for representing an arbitrary source in a Cartesian coordinate system;
and

(4)the uniqueness of impedance and tipper in the presence of source dimension effects.

The results show that:

(1)when the wavenumber is nonzero, the conductivity values in the region above the Earth’s surface have no significant
influence on the calculation results; and

(2)the lower bound of the source order for which the plane-wave approximation holds depends on frequency, and that
within the frequency band relevant to MT observations, the plane-wave approximation is generally valid for external dipole
sources.

For issues (3) and (4), no definitive conclusions have been reached at this stage, and further investigation is required.
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Comparison of 1D and 2D Inversion Results of Magnetotelluric Data Acquired at
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A total of 35 magnetotelluric (MT) soundings were carried out on Sakurajima Island in FY2024. The MT data cover a
broadband frequency range from 0.001 to 400 Hz. After checking the data, we identified the artificial noise at approximately
60 Hz and 0.1 Hz. Therefore, the time series data were processed using the notch filter and remote reference method to reduce
the noise. The magnetic data from Sukomo (SKM) and Noto (ONT-308) sites were used as a reference. As a preliminary step
toward 3D inversion, this study aims to evaluate the ability of the 1D and 2D inversions to reveal the underground resistivity
structure beneath the Sakurajima Volcano. The 1D analyses were carried out using Occam’s inversion code (Constable et al.,
1987) from the sum of squared (ssq; Rung-Arunwan et al., 2016) elements of the impedance tensor. Then, we performed the
2D inversions using the inversion code of Ogawa and Uchida (1996).

The almost similar underground resistivity structures are observed in both 1D and 2D models. Both the 1D and 2D results
highlight three main resistivity structures that exist on Sakurajima Island. The near-surface resistive structure is correlated
with the lava layer to prevent the upwelling volcanic flow. Then, the conductive structure was found in the NE-SW direction
of Sakurajima Island. It seems to have a strong correlation with the magma plumbing system from Aira Caldera to the active
crater. The 1D results indicate two conductive zone around Kitadake is separated by a high resistivity layer. However, in the
2D model, this conductive zone appears as a single conductive structure. The conductive structure was also found in the west
of Sakurajima Island. In this area, the 2D results show a thin resistive layer near the surface and a conductive layer beneath it.
Moreover, the 1D results also indicate the presence of a high-resistivity layer below the conductive zone. We suggest that this
conductive zone represents the lateral intrusion of magma from the main NE-SW magma pathway, as proposed by Hidayati
et al (2007). Then, the high resistivity structures were observed underlying the magma chamber beneath the Kitadake crater
and on the southeastern side of Sakurajima Island, both in 1D and 2D models.

The above results show that 1D and 2D models can be used as an initial approach in structural imaging. Comparing 1D and
2D models leads us to gain valuable information about the main structure of Sakurajima. However, the 1D model does not
take into account the distribution of land, sea, and 3D structure. Meanwhile, the 2D model is depend on the profile orientation
on the structure. Therefore, we need to perform 3D inversion to obtain a more reliable model and compare it with 1D and 2D
results to reveal the underground structure more comprehensively.
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Analysis of the Network-MT and conventional MT data measured in the southern
part of Kii Peninsula, Southwestern Japan
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The Kii Peninsula in the forearc region of southwestern Japan has distinct structural and tectonic features due to the
subducting Philippine Sea (PHS) slab. These features include high seismicity, deep low-frequency earthquakes (DLEQ), and
hot springs containing high 3He/4He isotopic ratios. These tectonic and geological activities may be caused by interstitial
fluids released from the subducting PHS slab. Since electrical resistivity is one of the physical properties sensitive to the
existence and connectivity of subsurface fluids, elucidating its structure beneath the Kii Peninsula is key to understanding the
relationship between deep fluids and various tectonic activities. In this study, we analyzed long-period MT data, wide-band
MT data, and network-MT data acquired in the Kii Peninsula to obtain a 3-D deep resistivity structure of higher resolution
and accuracy in the vicinity of the DLEQ source area.

The network-MT (NMT) method employs a commercial telephone network to obtain voltage difference data over long
lengths. We obtain better data than conventional MT methods in the following points: higher signal-to-noise ratio, less static
effects, and easier acquisition of long-period data. Therefore, the NMT data enable us to resolve conductivity structure in
deeper areas than the conventional MT method. On the other hand, it had low resolution for the middle and upper crust due to
lack of high-frequency data. Additionally, observations can only be performed in areas where telephone lines are available.
These two factors create gaps in data in both the spatial and frequency domains. To address these limitations, we are now
trying to use and newly obtain conventional MT data from the wide-band and the long-period MT surveys and combined
them with the Network-MT data.

In this presentation, we will present a basic characteristic of the so far obtained conventional MT data in the southern part
of Kii Peninsula and compare them with the Network-MT data. We then discuss on an inversion scheme to combine both
data sets, and present a preliminary 3-D resistivity structure by combining both data sets.
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The Controlled-Source Electromagnetic (CSEM) method is a geophysical technique that uses an artificial electromagnetic
source to investigate subsurface electrical conductivity variations. It operates in both marine and land environments and
is particularly effective in inverting shallow targets, especially thin resistors compared to magnetotelluric (MT). In CSEM
surveys, a known time-varying current—often from grounded electric dipole or current wire, which is injected into the
Earth or ocean, generating primary electromagnetic (EM) fields. These primary fields interact with subsurface conductivity
structures, inducing secondary electric currents whose associated EM fields can be measured at the surface or seafloor.

Forward modelling predicts the EM response for a given conductivity model and survey configuration, forming the
foundation for interpretation and inversion. In realistic 3D geological settings, Maxwell’s equations cannot be solved
analytically, necessitating numerical approaches such as finite-element (FE), finite-difference (FD), finite-volume (FV), or
integral-equation (IE) methods. In this study, we conduct forward modeling research on CSEM based on the open-source
edge-based FE method MT program FEMTIC (Usui, 2015, 2017, 2021). The FEMTIC is particularly powerful for CSEM
modelling because it can handle arbitrarily complex geometries through unstructured tetrahedral meshes. In the frequency
domain, the Helmholtz equation for the electric field can be solved directly using edge-element basis functions, which ensure
tangential field continuity. The FE approach involves discretizing the computational domain into tetrahedral elements,
applying the Galerkin weighted-residual formulation, and assembling a sparse linear system representing the governing
equations.

We use the total field equation as the governing equation for CSEM. Unlike the scattered field (secondary field) equation,
the advantage of the total field equation is that it does not require the additional calculation of background electric field
values. Its electric and magnetic field derivative matrices are consistent with those of MT (Since the source term is
independent of the subsurface model conductivity), eliminating the need for further modifications. At the same time, it can
better simulate field sources of arbitrary shapes. Correspondingly, to avoid computational singularities, we need to refine
the mesh near the source to ensure the accuracy of the field source integration terms. We employ an accurate equivalent
source method to discretize arbitrarily shaped sources. Unlike approaches that map current lines onto the edges of grid cells,
our method identifies the actual contact relationship between the real field source and the grid elements. This allows us to
determine the length, coordinates, and orientation of each wire segment passing through a certain grid cell, thereby enabling
the simulation of arbitrarily shaped wires. In the program, we provide three types of field sources: (1) infinitesimally small
magnetic dipole source with arbitrary orientation; (2) infinitesimally small electric dipole source with arbitrary orientation,
(3) arbitrarily shaped wire (simulated using a polyline composed of multiple segments). By using the pseudo-Dirac function,
we parameterize the field source. Leveraging the integral properties of the Dirac function, we achieve the calculation of the
source integration term on the right-hand side of the governing equation. After incorporating the source term integration, by
setting all outer boundary conditions in the CSEM simulation to the Dirichlet zero boundary condition, the forward modeling
of CSEM can be achieved.

After modifying the CSEM forward modeling equations, we designed numerical experiments to demonstrate the accuracy
of the CSEM forward modeling based on FEMTIC. The subsurface medium was modeled as a homogeneous half-space with
a resistivity of 100 Q- m. Sixty observation points were evenly spaced along the y-axis at 150 m intervals in the east -
west direction. The source was positioned at the center of the model (origin of the coordinate system), implemented as both
al A- m moment electric dipole and a 1 m long current-carrying wire with a current of 1 A, both oriented in the due north
direction. The analytical solution was computed using Dipole1D (Key, 2009). By comparing the CSEM results simulated
with FEMTIC to the 1D analytical solutions, the average errors were found to be less than 1%, demonstrating the accuracy of
the CSEM forward modeling based on FEMTIC. This lays a solid foundation for the subsequent development of the CSEM
inversion module.
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DEEPMAYMT: Marine magnetotelluric investigation for a submarine volcanic
system offshore Mayotte

#Tetsuo Matsuno®), Nobukazu Seama®»?), Pierre Wawrzyniak?’) , Jean-Francois D’Eu?), Hiroko Sugioka1>2), Pascal Tarits®?),
Haruki Doi'), Mamoru Sano?)

(1Kobe Ocean-Bottom Exploration Center, Kobe University, (?Department of Planetology, Kobe University, ®BRGM, Bu-
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Mayotte, located in the Comoros Archipelago within the Mozambique Channel, has experienced significant seismic activ-
ity that began abruptly in May 2018. Subsequent investigations identified the formation of a new large submarine volcanic
edifice, Fani Maoré, approximately 50 km east of Mayotte, and revealed associated seismic activity, crustal deformation,
and petrological and geochemical signals linked to this volcanic event (e.g., Feuillet et al., 2021). Two seismically active
zones have been identified offshore Mayotte: one located approximately 10-20 km east of the island, and the other situated
between this first zone and Fani Maoré. The former zone exhibits a seismic swarm at depths of "20-45 km, overlain by very
low-frequency events, and is associated with volcanic processes such as fault movements and gas emissions driven by two
magma reservoirs. The latter zone includes another seismic swarm at depths of “30-45 km and shallower earthquakes trending
toward Fani Maoré, which are interpreted as reflecting a magma supply pathway to the edifice.

The French Geological Survey (BRGM) has initiated electromagnetic surveys to investigate this volcanic system and mon-
itor its activity. Results from land-based and shallow-marine electromagnetic data have revealed a conductive layer below “15
km depth beneath Petite Terre of Mayotte, as well as a conductor at 5-13 km depth offshore to the east of Petite Terre (Darnet et
al., 2020). To further characterize the electrical resistivity structure of the volcanic system in deeper offshore regions, BRGM
and Kobe University launched a deep marine magnetotelluric experiment near Mayotte. In October 2024, we deployed seven
Ocean-Bottom Electro-Magnetometers (OBEMs) from Kobe University and successfully recovered all instruments in March
2025. The OBEMs were installed at depths of 740-1870 m to widely cover the primary seismic zone, while avoiding rough
bathymetric areas caused by slopes and volcanic topography, based on detailed bathymetric data reviewed in advance. The
instruments recorded time variations of the electromagnetic field, as well as tilt and temperature at the seafloor, at sampling
rates of 8 Hz for approximately two to four weeks, followed by 60 s intervals until the end of the measurement. We are
currently processing the time-series data and estimating magnetotelluric response functions for subsequent 3-D inversion of
the electrical resistivity structure. In December 2024, Cyclone ”Chido”, which is the most powerful storm to strike Mayotte
on record, impacted the region. The OBEM data may therefore contain electromagnetic signals generated by the cyclone.

EF - ZHEBRICNET S aEREEO~ I v b T, 2018 F 5 HIZUIBHLE U 725835 72 i E IS B2 Bl X iz,
ZOHBOFEICE D, v 3 v +OHA 50 km 1ZHi 72 72 KBIBLEE X LK T7 7 =+ <4 L (Fani Maoré) ) D& 7z
Z DRI . ZOKILTEENCEEE S 2 METEE). HRAB. SaEH - HIEKEENR S IR IR o TV S
(Feuillet et al., 2021 72 &), ~ 3 v MWTIE, 2 DOMEFIIREI N TWVWS, 1 D2IEEDHEA 10-20 km 1IZf7E L.
$H9 121 @E‘?ﬂo)wﬁﬁit Tr7 = ALDOBICH B, BIEIFIEZH20-45km IR SN MEBERERY., 20 LD
EEFEEMERTH D, Zhdld, 22007 vilE DIGERT 2 MEEBPH AMHAE DKL T et A e BHEL TWY
22EZLNTVS, BEIXIFEXH 30-45 km ORIOHBERAERE, 2007 7=« <A LKA IR TRET 27
HHETH D, Zhold, KLUEAD~ 7~ {IGREE K3 2 L fRIRXhTn 3

75 Y AMERAEF (BRGM) X, ZOXKILREREL., ZOEHEERT 22D ICERKEEERHG L2, BELEE
FORBROBHMK T — 225, 3y bOTF - T— IV ROEXH 15 km LUEICEKLIEPERREET 2 22, X561
TF - TIVHAHDEE 5-13 km IZEHIETUEANFEET 2 Z 2 BHLICR > TWS (Darnet et al., 2020), Z DXL
ROTEEMBEIC B 2 LIRS Z X & ICFHICIER T 2 729, BRGM PRI~y MR TTHEBEERSEE Y
1Tolze 2024 4 10 HICHP REDMBEEMEZR 15T (OBEM) 7 E8%FE L. 2025 F 3 HIT2ToMEZ I L 7=,
OBEM . /K% 740-1870 m @ L3045 1 BRSNS %2 5 < 7]/\-—?'5?. TRRIE L7z, BHA KL IC & 2 EHE
MM 28 2 720, HENGEHRBEE 7 — 2 28 L2 L TRE Z1T > 72 OBEM 3IBE T O ERKSE DR HZE
LNz, HEeMER L IRE IR L. B0 2-4 HEZ 8 Hz T, D113 60 IR THIEZIT - 7=, FTE. FRAIF—
RENIE L, 3 ROTHIEPRGEHEE 4 >N =2 a VA TERCEEEEHEE L TWwa, 2B, 2024 F 12 Aicid, #
Btk ROV 4 7y [F K] vy MHBBUCER L7z, 20729, OBEM 7 — X I3V 4 71 2 & 3 B
STFAREENTWBEEEMNEDR D 5,



R003-P08
RZXZ2—3:11/26 PM2/PM3 (14:50-18:25)

#IVE R D, N BB 2, ALY, R Y, R SR Y, 8 4FeE D 20 T LY, KR BIE Y, B ik 12
(O RhE RS - H - B, E R - PR £ v & —, G Bl - MBI gE 2 > & —, (4 BURURAE: - RS

Resistivity structure beneath the Kikai submarine caldera volcano and tidally
induced EM signals from OBEM observations

#Takumi OBATAY), Tetsuo MATSUNO?, Takuto MINAMIY, Hiroshi ICHIHARA®, Yoshiya USUI?, Yoshiaki
TATSUMI?), Hiroko SUGIOKA!?), Hironori OTSUKA®), Nobukazu SEAMA!2)

(IDepartment of Planetology, Graduate School of Science, Kobe University, (?Kobe Ocean Bottom Exploration Center, Kobe
University, (*Earthquake and Volcano Research Center, Graduate School of Environmental Studies, Nagoya University,
(4Earthquake Research Institute, the University of Tokyo

This study aims to understand the current magma supply system that could lead to giant caldera-forming eruptions.
The Kikai submarine caldera volcano, located in southern Kagoshima Prefecture, is known for the 7.3 ka caldera-forming
eruption, the most recent giant caldera eruption in Japan. Topographic and petrological studies indicate that a central lava
dome was emplaced by renewed magma supply after this eruption (Tatsumi et al., 2018). To investigate the current state
of the magma supply system, we deployed and recovered 32 Ocean Bottom Electro-Magnetometers (OBEMs) around the
Kikai Caldera between 2016 and 2022. In this presentation, we report (1) improvements in the estimation of the resistivity
structure using MT surveys, and (2) characteristics of the observed data in the tidal frequency band.

(1) Sub-seafloor resistivity structures inferred from the present dataset have previously been reported (Obata et al.,
2025, JpGU). Here, we present an improved resistivity model obtained through a three-step inversion procedure, including
one-dimensional structure estimation using the Occam 1D method (Constable et al., 1987).

(2) Tidally induced magnetic variations arise as conductive seawater moves in the geomagnetic main field, and these
signals can be observed both by satellites and at the seafloor. Inversions using satellite data have already been conducted
(Grayver et al., 2016, 2017). Seafloor observations, however, provide access to toroidal magnetic fields that cannot be
detected at satellite altitudes, thus potentially placing new constraints on resistivity modeling. From the OBEM data obtained
in this study, vertical electric fields could be estimated by calculating potential differences among multiple electrodes. We
present characteristics of the magnetic field data in the tidal frequency range, as well as observations of vertical electric field.
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Improvement of the total variation regularization of the 3D magnetic and gravity
inversion using the structural guide method

#Utsugi Mitsuru®
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In structural analysis using magnetic and gravity anomaly data, regularization is essential because the problem is under-
determined. In addition to the classical L2 norm regularization method, various techniques, including sparse regularization
methods such as the L1 norm, Lp norm, and minimum support etc., have been proposed and studied. However, these methods
commonly fail to effectively detect sharp boundaries, such as faults or structural boundaries. To address this, total variation
(TV) regularization have been proposed(e.g., Bertete-Aguirre et al., 2002; Farquarson, 2008; Vatankhah et al., 2018; Utsugi,
2021). This method incorporates the spatial derivative vector of the structural model into the penalty term. The goal is to
minimize the areas where the derivative is non-zero, which facilitates the emergence of models with block structures and
improves the boundary representation capability of the resulting models. However, this method tends to produce elongated
blocks along the derivative axis. For instance, when x-, y-, and z-axis derivatives are used for TV, the resulting model tends
to exhibit blocks with surfaces along these axes. This can lead to failures in reproducing structures such as tilted slabs. To
overcome this, it is common practice to assign weights to each derivative operator in each direction; however, the method of
distributing these weights is often ad hoc and lacks generalization. In this study, we propose a method that uses information
from other geophysical surveys as the structural guide. In this method, the weights of each differential operator are adjusted
based on the available information about the subsurface structure. Synthetic tests confirmed that, when information about
the shape of the subsurface structure is available, the reproduction capability, including the dipping slab, is greatly improved.
However, this method cannot be used when detailed information about the subsurface structure is unavailable. As an alter-
native, we propose using models obtained from existing analysis methods as guides. In this presentation, we introduce an
improved analysis method that uses models obtained through L1-L2 norm regularization inversion, as proposed by Utsugi
(2019). Specifically, we present an enhanced version of L1-TV inversion method (Utsugi, 2021) that incorporates this ap-
proach.
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Development of a UAV-based Electromagnetic Exploration System Prototype
#Keiichi Ishizu®), Norihiro Kitaoka?), Yasuo Ogawa?), Akihiko Terada?)
(IKyushu university, CInstitute of Science Tokyo

Electromagnetic surveys in volcanic regions have traditionally faced the challenge of limited observation coverage due
to the difficulty of accessing many areas on foot. As a solution, the semi-airborne electromagnetic (EM) method, which
uses a ground-based transmitter and an airborne receiver, has garnered attention. However, conventional single-direction
transmission has limitations in accurately estimating complex three-dimensional (3D) resistivity structures. Therefore, this
research aimed to develop a prototype for a new semi-airborne EM survey system that utilizes two-directional transmitter
dipoles (tensor-type transmission) to improve the estimation accuracy of 3D structures from multi-directional transmission
data. This system applies an electromagnetic cross-talk technique, simultaneously transmitting signals at slightly different
frequencies from the two transmitter dipoles. This enables a single receiver mounted on a drone to separate and measure
the signals from both transmitters simultaneously without interference. A custom receiver coil was built using a flat cable to
create an observation system that could be mounted on a drone. To verify the performance of the developed system, a field
experiment was conducted at the former Ishizu mine site, south of Mt. Kusatsu-Shirane. The results confirmed that the drone
in flight could simultaneously measure the signals from the two ground-based transmitters as intended, thus demonstrating
the fundamental performance of this system. The ability to acquire two-directional transmission data in a single flight is a
unique strength that significantly improves survey efficiency. Future work will focus on further verifying the effectiveness of
this system and aiming for its application in active volcanic regions.
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Induction Vector Analysis of InSight Magnetic Data to Constrain Martian Mantle
Structure
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Recent discoveries have challenged the long-held view that Mars has been geologically dormant since the Amazonian
period. While Mars experienced intense volcanism and tectonics before and during the Hesperian period (73.5 - 3.2 Ga), the
Amazonian period (<3.2 Ga) has been characterized by relative inactivity with only limited volcanism. However, Horvath
et al. (2021) identified young volcanic deposits in the Cerberus Fossae region of Elysium Planitia, suggesting eruptions
occurred as recently as 210 to 50 ka. Broquet and Andrews-Hanna (2022) further demonstrated that such recent volcanic
activity cannot be explained by conventional passive mechanisms, and instead proposed a geophysical low-density anomaly
model of an active mantle plume beneath Elysium Planitia, supported by integrated analyses of gravity and topography.
Nevertheless, substantial uncertainty remains regarding the detailed properties of the plume head, including its diameter
(3,600 - 4,000 km), depth (25 — 200 km), and thickness (200 — 500 km). Additional constraints on the plume head
properties are necessary and important for advancing our understanding of Martian interior dynamics.

To further constrain the shape and properties of the mantle plume in this region, we analyzed nightside magnetic field data
from NASA’s InSight lander, located on the inner side of the western boundary of the proposed plume head. We observed a
systematic anti-clockwise rotation in the real part of induction vectors— from southeast to northeast—across periods ranging
from 500 to 10,000 seconds. These vectors, expressed as (— Tx, - Ty) from the relationship Bz = Tx- Bx + Ty- By, point
toward regions of anomalously low resistivity. Therefore, this result suggests the presence of a localized conductive anomaly
several hundred kilometers beneath the eastern side of the InSight landing site, consistent with the influence of the proposed
mantle plume.

To quantitatively interpret the result above, we conducted numerical simulations using the edge-based finite element
method (Minami et al., 2018), incorporating Martian real topographic data. We tested a range of low-resistivity anomaly
models with horizontally rectangular geometries and uniform thicknesses to evaluate their consistency with the observed
induction vector behavior. Preliminary results indicate that the anomaly’s western edge lies east of the InSight landing
site, with its northern boundary extending further north and its southern edge located just a few hundred kilometers to the
south. These findings support the mantle plume hypothesis and suggest that its structure may be more complex than a simple
cylindrical form. Our study demonstrates the effectiveness of magnetic sounding techniques in revealing subsurface mantle
structures and constraining the thermal and structural evolution of Mars.
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Magnetic field variations with a 2-h timescale in Tonga and Samoa following the
HTHH volcanic eruption on January 15, 2022

#Hisayoshi Shimizu®

(1Earthquake Research Institute, University of Tokyo

The massive eruption of the Hunga Tonga-Hunga Ha’apai (HTHH) volcano on January 15, 2022, triggered a variety of
phenomena, including intense lightning from plume activities, Lamb waves propagating through the atmosphere, conven-
tional tsunamis alongside those influenced by Lamb waves, and TEC (total electron content) variations in the ionosphere.
This presentation explores magnetic field variations with a timescale of approximately two hours following the eruption.
These variations were most prominent in the vertical magnetic component observed at *Atele (Tonga). Additionally, simi-
lar variations in the eastward magnetic component were detected at both *Atele and Apia (Samoa). Simple electric current
models in the ionosphere fail to adequately explain the magnetic field features observed at ’Atele and Apia simultaneously, if
these variations were linked to localized electric current induced by the volcanic eruption in the ionosphere. This raises the
possibility that the two-hour timescale variation observed at Apia was generated by an electric current of larger spatial scale
and may not have been directly related with the eruption. Furthermore, it is emphasized that analyzing the vertical magnetic
component with considerations of electromagnetic induction within the Earth is crucial for understanding the electric currents
responsible for these magnetic field variations.
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Tsunami wave height prediction using data assimilation of seafloor magnetic data
in French Polynesia
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When electrically conductive seawater flows through Earth’s geomagnetic field during tsunami propagation, interactions
between the flow and the field generate secondary (induced) magnetic fields. These tsunami-generated magnetic (TGM) fields
have been observed on the seafloor (Toh et al., 2011; Suetsugu et al., 2012), and theory and observations have advanced the
understanding of TGM (e.g., Tyler, 2005; Minami et al., 2015, 2021). Unlike pressure data, TGM field allows estimation of
propagation direction from single-point three-component measurements (Sugioka et al., 2014; Lin, 2024).

Data assimilation (DA) is a powerful tool that integrates observations with numerical simulations and has been widely
used in weather forecasting. Recent studies have demonstrated its application to tsunami forecasting using linear long-wave
models and pressure data (Maeda et al., 2015). However, previous tsunami DA studies have primarily used linear models
and pressure data; there have been no prior reports that assimilate seafloor TGM data or that explicitly account for nonlinear
effects, which intensify in shallow water.

This study implements DA that accounts for tsunami nonlinearity and assesses the utility of TGM fields by assimilating
seafloor magnetic observations to predict the regional tsunami field in French Polynesia during the 2010 Chile earthquake
tsunami. During the event, nine ocean-bottom electromagnetometers (OBEMs) and one differential pressure gauge (DPG)
installed by TIARES recorded magnetic and pressure signals (Suetsugu et al., 2012; Sugioka et al., 2014). Strong non-
linear effects associated with complex archipelagic bathymetry have produced discrepancies between simulations and DPG
records in arrival time and amplitude (Lin et al., 2021). Because TGM field provides propagation-direction information via
single-point three-component measurements, it has the potential to improve prediction efficiency and accuracy compared with
pressure alone.

We adopt the four-dimensional ensemble variational (4DEnVar) approach (Liu et al., 2008), which couples a forward
model with sparse observations without tangent-linear/adjoint models and, under the assumption of weak nonlinearity, en-
ables ensemble-based background error estimation and iterative updates.

To balance efficiency and physics (dispersion and nonlinearity), we employ a two-domain, two-step strategy: a compact
target domain is embedded in a larger-scale domain. In the first step, we perform 44 dispersion-enabled JAGURS simulations
(Baba et al., 2017) with unit slip on each subfault of the 2010 source model (Yoshimoto et al., 2016) and precompute Green’s
functions that map unit slip to time series at the open eastern and southern boundaries of the target domain. Linear combi-
nations of these Green’s functions synthesize dynamic boundary conditions at the target-domain boundaries, allowing us to
avoid "8 h of the large-domain propagation while preserving dispersion.

In the second step, we generate an ensemble by perturbing the source with Gaussian slip noise, obtain boundary condi-
tions for each member via linear combinations of the boundary Green’s functions, and run target-domain simulations. Using
JAGURS nested grids, we apply the non-dispersive nonlinear shallow-water equations in shallow coastal nests including
parts of the TIARES array and Papeete (PPT) and linear long-wave (non-dispersive) calculations elsewhere. The resulting
flows drive TMTGEM (Minami et al., 2017) to simulate TGM fields. Within 4DEnVar, we estimate optimal Green’s-function
weights from the TGM data and iterate until residuals decrease sufficiently.

Combining these two steps preserves dispersion characteristics at the boundaries while enabling local nonlinear DA within
the target domain. By integrating seafloor TGM data with nonlinear regional simulations, we aim to improve tsunami pre-
diction accuracy in French Polynesia, and evaluate performance by comparing our prediction with pressure-gauge records at
PPT.
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L— a VEER ¥ DPG ik ORI, BRERFRE & RIBICB O TA—FDE T TWB Z e R XNTw3 (Linetal.,
2021), TGM I B —FIC B 2 =M sHIC X o TIEBAAER LIS T 2720, EH7 — X Eiy g U FHElsh
ReEEON ESHHETE S,

AWFETIX, BIAET NV EBREBHT — 2286832 4 XLy 3 > 7 VE 7 (4DEnVar : Liu et al., 2008) ZH¢H
T3, ZOFRIERREMETTL2REL T, BOIFREELZHIRE T2 T, 7YV I AR—-RADEFRRE
W& RIEEHEAEEICT %,

SR L W EE (R 2 JERRIENE) DN U R BE R 20, FhAc 1T 2 FEHIE - 2 B OB 2R T 5, BARKNICIE.
MR E & DR X REHANTEDAT, ZOFEBICIE, FAEFRER NMREROMANEEN 5, # 1 BT 2010
FEOFEFEET N (Yoshimoto et al., 2016) DXEIWEICHAIE Y BEIE L= 44 MO EFE B JAGURS & 2 21—
2 a Y (Babaetal,2017) Z5EM L., XREIHO LBIBHHEIREST & mlBHBORIC BT 2 AV RERIINDHALE D &
DRy ZRTS 7Y — VEBEEICHET 2, TIN50 — VEROBEESIC X D MREEERICBT 28
MREREGEZERT 5 Z ¥ T, KIFEBHEE T OEIBRREKY 8 K2 EIE Loo, DHEME 2T 2 Z e nlfEr 2 5,

%5 2 BB TlX. Yoshimoto et al. (2016) DFAEJREFAICH 7 AGMHICHES /D 2 A BN MLTT7 v H > ITL%
ERL. XN T 2HEAEMELH AT — VEBOBEEEICL > TS 5, 20%. MEERICBT %>
a2l —yaryEFEFTT S, JAGURS DANTZY v FHEEZIEH L. TIARES 7 L 4 O—#& » EEFEiMETH 3
TIARES 7 L A iifED_—7 (PPT) % E&LERIBHOMEANTHEB TIRIETBE OIFRBRAKAERE, Z2hSo
HEHTITRERE GERED FHHEZEA T 2, 55 iES % AWV T TMTGEM (Minami et al., 2017) ZBR&E) L.
TGM 5% > 2 2L — 3 > § %, 4DEnVar DFFHANTIZ, TGM T — X & 7 ) — VBBOEAZHE L., 7%
EZDHIBP T 3 EFTRIEEEIT S,

202 BEOFFEIZL D BEREBUCE I 2 0EERHEZ REF LoD, WREIHATRANLRIERTE DA 2E T 52,
MAREY 123, K TGM F— X 2 IS S 21— a Y e BT 2 28T, 75 VARV 2T 7128 2
THREOM LZK YD, PPTICEIT 2 ESIGFTFEIRk e OLLE %8 U T FHIERE % 55 5,
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