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Time series analysis of EM-ACROSS observations at Inferno Crater Lake, New
Zealand
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Continuous EM Field monitoring to Detect Changes in Subsurface Resistivity

Structure around Noto Peninsula Seismic Swarm Area
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We have been conducting continuous electromagnetic field observations since the end of FY2022 in the area around Suzu
City, Ishikawa Prefecture, where seismic swarms and localized transient crustal deformation have continued since the end of
2020.This seismic swarm activity is considered to be related to the movement and diffusion of subsurface fluid, and we are
attempting to capture the fluid dynamics through continuous observation of the electromagnetic field.

The continuous electromagnetic field observation consists of two types of broadband electromagnetic field instruments
(ELOG-MT and ELOG-Dual manufactured by NT System Design) that measure five components of the electromagnetic
field and two components of the electric field, and records electromagnetic field data at sampling intervals of 15 Hz, 150
Hz (UTC13:00-21:00), and 2400 Hz (UTC15:00-20:00). The continuous observation started at the end of FY2022 with
one 5-component station and five 2-component stations, at present we are operating two 5-component stations and two
2-component stations for a total of four stations. For the M6.5 and M7.6 earthquakes of May 5, 2023 and January 1, 2024,
respectively, a total of four stations were able to obtain long-term pre- and post-earthquake electromagnetic field records.

In this presentation, we will report whether long-term temporal changes in the geomagnetic transfer function and
magnetotellurics (MT) response are observed, and whether short-term electromagnetic field signals are present before and
after earthquakes of magnitude M6 or greater.
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Considerations on the anomalous phases associated with an inclined conductive

column
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Magnetotelluric data are sometimes accompanied by anomalous impedance phases in the off-diagonal components that
deviate from the first (0790°) or third (-1807-90°) quadrants, particularly in long period-bands. This phenomenon is called
phases out-of-quadrant (POQ). Particular 3-D structure with a strong resistivity contrast or the anisotropy of the medium are
often introduced in explaining POQ. In other words, POQ can be one of the important guides for model estimation in 3-D
resistivity inversion modeling.

Most recently, Inoue and Hashimoto (2024) proposed the model for an inclined conductive column (ICC) generating POQ.
They used the ModEM code (Kelbert et al., 2014) to calculate the impedance at each depth and concluded that the induced
currents are channeled into the ICC. However, it was practically difficult to calculate the vertical component of the E-field
using based on the impedance between horizontal components. Therefore, in this study we re-evaluated the numerical models
using the FEMTIC code (Usui, 2015), which can directly output the distribution of electromagnetic fields and current density,
including their vertical component.

In the synthetic tests, we introduced an ICC (1 Q m) within a uniform medium of 1000 Q m. The model was composed
of cubic cells, each with dimensions of 1 X 1 X 1 km. We assumed the conductive column was inclined at 45° toward the
-Y (west) direction. We prepared three synthetic model patterns, with the upper end set at the ground surface (Z,,=0 km) and
the lower end set at Z;=5, 10 and 20 km, respectively. We obtained the impedance, the E-field and the current density by
frequency.

We confirmed that variations in the length of the conductive column may alter the E-field pattern and lead to the generation
of POQ. In the model with a shorter column (Z;=5 km), the E-field, corresponding to the magnetic field variation in the X
(north-south) direction is not significantly affected by the conductor. In contrast, in the models with relatively longer columns
(Z;=10 or 20 km), the E-field tends to concentrate or diverge at the top and bottom ends of the conductor. In addition, on
the inclined side (west side) of the conductive column, the electric Y and Z components are reversed compared to the sur-
roundings, and within that region, POQs present in the Z,,, component. Furthermore, the electric current density through
the column increases as the column extends deeper. The stronger current may expand the area of the reversed E-field on the
surface. This could potentially influence the region where POQ occurs.
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Magnetotelluric explorations of the three-dimensional electrical resistivity struc-
ture under the Nikko-Ashio area
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The Nikko-Ashi area is one of the best areas in the world for elucidating the mechanisms of volcanic and seismic activities
and the link between them. There exist a number of quaternary volcanoes (e.g., Nikko-Shirane and Nantai volcanoes) in the
Nikko-Ashio area. Swarm earthquakes have been occurring in the area. Moreover, M6- and M7-class inland earthquakes have
occurred to the east of the area. Some previous studies have suggested that the existence of volcanoes may have a bearing on
those seismic activities. Both volcanic and seismic activities are associated with crustal fluids, and the magnetotelluric method
is one of the most effective methods to reveal the distribution of the crust fluids. Ogawa et al. (1997) conducted magnetotel-
luric measurements around the Nikko-Ashio area and estimated the two-dimensional electrical resistivity structure under the
Nikko area. Because, however, the subsurface structure under this area is considered to be three-dimensional, the elucidation
of the three-dimensional structure is essential to investigate the mechanisms of seismic and volcanic activities. Therefore,
we conducted new wideband magnetotelluric measurements around the Nikko-Ashio area in 2021, 2023, and 2024. From
the newly measured time-series data, we estimated the impedance tensor, the vertical magnetic transfer function (tipper),
and the inter-station horizontal magnetic transfer function using a robust data processing method. Because the geomagnetic
field activity is relatively high during the measurement periods, particularly in 2024, we obtained reliable response functions
up to several thousand seconds. We combined those new data and the data measured by Ogawa et al. (1997) to reveal the
three-dimensional electrical resistivity structure down to the deep crust under the Nikko-Ashio area. The combined station
array is composed of over 40 stations and covers the Nikko-Ashio area and the epicenter area of large historical earthquakes
to the east of it. In this presentation, we show the characteristic features of the response functions of the combined dataset
and discuss their implications for the subsurface structure.
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MT study in the southern part of Tohoku region: Unveiling electrical resistivity
structure and its geological implications
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Akita University, (°Research Institute of Energy, Environment, and Geology, Hokkaido Research Organization, (®Institute of
Geophysics, China Earthquake Administration, (“National Institute of Advanced Industrial Science and Technology

The southern part of Tohoku, Northeast Japan, is abundant in volcanic and seismic activities due to the subduction system.
In the central part of the region, there are active volcanoes located on and around the volcanic front (Mt. Azuma, Mt. Adatara,
and Mt. Bandai) and one on the back-arc side (Mt. Numazawa). The spatial distribution of deep, low-frequency earthquakes
(DLFEs) aligns with these volcanoes and is oblique to the volcanic front. It is widely recognized that fluids play a significant
role in subduction zone magmatic and seismic activities, and electrical resistivity is sensitive to the presence of fluids.
Therefore, we estimated three-dimensional resistivity structures from the inversion of a wideband magnetotelluric (MT)
dataset. In addition to applying the conventional MT inversion scheme to the data (as described in Diba et al., 2023), we also
utilized the structure-guided inversion scheme, which enforces structural resemblance between the inverted resistivity model
and a guiding seismic velocity model (Diba et al., 2024, JpGU). Both inversion schemes reveal a large conductive zone from
the lower crust to the upper mantle beneath the volcanic area, consistent with the hypocenters of DLFEs, which may indicate
the presence of a fluid-rich area. Although the velocity model lacks a similar feature, this conductive zone remains robust in
the structure-guided inversion result. We then investigated the possible scenarios for the origin of this fluid-rich conductive
zone and its impact on volcanism and seismic activities to enhance our understanding of the geology of the study area. More
of the geological interpretation will be discussed in the presentation.
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An estimation of the dip angle of the Sarukawa fault at Oga peninsula by use of
electric sounding and magnetic survey
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Several damaged earthquakes have taken place around the area of Oga peninsula in Akita prefecture, northeast of Japan.
In 1810, a damaged earthquake called Ugo earthquake or Bunka-Oga earthquake estimated magnitude M6.5 occurred in Oga
peninsula. In 1939, successive earthquakes of magnitudes M6.8, M6.7 and M6.5 took place around the peninsula. Off the
Oga peninsula in Japan Sea, the earthquake off Oga of 1964 (M6.9) and the central Japan Sea earthquake in 1983 (M7.7) are
known as well.

The earthquake fault in associated with above earthquakes inland of Oga peninsula is not clearly known although several
researchers have proposed the candidates. The lineament in the topography mainly bending low cliffs can be seen along the
eastern edge of Iriai lowland in Oga peninsula. The lineament is called the Sarukawa fault and it is one of the candidates of
past damaged earthquakes.

We cannot see the fault outcrops at Sarukawa fault and excavated researchers have not carried out so far. The dislocated
fault angle buried under the ground surface is not so clear. In the regional stress state of the tectonic background in recent
geological stage, compressional stress in the direction of east-west. Reverse fault planes are expected under the Sarukawa
fault based on the consideration of surface topography and stress state in the region.

The low dip angle of the reverse faults in Akita area are known e.g., in the Senya fault with Rikuu earthquake in 1896, at
parts of shallow zone of Kita-Yuri thrust faults

We conducted ERT (Electric Resistivity Tomography), GPR (Ground Penetrating Radar), the seismic refraction survey and
magnetic survey at the Sarukawa fault. With the reference to the result of the resistivity structure model and the magnetic
survey in total intensity across the Sarukawa fault, we try to estimate the dip angle of the Sarukawa fault, especially focusing
it is high angle or low angle.

In this study, ERT survey lines were installed and collected data on September 16, September 26, October 25, and December
7,2022. Four 235 m long straight survey lines were set up along a farm road in the Iriai-Chuishi area, on the eastern boundary
of Iriai lowland. The Dipole-Dipole and Wenner were used for the electrode array, with 48 electrodes and 5 m electrode
spacing. GNSS positioning was also used for detailed topographic analysis. RES2DINV was used as the analysis software to
create a resistivity model of the subsurface within the exploration area.

We referred the resulted models of the resistivity section across the Sarukawa fault by ERT. General speaking of estimating
the location of the dislocation fault surface, we align the thin layer of low resistivity or seek the sharp boundary of resistivity
values. Based on the resistivity model, we have two candidates of the buried fault surface of the Sarukawa fault. One is low
angle model and the other is high angle model. It is easier to take the low angle model in the subsurface image of surficial
soil like as the soften alluvial fan or sand dune deposit in the background of regional stress in the direction of east-west in the
northeast of Japan. At present we can refer the 20 m boring result at the site. In the assumption of the low angel fault, the
dislocation has to recognized in the boring core, but we cannot see such kind of rupture in the sand dune in the sample of the
core.

So far we tentatively concluded the dislocation angle to the ground surface of the Sarukawa fault would be high. But we
feel the further investigation is necessary in consideration of detailed topography, rheology and elasticity of the geology,
stress and strain of this region etc.
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Magnetic field variations in Tongatapu due to Hunga Tonga-Hunga Ha’apai vol-
canic activities in January 2022

#Hisayoshi Shimizu®

(1Earthquake Research Institute, University of Tokyo

This presentation will characterize and discuss the magnetic field variations observed at  ‘Atele in Tongatapu due to the
January 2022 Hunga Tonga-Hunga Ha’apai (HTHH) volcanic activity.

Magnetic field variations due to the volcanic activity on January 15, 2022, observed at Apia, Samoa (about 835 km NNE
from HTHH) has been reported by Iyemori et al. (2022) and Yamazaki et al. (2022). They identified a variation with a
period of about 4 minutes with amplitude of about 3 nT at the station. This variation is due to electric currents induced in the
ionosphere by atmospheric acoustic resonance caused by the eruption. At the ’Atele station, which is about 74 km south of
HTHH, magnetic field variations with a similar period but with an amplitude ten times larger than that at Apia were observed.
Differences in the magnetic field variations are seen not only in the amplitude but also in the direction of variations. The
trajectory of the magnetic field variations in the horizontal plane is in the NE-SW direction at ’Atele, while it is almost in
the East-West at Apia. The observed characteristics is consistent with the electric current model proposed by Iyemori et al.
(2022).

In addition to the variations due to the atmospheric acoustic resonance, a magnetic field variation that started soon after the
time of volcanic eruption and lasted for about two hours is observed at the two stations. The variation is the most significant
in the Z (vertically downward) component at  ‘Atele, and it is a one-sided variation with an amplitude of about 80 nT. The
dominance in the Z component implies that the variation is not caused by the induction in the heterogeneous Earth, and this
is formally confirmed by modeled Z variation using the geomagnetic transfer function at ‘Atele. On the other hand, the
variation started about the same time at Apia seems to be compatible with geomagnetic transfer function at the station. These
suggest that the two-hour variation at  ‘Atele is likely due to the local electric current near the station, but its signature may
not be detected at Apia.

The field variation at ‘Atele seems to be synchronized with the plume activity of the eruption. Several electric current
models that might be realized by the interaction of plume (neutral air) and ionosphere were examined whether they can re-
produce the variation at ‘Atele or not. These models will be presented to discuss the phenomena that had occurred near the
area.
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Experimental study of the self-potential measurement on water surface at a natu-
ral spring site

#Mao Ozawa?), Kazuhiro Amita?)

(1 Akita University of Engineering Science Faculty Department of systems Desgin Engineering

The self-potential(SP) method is known as a geophysical method sensitive to groundwater flow. This method has been
used to explore hydrothermal systems formed in volcanic and geothermal regions. The method has recently been widely
used in exploring submarine springs, submarine hydrothermal deposits, and other water areas, expanding the range of its
applications. As an example, Ikardet al. (2018) fixed a pair of electrodes to the hull of a canoe and made continuous po-
tential measurements while flowing down a river to determine the SP distribution on the river channel, and discussed the
exchange relationship between river water and groundwater within a watershed. As described above, many experiences of SP
measurement in water areas have been obtained in various regions. However, sufficient data have not been obtained on how
the vertical distance from the bottom to the electrode and the speed at which the electrode is moved affect the measurement
results. The purpose of this study was to investigate the influence of the measurement conditions on the observed data, and
to this end, several experimental measurements were made in a natural spring using an observation boat.

The SP observation was carried out at the “Kasasugi no shimizu” natural spring located in Yokote City, Akita Prefecture,
Japan. At this site, water springs out from within a rectangular concrete frame (approximately 1.3 m long, 0.9 m wide, and
0.5 m deep) with its long axis oriented in the WNW-ESE direction. We carried out two types of observations on this spring.
The first was an observation to grasp of the two-dimensional SP distribution in the horizontal direction on the surface of the
spring. For this observation, the concrete frame of the spring was divided into a grid, and the intersections of the grid were
set as observation points. After fixing the two electrodes on the water surface, we waited until the potential stabilized, and
recorded the potential value at the point where no change in value was observed. Data were obtained at all of the intersections
of the grid of 64 points, and the SP distribution on the water surface of the spring was determined.

In the second type of observation, the potential was measured by moving a small observation boat with electrodes attached
on the spring water. A commercially available milk carton (10 cm in length and width) was cut at an appropriate height to
serve as the main body of the boat, and self-made electrodes were attached to the front and rear of the boat in the direction
of movement. The electrodes were Cu-CuSO4 electrodes, and the saturated copper-sulfate solution was gelatinized with
polysaccharide thickener to prevent leakage of the internal solution when the boat shook on the surface of the water. In
the observation, the boat was moved along the grid lines that divided the spring, and potential data was measured every 0.1
seconds. Data was obtained on a total of 13 survey lines.

The two-dimensional SP distribution on the surface of the water was observed to gradually decrease from the upstream side
(SE direction) of the spring to the downstream side (NW direction). This tendency was confirmed in all observations made
in the past. The maximum SP difference in the spring was 12-13 mV, and it was revealed that it has an average potential
gradient of about 5.6 mV/m.

The potential data obtained by the observation boat was integrated for the direction of the boat’s movement to calculate the
SP value on the water surface. An example of the result is shown in the figure. In the figure, the white circles represent the SP
values obtained at the intersection of grids, and the solid lines represent the SP values along the grid lines. Although the two
sets of data do not completely match, there were similarities in the elevation relationships shown by the potential distribution
and the potential difference values within the measurement line. In this observation, the average boat speed was 6-10cm/sec,
and it was suggested that this range of speed, the potential data obtained while the ship was moving could reproduce the SP
distribution on the water surface in the direction of the route.
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Study of Tide-Induced Electromagnetic Field Response in the Kikai Caldera Sea

Area
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When ocean tides are caused by lunar and solar tidal forces, electromagnetic fields are induced by the flow of seawater, a
conductive fluid, through the Earth’s main magnetic field. Estimation of this induced electromagnetic field from observation
data has the potential to reveal ocean tides affected by surrounding topography and subsurface resistivity. In this study, we
focus on the area around the Kikai Caldera, which is located on the seafloor about 100 km south of Kagoshima and has com-
plex submarine topography around it. We estimate tidally induced electromagnetic fields based on electromagnetic field data
obtained from observation equipment installed on the seafloor and on land around the caldera, and discuss the mechanism of
induced electromagnetic field generation.

Observations were conducted by installing an instrument (OBEMP), which is a combination of a seafloor potentiometer
(OBEM) and an absolute pressure transducer, on the seafloor in the Kikai Caldera area. In this study, data from three magnetic
field components, four potential difference components, and two tilt components from three observation points were used.
In addition, magnetometers were installed on Satsuma Iwo Jima and Takeshima Island around the caldera, and the data of 3
components of magnetic field and 2 components of tilt observed were used.

In the data analysis, the first step was to transform the coordinates of the observed data (3 components of the electric
field calculated from 3 components of the magnetic field and 4 components of the potential difference) from the instrument
coordinate system to the geographic coordinate system. The transformation was performed by tilt correction using the data
of the two tilt components and horizontal rotation of the coordinate system by comparing the observed magnetic field with
IGRF-13 (Alken et al., 2021). Tidal cycle components were extracted from the three components of the magnetic field and
two components of the horizontal electric field using the tidal analysis program Baytap08 (a modified version of Baytap-G
(Tamura et al., 1985)) for the transformed observation data. Then, among the results obtained, we focused on the M2-min
tidal component. This is because 1) the M2 equinox is a lunar equinox with a period of 12.42 hours, which avoids the influ-
ence of daily changes in the magnetic field caused by the sun, and 2) it has the largest amplitude of all the lunar equinoxes,
so the magnetic field signal caused by ocean tides is expected to be the largest. The obtained components of the M2 ebb
tide were compared with the numerically calculated values of the magnetic field due to ocean tides. Based on the calculated
velocity fields of the tides from the ocean tide model NAO.99Jb (Matsumoto et al., 2000) and the seafloor topography, we
used TMTGEM (Minami et al., 2017) to calculate the electromagnetic fields originating from the M2-minutes tides in the
study area.

As an initial result, we analyzed the data from the three stations and compared the results with tentative numerical calcula-
tions (e.g., the subsurface resistivity structure is uniform), and found that the amplitude and phase values at Bx and Bz were
similar to the numerical results. On the other hand, in By, the phases were approximately opposite. In addition, a comparison
of the local phase of the tide at M2 min with the local phase at the time of the maximum amplitude of the tidally-induced
magnetic field shows a phase shift of about 200 degrees. In this presentation, we show the three components of the magnetic
field and two components of the horizontal electric field of the M2-minute tide at all stations. By comparing these results
with numerical calculations of the electromagnetic field due to the ocean tides of the M2 tidal cycle, the mechanism of the
induced electromagnetic field generation will be discussed.
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4D inversion method using structural coupling
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In recent years, 4D analysis, or the attempt to detect temporal changes in the spatial distribution of fluids in the subsurface,
has been widely used for resource development purposes or monitoring of active volcanoes. Several 4D analysis methods
have been proposed, the simplest of which is parallel inversion. This method estimates temporal variations by separately
inverting data at multiple observation times and taking their differences, and has been applied to many real data (e.g. Miller et
al., 2008; Minami et al., 2018). Sequential inversion, which was proposed in Wirianto et al. (2010), uses the model estimated
at the first observation time (baseline model) as the initial model for the inversion at the next observation time, and is mainly
used for monitoring oil development (e.g., Asnaashari et al., 2014). However, these methods are very sensitive to differences
in data noise and the distribution of observation points at each observation time, and it has been pointed out that apparent
temporal changes can be easily detected (Kim et al., 2009; Karaoulis et al., 2010).

In this study, we propose a new 4D inversion method that uses structural coupling to detect time variations. Structural
coupling is a constraint used in joint inversion where different physical models (magnetization structure and density structure,
resistivity structure and seismic velocity structure) are combined to impose that each physical model has a high correlation.
Specifically, cross-gradient (Meju and Gallardo, 2004), fuzzy c-means clustering (Pasche and Tronicke, 2007), and Group
Lasso (Utsugi, submitted) have been proposed. By using these methods, each physical model has high correlation, while
allowing the differences in structure to partially reproduce each data set. By applying this method to the estimation of time
variation, the models at each observation time are highly correlated, so the time-invariant structure is in phase at each time,
and as a result the detection of apparent changes is suppressed, and differences in structure, or temporal changes, can also be
detected.

We have developed a 4D inversion code using structural coupling by Group Lasso for magnetic inversion, which is a linear
problem. As a synthetic test, we subjected the data at each observation time to noise with different amplitudes and standard
deviations, and performed a 4D analysis. The results suggest that our method has the effect of suppressing the apparent time
variation compared to conventional methods, and may be able to detect the time variation more accurately. In the future, we
will apply our method to resistivity inversion, which is a nonlinear problem.
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The Kii Peninsula in the forearc region of southwestern Japan has distinct structural and tectonic features due to the sub-
ducting Philippine Sea (PHS) slab. These include high-seismicity, deep low-frequency tremors (DLTs), and high-temperature
hot springs. The Kii Peninsula is key to understanding the relationship between deep fluids and seismic activities.

In my previous research, we analyzed the network-MT data acquired in the Kii Peninsula, including the data used in Ya-
maguchi et al. (2009), to estimate a 3-D regional deep resistivity model for the first time with the Network-MT data in this
region. The resultant model seems to be the most reliable as for the deep subsurface structure, which has a complex 3-D
nature. The model shows a high-resistivity zone, considered as a Kumano acidic rock body (KAR), beneath the Kii Penin-
sula and corresponds well with the seismic high-velocity zone and the high-gravity anomaly zone. A low-resistivity region
surrounds the high-resistivity region, and a prominent low-resistivity region extends from the top of the slab to the crustal
surface. In the model, this correspondence between the resistivity structure and the spatial distribution of the hot springs may
explain the fluid contribution in the subsurface of the Kii Peninsula.

The network-MT method (Uyeshima et al., 2001; Uyeshima, 2007) used in this study employs a commercial telephone
network to measure voltage differences over long dipole lengths (10 to several tens of kilometers). This method has three
advantages over conventional MT methods: wider spatial coverage (covering almost the entire Kii Peninsula), a wider period
range (from tens of seconds to 50,000 seconds), and better data quality in terms of a high signal-to-noise ratio and less sus-
ceptibility to static effects. However, while the network-MT data had high sensitivity to deep structures, it had low resolution
for the middle and upper crust due to the lack of high-frequency data. Additionally, observations were limited to areas with
telephone lines, creating some spatial observation gaps. To address these deficiencies, we plan to compile existing conven-
tional MT data and conduct observations to fill the observation gaps in frequency and spatial domain.

The long-period data observed by Ogawa et al. using LEMI recording equipment during 2017-2018 were analyzed, and
MT response functions were calculated. In this presentation, we show the characteristic features of the response functions
and discuss their implications.
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Studies of the electrical resistivity structures beneath active volcanoes commonly reveal a shallow electrically conductive
layer at a depth above sea level and a conductive body at 0 to 3 km depth below sea level (bsl) (e.g. Tsukamoto et al.,
2018; Yoshimura et al., 2018; Tseng et al., 2020). The shallow conductive layer is considered a hydrothermal alteration layer
and blocks or allows the upwelling of hydrothermal fluids. The deeper conductive body is interpreted as a magma and/or
hydrothermal reservoir. Zao Volcano, NE Japan, is the nearest (about 40 km) active volcano to Sendai City and is concerned
with erupting in the near future. This study aims to evaluate the resistivity structure down to a depth of 2 km bsl by expanding
the audio-frequency magnetotelluric (AMT) observations at Zao Volcano to detect the shallow conductive layer and the deep
conductive body. If detected, we assess the sensitivity of those conductive zones.

The AMT impedance and geomagnetic transfer functions in 1-10k Hz were acquired at 60 stations in a 1 km X 1 km area
centered on the crater lake, Okama, Zao Volcano, and inverted into a three-dimensional resistivity model using WSINV3D-
MT code (Siripunvaraporn & Egbert, 2009). The resultant three-dimensional resistivity model represents a conductive layer
within & 1 km from east to west, north to south, centered on Okama, down to 500 m depth above sea level. The model also
shows a conductive body centered at a depth of 1.5 km bsl, with a diameter of about 500 m. The shallow conductive zone
has a distinct low resistivity (1-10 Ohm-m), while the conductiveness of the deep conductive body assumes weak to moderate
(10-100 Ohm-m). The confidence interval resistivity (CIR) with a 99 % level of the shallow conductive zone less than 3
Ohm-m was estimated to be 1.5-2.5 Ohm-m using Welch’s t-test. On the other hand, we could not constrain the significant
CIR of the deep conductive body. Regarding the shallow conductive layer, we will show an estimation of a smectite volume
fraction in the presentation using the confidence interval of resistivity and the smectite surface conduction experimental data
(Levy et al., 2018; Revil et al., 2019).
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