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Abstract

The electromagnetic (EM) sounding is an efficient geophysical investigating method to provide
distinct insight into the property of the volcanic hydrothermal system. Its sensitivity to the
existence and connectivity of fluid leads to be extensively utilized in verifying the imaging
features of a conductive anomaly. The time-lapse monitoring is one kind of its utilization for
assessing and predicting the phreatic eruption in a volcano system. For obtaining a
comprehensive image of the subsurface structures, both the natural and controlled source
methods have pros and cons. The natural source method is accessible and does not need any
artificial source current, but it is susceptible to cultural noises. On the other hand, the controlled-
source method needs a source current but can be robust against noises. This study used both
methods and investigated the three-dimensional structure of the Kusatsu-Shirane volcano and its

temporal change during inactive and active periods.

First, the hydrothermal system below the Kusatsu-Shirane volcano, Japan, was investigated by
the magnetotelluric (MT) method, which uses natural EM sources. An MT data set observed in a
previous low activity period (2001-2005) of the volcano was inverted by a three-dimensional
inversion code that can deal with the topography effect. The inverted model demonstrated (1) a
shallow (100-800 meters deep from the surface) bell-shaped conductor which was interpreted as
impermeable smectite clay cap; (2) a deep(900-2800 meters deep from the surface ) conductor
implying a brine reservoir; (3) a sub-vertical conductor that connecting the shallow and the deep
conductors implying a fluid channel; (4) and a resistive gas-rich zone beneath the clay cap which

is elongated along the past phreatic eruptions vents. The discovered features provided an
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enhanced comprehension in interpreting the hydrothermal fluid path and the two-phase reservoir.
Next, another set of MT data (in 2017-2018), which were acquired during the active period of the
volcano, was inverted to investigate the temporal change due to volcanic activity. The data
themselves show differences in the phase tensor plot. The results of the active period show the
breakage of the conductive clay cap and underneath the Yumaga crater and decreased resistivity
under the clay cap. These imply the invasion of fluid from the brine reservoir and breakage of the

clay sealing.

For aiming more precise monitoring, an accurately controlled, routinely operated signal system
for electromagnetic signal (EM-ACROSS) was developed. EM-ACROSS continuously transmits
frequency comb signals (sets of superposed sinusoidal waves) with high accuracy and precision.
In this experiment, two independent signals were transmitted respectively by the different
grounded antenna for tensor EM fields. The frequency sets of the two transmitting antennae had
sets of comb frequencies, which were slightly different between the antennas. This system
provided vector source current at the transmitter and the vector electric field measurements at an
observation site without interference, leading to the observation of a “source-current” to
“electric-field” tensor response. As the source was precisely controlled, the receiver could get a

high signal-to-noise ratio record by merely data stacking.

A forward modeling code was developed for EM-ACROSS by utilizing the finite element
method with tetrahedral unstructured meshes. To compare the calculated electric fields in the

forward modeling with those observed, we still needed to take care of the local distortion effect



due to near-surface inhomogeneities. In order to remove the local distortion effect in the
observed electric field, a new tensor function was introduced, which dives out the distortion

effect.

To evaluate the detectability of temporal change, two 3D resistivity models were prepared. One
is a 3D inverted model which inverted from the 2001-2005 dataset, and the other is a 3D inverted
model from the 2017-2018 dataset. For the respective two resistivity models, forward
calculations were performed for EM-ACROSS, and the theoretical responses and observed EM-
ACROSS responses (2017-2018) were compared by using the distortion-removed electric field
tensors. The EM-ACROSS data (2018-2018) fit better with the 3D model response using the

2017-2018 MT data than to that using 2001-2015 MT data.

With the implication of time-lapse monitoring data, the hydrothermal system beneath Mt.
Shirane could be changed within the 2014 volcanic activity. A serial change could be described
as follows: (1) The supercritical fluid reservoir released overpressured fluid upward through the
breached sealing zone; (2) The released overpressured flow through the fracture in the overlying
mixed-layer clay structure that led the monitored microseismic activity; (3) The released fluid
filled the two-phase reservoir in the mixed-layer clay structure and cause the thermal
demagnetization, meanwhile, increases the liquid/gas ratio in the two-phase reservoir; (5) The
filled two-phase reservoir released more gas upward to the surface through the expended crack in
the clay cap, meanwhile, released more water upward to the Yugama crater lake. The path and
time of releasing water upward to the Yugama can be indicated by the microseismic hypocenters
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The conceptual model with credible spatial information for the temporal changes in the
hydrothermal system beneath the Kusatsu-Shirane volcano is first demonstrated in this study.
Credible spatial information is indicated by the change in the resistivity model. Moreover, the
solution for the environmental noise issue and distortion effect with joint the passive and active

EM sounding method that provided a new conception in future exploration and monitoring.
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Chapter 1. Introduction

In the assessment of predicting geological disaster or natural resource exploration, geophysical
imaging of the subsurface structure is essential. Among the geophysical parameters, the electrical
resistivity (or the reciprocal of electrical conductivity) is most sensitive to the existence and
connectivity of fluids, which can be imaged by electromagnetic methods. Most of the fluid
bearing crustal rocks are composite substances that are made up of a significant fraction of
resistive host minerals and a minor fraction of conductive fluids. The bulk resistivities of such
crustal materials are dominated by the existence and the connectivity of conductive fluids,
although their fraction is minor. Thus, the electromagnetic methods are feasible for imaging the

fluid distribution in the crust.

For saturated fluid, the conductivity and connectivity (i.e., the pore property as the filled fluid
path in the structure) are the two most important factors that dominate the measured bulk
conductivity (Stewart, 1982). In the shallow crust, the most common fluid with a higher
electrical conductivity that dominates the measured bulk conductivity is sodium chloride (NaCl)
concentrated, or in some cases, potassium chloride (KCl) concentrated water and bicarbonate
salts (Nesbitt, 1993). The temperature and salinity influence the dissolution of chloride in the
structure. The dissolved chloride can sharply increase the bulk conductivity and represent its
influence in the temperature-salinity-conductivity relationship. These types of saline fluid have
relatively higher electrical conductivity than most of the matrix material in the shallow crust

(Palacky, 1988) that become the high potential for current flow. In the subsurface structure, the
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path of current flow is controlled by the connected fluid bridge, which is related to the effective
porosity. When the filled fluid is highly connected in the structure, the changing properties of the
fluid (e.g., the volume fraction or the electrical conductivity of the fluid) intensely affect the bulk
conductivity. Conversely, when the filled fluid is only slightly connected in the structure as
isolated fluid pockets, the effect of changing properties of the fluid is relatively thimbleful. The
relationship between the pore fluid content and the electrical resistivity of the rock has been

described by an in-situ formula, which is widely known as Archie’s Law (Archie, 1942):

pp=aps ™™ (1.1)
where pj, is the measured bulk resistivity of composed materials, py is the resistivity of the
filling fluid, ¢ is the porosity of the matrix materials, and a and m are the material-related

parameters.

The conventional Archie’s Law has been further discussed with a variety of different models.
For instance, the modified Archie’s Law takes account of the volume factor within the different
material phases (Glover et al., 2000). Another instance was a model discussing the relationship
between the boundaries of bulk conductivity and fluid connectivity, which was called the

Hashin-Shtrikman bounds (Hashin & Shtrikman, 1962). That model demonstrated that fluid

connectivity in a fluid-filled geologic unit could further dominate the presented bulk conductivity
in addition to the change of the conductivity of the saturated fluids. Waff (1974) introduced a
model to demonstrate how the fluid connectivity changes the bulk electrical conductivity

between the upper Hashin-Shtrikman bound (i.e., the relatively conductive liquid is fully

connecting in a geologic unit, which is composed of relatively resistive matrix materials) and the
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lower Hashin-Shtrikman bound (i.e., the relatively conductive liquid is fully isolated in a

geologic unit, which is composed of relatively resistive matrix materials). In that model, the bulk
conductivity of a fluid-filled material with a fully connected fluid bridge can be hundreds of

times higher than the one with fully isolated fluid pockets.

In some specific cases, for example, a subsurface structure that is composed of clay minerals, the
porosity can be quite low and with no fluid contents. In such an impermeable geologic unit, the
current flow through the mineral sheets by the electrolyte exchange (Lévy et al., 2018) that the
bulk conductivity is directly affected by the physical properties (e.g., temperature) and the
composition of the minerals. This situation often exists in the geothermal field that the
impermeable rock alteration products (e.g., smectite, smectite-illite, and mixed-layer clays) were
predominant due to the increasing temperature (Gunderson et al., 2000). In the shallow unaltered
zone, the bulk conductivity is controlled by the pore fluid conduction as most of the cases in the
shallow crust. When the temperature increases with depth and the impermeable alteration
products appear, the bulk conductivity then is controlled by the mineral conduction. In such
“impermeable clay caps”, the properties of the fluid in the geothermal field have less effect on
the bulk conductivity until the impermeable clays transfer to porous clays composition such as
chlorite (Schleicher et al., 2012). This alteration of bulk resistivity represents the change of the
material composition of geologic units with the change of temperature in the subsurface structure

(Floévenz et al., 2012).
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The factors mentioned above which dominate the measured bulk conductivity then could be
sensitive indicators in the volcanic hydrothermal system: the subsurface structures with a high-
temperature, conductive fluid, cumulated fracture zones, and high clay contained formations.
The heat and/or fluid flux anomaly can be determined by the measured conductive anomaly. The
high clay contained formations could be indicated by the relatively high conductivity. The
cumulated fracture zones, which filled with the heated fluid, could intensely affect the bulk
conductivity due to its high fluid connectivity. Therefore, the methods that can investigate the
subsurface conductive anomaly are intensively available tools for the prospecting in the volcanic
hydrothermal system. The electromagnetic (EM) sounding methods, among the standard
geophysical investigating methods, are developed to measure the electrical conductivity of the
earth materials and to obtain the subsurface structure information (e.g., Aizawa et al. 2011; Sasai
et al. 2011). On account of the linked relationship between the temperature, conductivity, and
fluid appearance, the EM sounding methods then are widely used with its sensitivity in the
changes of pore fluids or the appearance of impermeable altered clay zones. Within the
interpretation, the subsurface structures can be differentiated from electrical conductors (e.g.,
hydrothermal fluid, magma, smectite, and low-salinity flooding) and resistors (e.g., gas, igneous

rock, and dry sand) due to bulk conductivity (Streich et al., 2010).

There are various types of EM sounding methods with their advantages and disadvantages. It
generally can be separated into two categories: the passive EM sounding and the active EM
sounding methods (Spies & Frischknecht, 1991), depending on the sources of the signal. A
passive EM sounding method utilizes the signal from natural sources. Conversely, an active EM

sounding method utilizes the signal from artificial sources. The passive EM sounding methods,
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such as the magnetotelluric (MT) method, are well developed and widely applied in academic
and industrial efforts. The observation area of a passive EM sounding method is highly
adjustable due to the arrangement of instruments and utilizing signal frequencies (Nabighian &
Macnae, 1991; Spies, 1989; Vozoff, 1991). That permits the practicality from a local observation
to a regional-scale survey. The observing target can be deep regional crustal activities (e.g.,
Uyeshima, 2007) or the uppermost mantle (e.g., Meqbel et al., 2014) to the local magma
plumbing system of a volcano (e.g., Aizawa et al., 2013a). With no consideration for the power
supply of signal sources, the passive EM methods are cost-effective in a long-term operation for
a year to decades. However, the variable strength of natural sources may cause uncertainty
during the observation. Abdelfettah et al. (2018) demonstrated visible uncertainties in a long-
term continuous MT monitoring due to the change of the geomagnetic field. Such effects reduce
the stability in the operation that can be easily affected by the environmental noise. Another
deficiency of the passive EM sounding method is the dead-band issue due to the deficiency of
the natural signal in the specific frequency band (0.1-10 Hz) (Garcia & Jones, 2002). An effect
of the dead-band was demonstrated by Aizawa et al. (2013b) with a high percentage (up to 90%)

of outliers at dead-band values that cause large error bars of 50% to the dead-band data.

The signal uncertainty and dead-band issues can be solved in the active EM methods. The active
EM methods, also known as controlled-source electromagnetic (CSEM) methods, have also been
developed and employed with various procedures for different targets in past decades. The
CSEM methods provide comparatively stable signals than using natural sources. Moreover, the
controlled signal can provide frequencies coverage at dead-band. Utada et al. (2007) and Minami

et al. (2018) demonstrated the addressed dead-band issue with small errors and low uncertainty
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by utilizing a vertical-component magnetic field in CSEM volcano observation. However, there
are lots of challenges in utilizing the CSEM methods, particularly in land-based observation. One
challenge is the limited current transmission in the land-based CSEM survey because of the
higher resistance of earth and the safety issue. According to Ohm’s law, the penetrated current
can be sharply reduced due to high resistance of the grounded soil then the system requires a
heavy power load. Another challenge is the more robust response from air half-space due to its
high resistivity, which masked the response from subsurface target more. That the observed data
majorly responds to the features from the resistive air instead of to the subsurface anomaly
(Leseth and Amundsen 2007; Leseth et al. 2010). Another challenge is the economic
consideration of the sparser distribution, as well as its related number of immovable receivers
and transmitters. Furthermore, the other challenge is the further complicated culture noise
condition (Streich et al. 2011). Those challenges were discussed in Streich (2016) with their
standard solutions, including correcting the airwave mask issue in the forward modeling,
employing processing techniques for noise reduction, and increasing the source moment.
Moreover, the noticeable environment changes (e.g., rainfall, frost, shallow groundwater table,
dramatic seasonal weather) in some regions significantly affect the near-surface electric
conductivity (Hayley et al. 2007; Wirianto et al. 2010). Likewise, the strength of the current
transmission is affected by the environment condition. If the operation time is getting longer,

such changes may cause data uncertainties and reduce the stability and repeatability of the result.

In both passive and active EM sounding methods, two significant problems should be solved for
improving the credibility of observation results: one is the above-mentioned noise problem, and

the other one is the galvanic distortion effect. The galvanic distortion effect is caused by the local
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(e.g., few meters) conductive anomalies from the near-surface structures. When the current flow
through the local anomalies, the measured electric field is affected even though the anomalies are
relatively small structures (Constable, 2010). When the data is interpreting, the response of
regional features (e.g., the existence of few kilometers structures) then could be masked by the
response of local, near-surface inhomogeneities (Groom & Bailey, 1989). The solutions of the
galvanic distortion effect have been well-developed and widely utilized in passive EM sounding
methods, such as computing the model with utilizing a trade-off factor to controlled the
distortion tensor and minimized its effect (Ledo et al., 1998; Usui, 2015), or utilizing the
parameters from a distortionless tensor (Caldwell et al., 2004). However, there has not been a
conventional solution in active EM sounding methods. The situation of the noise problem is
similar. In passive EM sounding methods, if the natural signal is stable, there only the local
culture noise should be considered as the problem during the observation. The solutions to
reducing the effects of local culture noise have also been well-developed such as remote
reference data (Gamble et al., 1979a,b). In the active EM sounding methods, the consideration
becomes more complicated because the natural signal also becomes the noise and can be further
stronger than the culture noise (Macnae et al., 1984). In such cases, the solutions utilized in the
passive EM sounding methods are not as efficient. The details of those solutions will be further
introduced and discussed in the following chapters with their features and limitations. Therefore,
developing alternative solutions for the active EM sounding methods to solve those two major

problems and utilizing them in the observation becomes the motivation of this study.

For such motivation, both the passive and active EM sounding methods are utilized in this

article. Firstly, the well-developed MT method is utilized with conventional solutions for the
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galvanic distortion effect and noise issues with obtaining a credible result. Secondly, a CSEM
method with a newly developed system and methodologies is utilized to provide alternative
solutions for solving those significant problems. Finally, the result from both the MT and CSEM
methods are interpreted with their implications for improving the comprehension of the

subsurface features of the volcanic hydrothermal system.

In the following chapters, a real case exploration will be introduced with the developed
methodologies. In chapter 2, previous studies on Kusatsu-Shirane volcano were reviewed. In
chapter 3, the magnetotelluric(MT) method was introduced, and then its applications to Kusatsu-
Shirane volcano were described using unstructured finite element modeling. The obtained model
and its potential time variation were described. In chapter 4, a signal system: EM-ACROSS
(ElectroMagnetic- Actively Controlled Routinely Operated Signal System) was introduced with
its hardware design and data processing scheme. A definition of a new tensor response function
and numerical forward modeling for the three-dimensional structure were demonstrated with
experimental data at Kusatsu-Shirane volcano. In chapter 5, joint interpretations of the observed
results from both MT and EM-ACROSS methods will be discussed to comprehend the
subsurface features of the volcanic hydrothermal system at Kusatsu-Shirane volcano from the

time-lapse monitoring result.
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Chapter 2. Geological setting

The electromagnetic investigation with either passive or active source has been widely utilized in
academia and industry with various targets. In this study, both a passive method, MT method,
and an active method, the CSEM method, are utilized in the hydrothermal fluid investigation at
Kusatsu-Shirane volcano. This chapter introduces the background of Kusatsu-Shirane volcano as

a geological setting.

Kusatsu-Shirane volcano is an active andesitic volcano situated north of the Kanto Plain (Figure
2.1). Kusatsu-Shirane volcano locates near the volcanic front (Obara & Sato, 1995) at Central
Japan, where the Pacific plate and the Phillippine Sea plate are subducting beneath the North
American plate (Uto & Tatsumi, 1996). The subducting oceanic crust leads to dehydration in the
descending slab that generates magma as the source of volcanoes (Iwamori & Zhao, 2000; Wyss
et al., 2001). Wada & He (2017) demonstrated a temperature distribution model along the

surface of the Phillippine Sea slab and the Pacific plate, which presents a temperature up to 800°

C in this region that leads to the heated hydrothermal system.

2.1. The Eruptive History of the Kusatsu-Shirane Volcano

The history of the eruption of Kusatsu-Shirane volcano was evidenced from analysing the
layered beds of key tephra and intercalating loess soil in the surrounding region (Hayakawa &

Yui, 1989) and from K—Ar dating method (Kaneko et al., 1991). The eruptive history of the
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volcano can be divided into three major stages. The first stage started from Early to Middle
Pleistocene (0.6~0.5 Ma), and the second stage started from Middle Pleistocene (0.5 Ma) and
stopped with a dormant period for more than 100,000 years in the late Middle to Late Pleistocene
(0.25 Ma). After that, the third stage of the eruption history in Late Pleistocene (started from 0.1
Ma) formed three pyroclastic cones, Mt.Shirane, Mt. Ainomine, and Mt. Motoshirane, on the
summit of the volcano (Figure 2.2). The lava flows from the volcano were contemporaneously
occurred during the eruption activity. Radially flew out from three pyroclastic cones to the east
and to the south that formed the lava stratum around the summit of the volcano (e.g., Kagusa
lava, 7ka and Sessyo lava, 3ka) (Uto et al., 1983). The third stage is continuing to the present due
to the continuous phreatic eruptions and volcanic activities. The frequently occurred phreatic and
magma eruptions are recorded in history. This series of eruptions in the past 14,000 years is the
formation of three craters, Yugama, Mizugama, and Karegama craters, around the peak of
Mt.Shirane. (Ohba et al., 2008) (Figure 2.2). The most recent phreatic eruptions of Mt. Shirane
stared in 1805 (Tsuya, 1933) and stopped in 1982 (Takano & Watanuki, 1990). In this period,
more than ten phreatic eruptions were recorded inside or surrounding Mt. Shirane. The most

recent phreatic eruption was in 2018 at Mt. Motoshirane (Ogawa et al., 2018).

2.2. Previous Geophysical and Geochemical Studies

The feature of the hydrothermal system beneath three major craters has been intensively studied
by geophysical and geochemical analysis. Those studies include the geochemical analysis of
Yugama crater lake, the largest crater lake at the summit, and its surrounding region (Ohba et al.,
1994, 2000, 2008, 2019; Sano et al., 1994; Takano et al.,1994); the seismicity analysis (Kumagai

& Chouet, 1999; Kumagai et al., 2002; Nakano & Kumagai, 2005; Nakano et al., 2003);
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magnetic total force monitoring (Takahashi & Fuji, 2014) and electromagnetic methods
(Nurhasan et al., 2006; Ogawa et al., 2016). The geochemical analysis and seismicity analysis
with long-term data directly present the temporal changing with time-variable of the volcanic
hydrothermal system. The geochemical analysis provides the chemical content of related fluid
from the volcano system, which clarifies the source of volcanic fluid and its temporal
differences. The seismicity analysis directly provides a time-space relationship of the volcanic
activity to aim for the spatial distribution of the small local activities such as the hydrothermal
fluid flowing through the crack. The spatial-temporal distribution of the seismic hypocenters
could demonstrate the location of volcanic activities events. By combing the results of
electromagnetic observation with those sets of information, conductivity anomalies can be

interpreted.

Ohba et al. (2008, 2019) demonstrated a conceptual model of the hydrothermal system beneath
Yugama crater lake with its temporal changes by analyzing the chemical and isotopic
composition of the lake water and the released fumarolic gases of Kusatsu-Shirane volcano. The
geochemical concept model represents a crystallizing magma as a profound source of heat,
which is sealed by hot plastic rock. The sealing zone could be composed of quartz, gypsum,
alunite, or similar secondary hydrothermal minerals (Fournier, 1999; Kamineni, 1983; Takano &
Watanuki, 1990). After the sealing zone breaching with the increased fluid pressure, the
groundwater goes through the breached part and invades into the inner region and brings the
magmatic content, such as re-dissolved material or HCI, to the shallow surface. With the crack of
the sealing zone, the magmatic gases are also released upward. The heated water and magmatic

gases then become a two-phase (liquid phase and vapor phase) hydrothermal reservoir beneath
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the Yugama crater. Within the different periods of volcanic activity, the changes in chemical and
isotopic composition denote the deep feature of the reservoir. For example, the composition of
He and CO; increase during the high seismic activity period; on the contrary, CH4 and N>
increase within the low seismic activity period. The change of such compositions is due to the
change of hydrothermal reservoir with an injection of magmatic gas from the deeper sealing
magma reservoir. The geochemical study by Ohba et al. (2008) presents the data from 1949 to
2005. The data indicates the existence of three evolutions of the hydrothermal system: sealing
zone establishment, hot rock-water interaction, and HCI extraction. A sketch in Figure 2.3
represents the purposed model, which is redrawn from the previous geochemical studies of Mt.

Shirane.

The magma and hydrothermal fluid system are also studied by monitoring the long-period
seismicity events. The sudden pressure disturbances within magma- or hydrothermal fluid-filled
conduits and cracks can be characterized by this oscillating signature. Kumagai et al. (2002)
verified a series of changes between cracks expand and collapse, and its drying process of the
hydrothermal fluid contains in 1992-1993. Another long-period event study by Nakano &
Kumagai (2005) with the observed data from 1988 to 1995 indicates the series of temporal
variations is a repeated cycle caused by seasonally variable water supply. Another schematic
view was represented by Nakano, et al. (2003) with indicating the depth of hydrothermal fluid
contains crack zone at 300m depth beneath Yugama crater lake as a resonator of the acoustic
signal. The sketch is redrawn in Figure 2.2. The recorded microseismic swarm beneath Mt.
Shirane was described by Takahashi & Fuji (2014) and Nurhasan et al., (2006). The hypocenter

of microseismic activities can straightforwardly indicate the location where hydrothermal fluid
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flow through the cracks. A sketch in Figure 2.4 represents the purpose of the hydrothermal fluid-

filled resonator beneath Mt. Shirane.

The subsurface electric conductive anomaly beneath Mt. Shirane is demonstrated by Nurhasan et
al. (2006) and Ogawa et al. (2016) with modeling the MT data. Nurhasan et al. (2006)
demonstrated a 2-D resistivity model with audio-frequency magnetotellurics (AMT) (a variant of
the MT method by using the signals at higher-frequency for the shallower target) data. The 2-D

model profile in the direction was N 85°W- N 95°E, located between Mt. Shirane and Mt.

Motoshirane. The 2-D resistivity model revealed a shallow conductor to the east of Yugama
crater lake and a thick conductor at a deeper part to the west of Yugama crater. In this model, the
microseismic swarm hypocenters indicated the probability of a fluid path between the shallow
and the deep conductor. The shallow conductor was interpreted as an impermeable caped rock,
and the deep conductor was interpreted as the geothermal fluids. A 3-D resistivity model of Mt.
Shirane was introduced by Ogawa et al. (2016). The primary feature, the existence of the two
conductors, were accordant with the 2-D model by Nurhasan et al., (2006), but the shape of the
shallow conductor was further comprehended. With 3-D modeling, the shallow conductor
presented a bell-shape which satisfies the assumption of caped rock. Ogawa et al. (2016)
additionally employed borehole data that indicated the composition of the caped rock is smectite,
which has low permeability. A sketch in Figure 2.5 represents the purpose of the conductors and

microseismic swarm that described by Nurhasan et al. (2006) and Ogawa et al. (2016).

2-5



Besides the resistivity model of Mt. Shirane, a geomagnetic analysis was described by Takahashi
& Fuji (2014). In that study, total magnetic intensity changes were monitored and were modeled
by magnetic dipole sources. The locations of the magnetic dipole source with demagnetization
or magnetization characteristics were displayed during the active and inactive period, which
indicate the high-temperature fluid reservoir location. Around Mizugama crater lake, two
thermal-demagnetization sources were estimated at a depth of 400-600 m in different active
periods. The sequent changes of the magnetic source indicate a cycle of the reservoir beneath Mt.
Shirane is in a period of filling with or drying out of the hydrothermal fluid. The estimated
locations of the sequentially changed reservoir coincided with the top of the seismicity swarm,

which indicates the path of the hydrothermal fluid injection.

The previous geochemical and geophysical studies have provided partial comprehensions of the
hydrothermal system beneath Mt. Shirane. The objective of the thesis is further imaging the
hydrothermal system in three-dimensions and comprehending its potential temporal changes.
This article will describe a new resistivity model from recently developed magnetotelluric
modeling methods and a newly designed controlled-source electromagnetic method that utilizing

an actively controlled, routinely operated signal system (ACROSS).

In chapter 3, a passive electromagnetic method (magnetotelluric method), which uses the natural
source, will be introduced. The dense magnetotelluric data around the Yugama crater was
inverted using a three-dimensional finite element modeling, including topography. The detail

resistivity distribution and its temporal change during the recent active period were discussed.
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In chapter 4, a new method with an improved system, ACROSS, will be introduced, starting
from designing the hardware system and its application to Kusatsu-Shirane volcano. Then this
article will discuss a data processing scheme and defining a new tensor response function with

forwarding numerical modeling using an unstructured tetrahedral finite element method.

2-7



( Nbrth American Plate

Eurasian Plate ’ /

e |

Kusatsu Shirane volcano T T—
1

o ||| A e
|

Pacific Plate

p \ \
R
‘. Philippine Sea PIate\
v pp
1 135 136 140 141 142 14 14
Figure 2.1

Schematic map of plate boundaries and volcanic front.

The black arrows represent the subduction direction at the plate boundaries.

2-8



A A | 1T
/,/,{FMizu

Karegama
A

Figure 2.2
Shaded terrain map of the Kusatsu-Shirane volcano region.

The orange shapes represent the fumarole zones; the blue line represents the local
highway; the purple line represents the sulfur alteration zones; the red circles represent
the past eruption crater. The symbol “Sn” denotes the Shirane lava flow; the symbol “Fd”
denotes the Futagoyama lava dome; the symbol “Ms” denotes the Motoshirane-Sancho

lava flow; the symbol “Ab” denotes the Aoba lava flow.
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Figure 2.3

Sketch of the hydrothermal system beneath Yugama crater lake.

A sketch of the hydrothermal system beneath Yugama crater lake from the purpose in the
previous studies of geochemical analysis of Mt. Shirane (Ohba et al., 2008; Ohba et al.,

2019).
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Sketch of the hydrothermal fluid-filled resonator beneath Yugama crater lake.

A sketch of the hydrothermal fluid-filled resonator beneath Yugama crater lake from the
purpose in the previous studies of long-period events analysis of Mt. Shirane (Kumagai et

al., 2002; Nakano, et al., 2003; Nakano & Kumagai, 2005).
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Sketch of the conductive structures beneath Mt. Shirane.

A sketch of the conductive structures beneath Mt. Shirane from the purpose in the
previous studies of 2-D and 3-D MT inversed modeling (Nurhasan et al., 2006; Ogawa et

al., 2016).

2-12



Chapter 3. Magnetotelluric Sounding Method

In this chapter, the theory of the magnetotelluric (MT) method is introduced firstly. Its
application to an observation at Kusatsu-Shirane volcano and a three-dimensional model are
demonstrated secondly. Then the interpretation will be shown lastly. The MT method was firstly
introduced in the 1930s and thoroughly developed in the past decades. There are amounts of
publications and textbooks that introduced this method. In this section, the description of the MT
method and its fundamental theories are referenced to Chave & Jones (2012), Vozoff (1991), and
Zhdanov & Keller (1994). The method is a passive electromagnetic method with utilizing the
natural electromagnetic field originating from solar wind and globally propagated lightning
activity. The solar wind affects the upper atmosphere of the earth and interacts with the
geomagnetic field of Earth (Markson & Muir, 1980). This interaction produces long-period (>1s)
electromagnetic signals and is utilized in the MT method. In contrast, the short-period (<11s)
electromagnetic signals are produced by the lightning storm events while they propagating
globally between the Earth's surface and the high conductive ionosphere. The essentials of the
MT method is specifically developed according to the characteristics of electromagnetic waves
from the natural signal. In this chapter, the fundamentals of the MT method will be briefly

described first.

3.1 The Fundamentals of Magnetotelluric (MT) Method

The methodologies of electromagnetic investigation can be dissimilar depending on the

conditions and gains of observation, such as the type of aimed target, the observation
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environment, the source of electromagnetic signal. Nevertheless, they are relevant to the same

fundamental theories: Maxwell’s equations (Feynman et al., 1965):

VxE=-0,B (3.1)
VxH=]+d.D (3.2)
V-B=0 3.3)
V-D=p, (3.4)

where E is the electric field, B is the magnetic induction, H is the magnetic field, D is the electric
displacement, J is the current density, ¢ is the vacuum permittivity, and p, is the electric charge

density.
Where for external sources,

D = ¢E (3.5
B=yuH (3.6)

where p, is the magnetic permeability for vacuum,

then Equation 3.2 and 3.4 become:

0.E

=
c2

VXB=p,]+ 3.7)

v.E=Pe (3:8)
&

where c is the constant value of light speed.

Equation 3.7 is also known as Ampere’s law. While the natural signals are penetrating and
propagating through the Earth, the fluctuating magnetic field induces an electric current by
following Ampere’s law. The total electric current of the subsurface space can be determined by

measuring the magnetic field fluctuation on the surface of the earth. With the measurement of the
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electric field on the Earth surface, the electrical conductivity can be yielded with Maxwell’s

equation included Ohm’s law:

J = oE (3.9)

where o is the electrical conductivity.

Suppose the electromagnetic fields have a single angular frequency ®. The penetrated

electromagnetic wave will transfer to heat and lose its energy. In a uniformly conducting

medium, the electromagnetic wave decays to 1/ e of its magnitude at the surface at a distance

§(w) = /wjoa (3.10a)

8(t) = 500,/pt (3.10b)

which is the familiar skin depth :

and can be simplified to

in SI units, where w is the angular frequency, p is the medium resistivity and t is the period.

Therefore, the frequency-space relationship is determined as relevant information in the
electromagnetic investigation (Figure 3.1). In the frequency domain, the electric field E and the

magnetic field B can be further written as a time-frequency-space dependent formation:

A = Ajel@teTiazg-az (3.11)
where A is one component (e.g., X, y, or z in a Cartesian coordinate system) of an electric or
magnetic field and A, is its value on the surface, «a is the reciprocal of the skin depth, z is the

penetration depth.
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Then e*“t becomes a term of sinusoidal time variation, e ~** becomes a sinusoidal depth
variation and e ~%* becomes a term of exponential decay with depth (Nabighian & Macnae,

1991; Spies, 1989; Vozoft, 1991) for MT sounding.

With the time-frequency-space relationship, two assumptions were proposed by Cagniard (1953)

in defining apparent resistivity for usual magnetotelluric signal (Madden & Nelson, 1964):

(1) the natural electromagnetic field from sources mentioned above is a plane wave
propagating downward into the Earth, and
(2) the Earth is laterally uniform, which can be assumed as either a homogeneous half-space

(Figure 3.2a) or one-dimensional (1-D) layered Earth (Figure 3.2b).
With two assumptions, Maxwell’s equation then can be written with

V-E=0 (3.12)

and

V-]=0 (3.13)
that denotes no source current from the Earth. These assumptions permit a simple form for
calculating the apparent resistivity:

E 2

™ (3.14)

=)

where p, is the apparent resistivity, H, is the magnetic field orthogonal component to the

electric field.

Then the wave impedance for a 1-D case is defined as:
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Ey
ny = H_y (3153.)

(3.15b)

When the Earth contains a lateral contact striking with a significantly longer length (longer than
the skin depth in Equation 3.10a&b), the case becomes a two-dimensional (2-D) Earth (Figure

3.2¢) assumption.

In 2-D assumption, it assumes all the fields parallel to the strike direction n (e.g., X-, y-, or z-

direction in Cartesian coordinate) have zero variation, which means 0, = 0. The orthogonal

electromagnetic fields in the 2-D case can be decoupled into a component that parallels to the
strike in the electric field E and the magnetic field B. These two decoupled electromagnetic field
are known as the transverse electric mode (TE-mode) and transverse magnetic mode (TM-mode)
with E-polarization and B-polarization, respectively (Thiel, 2008). In an assumption of a model

with an x-direction strike, the TE-mode can be described as:

rE)Ex_(')Bx__B

ox ot V7

dE, OB
4 a_zx:a_ty: iwB, (3.16)
dB, 0B

y Yy

_r _ 2 — E

oy a9z  Ho9x

where the components of the electric field do not exist when they perpendicular to the strike, and
the components of the magnetic field which perpendicular to the strike are produced by the
components of the electric field which parallel to the strike. At the plane which perpendicular to

the strike, the TM-mode occurs and the current flows through this polarization:
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By oz @B
0B
] a—Zx = _.uOO-Ey (317)
9B,
T UoOE,

In 2-D case, H, proportionally associates to E, and E,,, and the H,, are, likewise, has associated

with E, and E,,. This relationship can be described by linear equations:

Ey = ZyxHy + Z,,H, (3.18a)
E, =Zy,Hy + Z,,H, (3.18b)
that the wave impedance becomes a 2-D tensor. The Equation 3.18a and 3.18b are also can be

written in matrice format:

(gi) B (2); Zﬁ) (Zi) (3.19)

The impedance tensor can also be employed in the three-dimensional (3-D) case (Figure 3.2d). In
2-D case, the off-diagonal components Z,, = Z,, = 0 and | Zxy | # | Zyx |. The impedance
tensor component Z,,, and Z,, can be regarded as the impedance tensor of TM-mode Zr, and

TE-mode Z7 g, respectively. In 3-D cases, all the components of impedance tensor exist (Vozoff,

1991). Likewise, the apparent resistivity can also be determined by the impedance tensor:

__Ho 2 (3.20)
Paij =5~ |Zij]

which is not a tensor. It is commonly used but not suitable for a function of rotation in MT
impedance imaging properties. Besides representing the relationship between the horizontal

electric field and magnetic field by impedance tensor, another relationship between the
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horizontal magnetic field and the vertical magnetic field can also be represented by a linear

equation:

H, = TyxHy + T,y H,, (3.21)
which the T,, and Ty,, are called tipper vector (induction vector), which is a geomagnetic depth
sounding transfer function. With interpreting the impedance tensor and the tipper vector of the
data from a single site, the information about the depth-electrical conductivity relationship of
subsurface structure can be obtained, and the existence of 1-D or 2-D structure can also be

determined by plotting the apparent resistivity and phase tensor versus frequencies.

However, in the real case, the near-surface structure could exist as a local conductive anomaly, in
which the electric field will change its amplitude and its direction without electromagnetic
induction. It is called telluric distortion (Groom & Bailey, 1989). Thus, interpreting the
magnetotelluric response by impedance tensor encounters a significant problem because the local
distortion may not be represented on the regional scale. With considering this situation, a
distortion matrix should be applied during interpreting the impedance tensor (Ledo et al., 1998):

(Ex—local> _ (Dxx ny) (Ex—regional> (3 22)
Ey—local Dyx Dyy Ey—regional '

where the D;; are the real, frequency-independent galvanic distortion parameters for i- and j-
components of the electric field which cause no inductive offset, E;_;,.4; 15 the i-component of
the distorted local electric field and E;_;¢giona: 1S the i-component of the undistorted regional

electric field. Note that near-surface anomaly will have no induction effect, and correspondingly,

the tensor components of D are all real numbers.
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In the distortion matrix, the galvanic deflection of the electric field is assumed as the source of
distortion rather than the induction. Therefore, Equation 3.19 can be rewritten by combining

Equation 3.22:

(Ex—regional) _ (Zxx—regional ny—regional) (Hx—regional> (3 23)
Ey—regional Zyx—regional Zyy—regional Hy—regional .

and

(Dxx ny)( xX— reglonal)
Dyx Dyy y regional

(Dxx ny
D

Dyx yy

) (Zxx—regional ny—regional) (Hx—regional> (3 24)
Zyx—regional Zyy—regional Hy—regional '

_ (Dxx ny) (Zxx—regional ny—regional) (Hx)

Dyx Dyy Hy

Zyx—regional Zyy—regional
then the relationship between the undistorted regional impedance tensor and the distorted local

impedance tensor can be described by the following equation:

Zxx—local ny—local Dxx ny Zxx—regional ny—regional
7 7 =1p D 7 7 (3.25a)
yx—local Lyy—local VX vy yx—regional #yy—-regional
or
Ziocat = D Zregionar (3.25b)

In the modeling computation, the galvanic distortion matrix D can be controlled by a trade-off
parameter to recover the regional features in the modeling result (e.g., Usui, 2015; Usui et al.,

2017).
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Another solution for solving the interpretation issues with the distorted local electric field is
introduced by Caldwell et al. (2004), which is called the phase tensor method. For defining the

phase tensor, the complex impedance tensor is divided into its real and imaginary part:

z=<"" y)zin ("x y)+'f‘ ("x y)=P+' 3.26
Zyx Zyy ¢ Zyx Zyy L Zyx Zyy lQ ( )

With substituting the impedance phase in Equation 3.25b by Equation 3.26, the phase tensor is

defined as:

(o)) q)xy _ _
D = (q);z CDyy> = Piocar . Qiocar = (D- Pregional) 1.D- Qregional (3.27)

and it is evident that:

®=(D- Pregional)_1 ‘D Qregional = Pregional_1 ‘D1-D- Qregional
(3.28)

= Pregional_l " Qregional = Pregional
The phase tensor dives out the distortion matrix, and the locally determined phase tensor is
identical with the regional phase tensor, which is equivalent to distortion independent. With
interpreting the phase tensor instead of the impedance tensor in the data on a regional scale, the
distortion issue can be removed that provides a superior result for the interpretation of the

subsurface structure, rather than applying only the impedance tensor (Booker, 2012, 2014).

The phase tensor can moreover represent the space-frequency related features of subsurface
structures. In a 1-D layered earth case, due to Z,, = Z,, = 0 and Z,, = — Z,,, from Equation

3.15a and 3.15b, then Equation 3.27 can be represented as:
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1 0 (3.29)
(0 /p_(o Q): /p 0 _(ano 0
_ 1/P 0 —-Q 0 0 Q/P 0 tan @
and in 2-D case:
® - (tan Doy 0 > (3.30)
0 tan @,,, '

where @ is the phase angle of the complex impedance elements Z.

The tan @,,,, or tan @,,,;,, denote the strike of a 2-D structure, which is very functional for an
interpretation of the data before modeling computation. There are many utilizations of the phase
tensor that will be described in the following chapters with the real case study. In 3-D case, the
phase tensor should be additionally parameterized with a unitary coordinate rotation operator

vector:

cosO sin 6)
—sin® cosH

R(O) = ( (3.31)

which rotates the coordinate system in the right-hand sense. And then the phase tensor of 3-D

cases is parameterized to:

- ® 0
® =R 1(Hellipse)( T(r)lax D, . >R(¢)R(eellipse) (3.32)
min
where the 1 is a normalized skew angle
Dy — D,
=t -1 Xy yx )
Y = tan <q)xx n q)yy) (3.33)

and B¢yipse 1s the direction of phase tensor ellipse, which represented by the angle of @4
(Booker, 2014).
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The MT method has extensive utilization in geophysical prospecting due to the complete
discussion of its features, which are far more than the content in this section. The data acquisition
and observation method and its interpreting utilization will be further described in the following

relative sections.

3.2 Benefit of the New Model and New Observation

The 2-D and 3-D electrical resistivity model in the previous studies (Nurhasan et al., 2006;
Ogawa et al., 2016) have provided a comprehension of the underlying hydrothermal system
beneath the Kusatsu-Shirane volcano. However, there are still benefit to computing a new model
with the previously observed data, which has been utilized in the past (i.e., Nurhasan et al.
(2006)). The first benefit is solving the distorted 3D structure in 2D inversion. There are some
drawbacks in 2-D inversions that have been discussed in the previous researches with the
comparison between the 2-D and 3-D inversed model. Uchida et al. (2002) demonstrated a
probability of the undesirably generated distorted structure in the 2-D inversions when a 3-D
structure is underlying the survey profile. Ledo (2005) discussed the sort of dimensional related
distortion and introduced a solution of interpreting a 3-D structure by a 2-D inversed model. The
solution improved the feasibility of the 2-D interpretation for 3-D data. Although the introduced
method can provide a possibility for reasonable geological interpretation, nevertheless, due to the
advance of computation conditions in the present, a 3-D modeling computation is more
reasonable in recent days. With consideration for the enhancements of 3-D modeling (e.g., the

improvement of illustration in complicated structures; the uniqueness of anisotropy; and a larger



range of interpreting solution) which has presented in the previous studies (Mogi & Nakama,
1993; Ogawa, 2002; Yamaya et al., 2009; Patro & Egbert, 2011), the 3-D modeling method

becomes more practicable.

The second benefit of computing a new model is solving the topographic effect. The previous 3-
D inversed modeling by Ogawa et al. (2016) has emphasized a possible location of the two-phase
reservoir that can be jointly interpreted with the geomagnetic results from Takahashi & Fuji
(2014) that provides a good comprehension. However, that represented model had not included
the topography information that can be further improved. It should be noted that a steeply
changing surface can occur the topographic responses in the modeling computation, which is
called the topographic effect (Wannamaker et al., 1986). In the modeling computation, the earth
is a relative conductor to the air. That some conductors will be generated in a flat-surface model
(Usui, 2016) as spurious anomalies. Those spurious anomalies may give rise to distortions in the
electromagnetic field, which should be solved in the computation to avoid misinterpreting
comprehension (Ku et al., 1973). Therefore, modeling with topography is substantial, especially
in the volcanoes region with steep surface conditions (Aizawa et al., 2005). Thus, recomputing a
3-D electrical resistivity model with topography information is necessary for the Kusatsu-

Shirane volcano.

In addition to computing a new model with previously observed data, acquiring new MT data
from the recent observation has its necessity for verifying the appearance of temporal changes of

the hydrothermal system. The seismic activity monitoring data demonstrates frequent seismic
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activity in 2014 (Figure 3.3) after the period of previously observed data (2001 to 2005)
(Nurhasan et al., 2006; Ogawa et al., 2016). Besides the seismic activity data, geomagnetic
monitoring data from JMA (2019) demonstrated the stopped magnetization event in 2012, which

usually indicates the alteration of hydrothermal fluid features (Rikitake & Yokoyama, 1955).

With the consideration of those benefits, a new model with previously observed data (2001 to
2005) was computed in this study by a recently published 3-D inversed modeling algorithm. The
result was compared with another model with newly observed data (2017 to 2018) afterward.
The underlying electrical conductive structure beneath the Yugama crater will be anew examed
with a joint interpretation for enhancing the comprehension of the local features in the following

chapters.

3.3 MT DATA: the Acquisition, Processing, and Modeling

The MT/AMT surveys were conducted on the summit of Kusatsu-Shirane Volcano and
surrounding regions. The previously observed MT data in this article was acquired from 2001 to
2005, which was introduced in the previous research articles (Nurhasan, 2006; Nurhasan et al.,
2006; Ogawa et al., 2016). For verifying the temporal changes in the last decade, the additional
data was observed in 2017 and 2018. The previously observed MT data consisted of 41 MT sites
and 50 AMT sites; the newly observed data consisted of 10 MT sites and 1 AMT site (Figure
3.4). In both the previously observed data and the newly observed data, the measuring
instruments were the Phoenix Geophysics designed satellite-synchronized data acquisition units:

MTU-5 series electromagnetic field receiver. The MTU instruments individually measured two
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horizontal components of the electric field, by two sets of the orthogonally grounded electrodes
(2E) with a 40-times-40 meter-square area, and three components (two horizontal and one
vertical) of the magnetic field (3H), by three induction coil sensors (Figure 3.5), which is
commonly abbreviated to a 2E3H system. The instruments measured with 320-to-0.0001 Hz and
10k-to-0.1 Hz signals in MT and AMT surveys, respectively. The vertical electric component
was not supposed to be measured due to the nature signal is a plane wave, and its normal
component on the earth's surface is assumed to be zero. The full 2E3H components were
measured in both the newly observed and the previously observed AMT data. For MT data, most
of the sites only measured telluric fields, and magnetic fields were using at a specific reference
location in the summit area. Due to the fundamentals of the galvanic distortion (Groom &
Bailey, 1989), the electric field is firmly location-dependent, but the magnetic field is
approximately regional. The difference in the location of telluric and magnetic fields was taken
into account in the later numerical modeling. In this article, the fully measured 2E3H
components were processed to the impedance tensor (Equation 3.19) and the tipper data

(magnetic transfer function)(Equation 3.21).

The pre-processing flow from raw digitized electromagnetic filed to impedance tensor and tipper
vector was processed in the data processing program “SSMT2000” from Phoenix Geophysics.
The multi-coherency robust processing with remote reference data (Gamble et al., 1979a,b) was
employed in the “SSMT2000” for reducing the local noise effects. Considering the efficient band
of frequency for both MT and AMT data with the skin depth (Equation 3.10), the impedance
tensor and tipper vector at 12 frequencies were utilized as the input parameters for modeling

computation. The employed data frequencies were chosen from 280 Hz to 0.137 Hz,
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exponentially. These frequencies were evenly placed on a logarithmic scale. The error floor was
set to 5% of the geometric mean of off-diagonal components in the impedance tensor and 0.05 to
the tipper vector. The previously observed data and the newly observed data were both applied

with the above-mentioned process flow.

With the parameters from impedance tensor and the tipper vector, a 3-D inverse modeling
program “FEMTIC” (Usui, 2015; Usui et al., 2017) was employed for computing the resistivity
model. The initial model was composed of uniform earth with 100 ohm-meter resistivity, an air
half-space with 1000 mega-ohm-meter resistivity, and a represented lake water with 0.2 ohm-
meter resistivity for Yugama crater lake (Terada et al., 2018). For representing the topography
features (e.g., Baba, 2005; Nam et al., 2007; Nam et al., 2008), the inversed modeling utilized
unstructured tetrahedral elements with distance-related, gradually increasing volume (i.e.,
smaller volume toward the center and observation sites and larger away) by Delaunay refinement
process (e.g., Usui et al. 2017; Yoshimura et al. 2018; Kanda et al., 2019). The computational
domain was set to an 80 km (north-south direction) times 80 km (east-west direction) times 100
km (altitudinal direction) space with a defined Cartesian XY origin at the center of Yugama
crater lake (N 36.6429°, E 138.5357°). In this study, the negative value of depth represents the
height above mean sea level (ASL). The resistivity of the represented lake and air was fixed
during the iterative computations. The horizontal electric fields were parallel with the ground
surface to handle the topographic effects. The inversion program FEMTIC provided a

minimizing objective function ¢ (m):

p(m) = ¢y (M) + Py, (mp) + B*¢p(mp) (3.34)

3-15



for the model vector m:

m
_[™»
m = [mp] (3.35a)
and
m, = [logp; logp, - logp,]" (3.35b)
1 1 1 1 T
my,=[p” D' p’ p - D D" p’ p’] (3.35¢)
xx xy VX yy xx xy VX VX
. . e . n n n n
where p,, is the resistivity parameter for the n-th mesh element; D° ,D" ,D’ ,and D’ are
xx xy VX VX

the components of the deviation of the distortion matrix D for the n-th mesh element.

The deviation of the distortion matrix D is defined as:

(3.36)

D = Dxx ny :[Dxx ny]_[l O]ZD—I
’yx D’yy Dyx Dy, 0 1

where D is the frequency-independent galvanic distortion matrix with four components Dy, Dy,

Dy, and D,,,, in Equation 3.25a.

In Equation 3.34, ¢,,(m) is the data misfit, ¢ (mp) is the model roughness, and ¢ (mp) is

the strength of the galvanic distortion. The data misfit ¢, (m) is defined as:

¢u(m) = |[Wd — WF(m)||? (3.37)
where W is the diagonal matrix consisting of the reciprocal of the standard deviation of the
observed data (i.e. observed data error); d is the real vector containing the real part and
imaginary part of the components of the observed response functions; F(m) is the vector

consisting of the real part and imaginary part of the forward calculating response functions.
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The model roughness ¢ (mp) is defined as:

¢R(mp) = ”R mpHZ (3.38)

where R is the roughness matrix gives the difference of logarithmic resistivity value of the

adjacent cells.
The strength of the galvanic distortion ¢, (mp) is defined as:

n . . . . (3.39
sotmo) =Y (Io? [ +[p” [+’ [ +]o’ [ )

The model roughness ¢z (mp) gives a smoothness constraint for the stabilization of the

=1

inversion and controlled, meanwhile, the strength of the galvanic distortion ¢ (mp) regularized
the distortion matrix to reduce the galvanic distortion effect. These two terms in the objective

function ¢(m) are controlled by two constant trade-off parameters o and B2, respectively.

In this article, a small value of B2=0.01 was chosen at first for the strength of galvanic
distortion, in which the efficiency has been demonstrated in previous researches (e.g., Sasaki &
Meju, 2006; Usui et al., 2017; Yoshimura et al., 2018). For determining the best model, we test 7
different values of o (100, 10, 3.16, 1, 0.562, 0.316, 0.1). The previously observed data was
computed by the inversion program “FEMTIC” and obtained the best model with a?=1 by L-
curve method (i.e., finding the maximum curvature in a plot of the data misfit versus model
roughness with different trade-off parameters) (Hansen & O’Leary, 1993). With the preferred
trade-off parameters (a>=1 and B#=0.01), the model converged at 29'" iteration while the

changes were less than 1% from previous iteration value. From the initial model to the final
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model, the root-mean-square (RMS) misfit decreased from 32.2 to 1.2. The best model computed
from the previously observed MT/AMT data in the period between 2001 to 2005 was named

“model P” in this article.

By considering the difference of the observation sites between the previous (2001-2005) and new
(2017-2018) observation, “model P’ was utilized as the initial model for the newly observed
data. The model of newly observed data was then computed with the same setting (a?=1 and
B2=0.01) for consistency, and obtained the final model at 14™-iteration. It should be noted that
the RMS value of the newly observed data decreased to less than 1.0 at the 8™-iteration, which
denoted the probability of over-fitting issues (Chave & Jones, 2012). To prevent the over-fitting,
the 7™-iteration was then be decided to be the final model. The best model computed from the
newly observed MT/AMT data in the period between 2017 to 2018 was named “model N” in this

article.

3.4 Inversed Modeling Result with Previously Observed Data (2001-2005)

The previously observed data (2001-2005) and newly observed data (2017-2018) had a marked
difference in their numbers of the observation sites. A broader and denser distribution has a
better position to provide a more reliable result, while the RMS value is close. Moreover, “model
N” was computed from “model P” that the information from the latter should be further robust
than the former. The previously observed data with more numbers of the MT/AMT stations had a

better position to interpret the subsurface structures. Therefore, “model P” was chosen for
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discussing its implication in this section. Meanwhile, “model N” will be employed to discuss the

temporal differences.

For the comparison between observed and calculated data, a phase tensor (Caldwell et al., 2004)
analysis was employed for examining the result. The phase tensor ellipses of the previously
observed data were drawn in Figure 3.6. The phase tensor ellipse plot was focused on the core
region of Mt.Shirane (Figure 3.4) for the hydrothermal system around the Yugama crater lake.
Figure 3.6 represents the phase tensor ellipses of observed and calculated data. The ellipses were
filled by @, the geometric mean of the maximum phase ®,,,,, and minimum phase ®,;, (i.e.,
phase tensor determinant phase), which is rotational invariants and indicate electrical
conductivity changes with depth (Booker, 2014). In Figure 3.6, the observed and calculated data
had a proper fitting in the majority of the sites from high to low frequencies. At the west of

Yugama crater lake, the @, increased from 40° to 60°. In the eastern area of the Yugama crater,
the @, had a higher value (>60°) than at the western (<60°) within the frequency range 70.0-4.4

Hz. This feature reversed in 1.1-0.3 Hz. In Figure 3.6, the induction arrows (Parkinson, 1962)
were further added for a graphical representation of the anomalous geomagnetic variation. Figure
3.6 shows the induction arrows directing to Yugama crater lake at frequencies 70.0-17.5 Hz and

directing to southwestward at frequencies 4.4-1.1 Hz.

By considering with the benefit in clarifying the preferred orientation of regional structure and
the unaffectedness by local structure distortion (Booker, 2014), phase tensor is an essential tool

of MT data analysis particularly in volcanic structure research in demonstrating the continuous

3-19



change in space and period (e.g., Heise et al., 2008; Hill et al., 2009). A smooth variation of
phase tensor ellipse indicates the consistency which represents data quality. Furthermore, the
ellipse rotation can provide a preliminary understanding of the subsurface structure before the
modeling computation. The direction of the steepest electrical conductivity gradient was
represented by the direction of phase tensor ellipses. In 2-D cases, the direction of axis points to
the strike of structure; in 3-D cases, the semi-major axis and semi-minor axis point to the

direction of greatest and least inductive response, respectively (Booker, 2014).

Moreover, the phase tensor analysis also provides resistivity-frequency-relevant information by

the value of its components. A determinant phase that is higher than 45° indicates the increase of

electrical conductivity with increasing depth. In Figure 3.6, both the phase tensor ellipses and
determinant phase value showed good agreement between the observed and the calculated data.
At the northeast of Yugama crater lake, the change of determinant phase angle denoted that the
subsurface structures were changing from mainly resistive downward (70-4.4 Hz) to conductive
downward (1.1 Hz). It indicated a resistor overlaying a conductor. At the east of Yugama crater
lake, the change denoted that the subsurface structures were changing from strongly conductive
downward (70-4.4 Hz) to mainly resistive downward (1.1 Hz). It indicated a conductor
overlaying a resistor. In the long period, the high determinant phase indicated a regional deep
resistivity structure beneath the Yugama crater lake (0.3Hz). The direction of real induction
arrows indicated the position of the subsurface conductive structure (Gregorri & Lanzerotti,
1980; Weaver & Agarwal, 1991). The different directions of the real induction arrows between
70.0-17.5 Hz and 4.4-1-1 Hz might indicate the changes in the conductor position from the
center of Mt. Shirane to the southeast of Mt. Shirane. However, the induction arrows could
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potentially be affected by steeply elevated topography, which is common in volcano studies
(e.g., Kanda et al., 2013; Miiller & Haak, 2004). Thus, the explanation of the induction arrows

direction should be interpreted by considering the other information.

For representing the inverted result with the previously observed data, the best-fit modeling
result could be demonstrated by a combination of a plan view resistivity structure map, a north-
south (NS), and an east-west (EW) cross-section profiles. For examining the hydrothermal fluid
reservoir at the location where was inferred by the previous researches (e.g., Kumagai et al.,
2002; Nakano et al., 2003; Nakano & Kumagai, 2005; Ogawa et al., 2016; Ohba et al., 2008;
Ohba et al., 2019), the altitude in the resistivity structure maps was firstly set at 1400m ASL. To
demonstrating the visualized features underlying the Yugama crater lake, the resistivity structure
map with two crosssections through the Yugama crater lake is represented in Figure 3.7. To
verify the potential hydrothermal fluid path, a microseismic data set from November 2001 to
March 2003 (Mori et al., 2006; Nurhasan et al., 2006) and from September 2013 to January
2019, and the locations of demagnetization/magnetization dipoles from October 1996 to
September 2012 were combined in the final model representation. The microseismic swarm
hypocenters were separated into three groups: before, during and after the volcanic unrest
(March-May 2014). The microseismic swarm hypocenters and the location of observation sites
were plotted with a 200-meter-wide projection clipper. The three-dimensional locations of the
geomagnetic dipole sources, which included two demagnetization periods and four
magnetization periods (Takahashi & Fuji, 2014), were projected on the maps and cross-sections
of the model. An inflation source during 2014 unrest was employed in the representation (Ogawa

etal., 2016).
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Two primary conductors are represented in “model P” (Figure 3.7). One of the conductors, C1,
was located slightly east of Yugama crater lake with 1-10 ohm-meters resistivity. This conductor
represented a bell-shape in the crossed vertical profiles (Figure 3.8). Another deep conductor,
C2, was beneath the summit of Mt. Shirane that the resistivity is down to 0.1 ohm-meters. These
two conductors were connected at the west of Yugama crater lake. Temporarily, this connection
was described as an individual conductor, C3, before the interpretation. A resistor, R1, was
underlying the conductor C1. The hypocenters of microseismic swarm distributed along the edge

of conductor C3 and resistor R1, beneath the magnetic dipole source.

For evaluating the reliability of the electrical conductivity structures and their robustness in
“model P”, two modified models “model P M1 and “model P M2”, with respectively replacing
the deep conductor C2 and the connecting conductor C3, were utilized in the forwarded
computation as a sensitivity test. In the first modified model “model P_M1”, the tetrahedral
elements which the gravity center is in a cuboid range: [-600m < northing < 2000m; -1300m <
easting < 700m; -2000 < altitude (ASL) < 900] (i.e. the deep conductor C2) had a fixed
resistivity value to 50 ohm-meter (i.e. make this structure resistance). This modification
represented removing the deep conductor beneath the summit of Mt. Shirane. The final RMS
increased from 1.2 to 1.4. In the second modified model “model P M2”, the elements in another
cuboid range: [-500m < northing < 500m; -800m < easting < 4m; 900m < altitude (ASL) <
1500m)] (i.e. the connecting conductor) were selected and had a fixed resistivity value to 100
ohm-meter (i.e. make this structure resistance). This modification represented removing the

connection between the deep conductor and the bell-shaped conductor. The final RMS increased
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from 1.2 to 1.32. The modified ranges are shown in Figure 3.9. The phase tensor analysis was
utilized to clarify the changes between “model P” and the modified “model P M1”, “model
P_M2” (Figure 3.9). In Figure 3.9, “model P M1”” demonstrated ellipses with a smaller

determinant phase (less than 45°) at the northwest of the modified region than in the best-fit final

model at 4.4 Hz. At 1.1 and 0.3 Hz, it represents a smaller determinant phase and shape changes
of ellipses even outside of the modified region. “model P M2 demonstrates visibly smaller
determinant phase at a few sites at 4.4 Hz and disarray difference of determinant phase at 1.1 Hz.
The differences between “model P”” and “model P M1”, “model P_M2” in the phase tensor
analysis indicate the two tested features (removing deep conductors C2 in “model P M1” and
removing vertical conductor C3 in “model P M2”) are sensitive in the modification. The major
features of the subsurface electrical conductors beneath the Yugama crater were clarified due to

the sensitivity test, which indicates the reliability of the modeling result for further interpretation.

The gradual changes in the primary features of the electrical conductors with depth are
additionally represented by eight resistivity structure maps in Figure 3.10. At -1400 and -1200
meters depth, a resistor with 100 ohm-meter resistivity represented in the south of Yugama
crater. This resistor was consistent with the location of previous eruption craters as an open slot
of the shallow conductor C1. The slice view of east-west and north-south profiles are represented
in Figure 3.11 and Figure 3.12, respectively. With the slice view of profiles, it is not difficult to
figure out that the conductor C1 only represents its bell-shape surrounding the Yugama crater
lake. Its connection with conductor C2 disappears at north and east of Yugama crater lake. Those

conductors and resistors demonstrated the feature of 3-D structures, which also represented in

3-23



Figure 3.8. Due to the appearance of 3-D structures, the necessity of 3-D inversion is also

verified.

3.5 The Implication of the 3-D MT Modeling with Previously Observed Data (2001-2005)

According to the previous researches, the conductors in the volcanic hydrothermal system
usually indicate either clay minerals deposits, hydrothermal fluid or molten magma; the resistor
usually indicate gas reservoirs or solidified magma (e.g., Ogawa et al., 1998; Nurhasan et al.,
2006; Aizawa et al., 2009; Yamaya et al., 2013; Usui et al., 2016). The two major conductive
bodies: the shallow bell-shaped conductor C1 and the deep conductor C2 have been
demonstrated in the previously published resistivity models (Nurhasan, 2006; Nurhasan et al.,
2006; Ogawa et al., 2016), but their connection, the vertical conductor C3 is a newly represented
feature in 3D modeling. The sensitivity of this vertical conductor has been examined in the phase

tensor analysis with the modified model 2, that the potential of its existence is trustable.

The 2-D model introduced by Nurhasan et al. (2006) did not represent a bell-shape of C1 on
account of the modeling profile offset and the dimensional related distortion (i.e., a 3-D structure
occurs misinterpreting in the 2-D model) (Ledo, 2005). The appearance of C1 in this article is
closer to the represented on in the 3-D model introduced by Ogawa et al. (2016). A borehole
drilling information from a well at the east of Yugama crater was introduced by Yokoyama et al.
(2010). The borehole sample denoted the appearance of a smectite reach structure at 1800m
ASL. This depth is the top of C1 in “model P” (Figure 3.7). Therefore, conductor C1 can be

interpreted as a smectite rich zone owing to its resistivity value (Logsdon & Laird, 2004). The
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smectite deposits can be a impermeable cap structure that obstruct the fluid path due to its low
porosity which is common in the volcano (e.g., Asaue et al., 2006; Newman et al., 2008; Pina-
Varas et al., 2014; Seki et al., 2015; Yamaya et al., 2013). The appearance of the fluid path can
be evidenced by the microseismic swarm. When the overpressurized fluid invades the rock body
through its fracture system, the effective normal stress will be dropped, and microseismicity will
be induced. (Benson et al., 2014; Kurz et al., 2004; Terakawa, 2017). The distribution of the
seismic swarm indicates the direction of the overpressurized fluid path. In Figure 3.7, the east-
west profile represented the underlying cumulate seismic swarm beneath the conductor C1 that
can be interpreted as the overpressurized fluid path, which is sealed by the impermeable smectite

layer.

The sensitivity test model “model P M1 by removing the conductor C2 reduces determinant
phases in that area, which indicates the downward conductive feature disappears (Figure 3.9).
The regional effect of determinant phases and ellipses by removing C2 at 1.1 and 0.3 Hz
indicates the clarity of C2 existence and justifies the feasibility of interpreting C2. In all the
previous studies of Mt. Shirane (Kumagai et al., 2002; Nakano et al., 2003; Nakano & Kumagai,
2005; Nurhasan et al., 2006; Ohba et al., 2000, 2008; Ohba et al., 2019), a deep magmatic
structure was claimed to supports the hydrothermal system. The geochemical analysis in the
previous studies (Ohba et al., 1994, 2000, 2008; Ohba et al., 2019; Sano et al., 1994; Takano et
al.,1994) demonstrated the fluid in the shallow hydrothermal system which is related to the
invades fluid and the discharged fluid from the deep sealed magma. In the further deeper region,
such fluid within the high-pressure and high-temperature then becomes the supercritical fluid

(Aizawa et al., 2011; Hattori, 1993; Ogawa et al., 2014; Yamaya et al., 2013). The conductor C2
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can be interpreted to the top of the sealed supercritical fluid. Such a supercritical state model of
the saline brine was introduced by Afanasyev et al. (2018) for interpreting the volcanic
hydrothermal systems. The sealing zone is breached that allows the fluid releases upward. The
composition of this sealing zone could be quartz, gypsum, alunite, and other secondary minerals
(Ohba et al., 2008; Ohba et al., 2019). The deep feature of this supercritical fluid is represented

in Figure 3.13 by an N53°W profile. The deep resistor in Figure 3.7 is related to a much deeper

feature in Figure 3.13, which can be traced to 7 km depth below the sea level (9 km depth from
the surface). The structure with the lowest resistivity is represented above 0 m ASL, as in Figure
3.7. This supercritical fluid migration composed of magmatic gas from the deep degassing
magma and the heated water. It provides high-temperature and high-pressure fluid injecting to
the bottom of the shallow hydrothermal system of a volcano is one of the major types of phreatic

eruption system (Stix & Maarten de Moor, 2018) (Figure 3.14).

The connecting vertical conductor C3 and its nearby resistor R1 are newly introduced features in
this study, which are very critical because its position is highly related to the spatial distribution
of micro-seismic swarm hypocenters (Figure 3.7). In the sensitivity test with “model P_M2”,
removing C3 changes phase tensor distribution at 4.4 Hz only around the Yugama crater. The
vanished sub-vertical conductive feature leads to a smaller determinant phase. The changes in the
determinant phase at 1.1 Hz are affected by the overlaying modified complicated structures that
demonstrate disarray differences. The connecting area at the west of Yugama crater lakes,
therefore, could be interpreted due to the clarified existence. The upper part of C3 can be related
to the conductor C1 that interpreted as the extension of C1, which is part of the smectite clay cap.
The temperature of this smectite increase with depth and the approach to conductor C2 that has
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much high-temperature. During the temperature increasing, the smectite-to-illite conversion is
induced. The smectite starts reacting at 100°C, converses to illite, and form mixed-layer clay in
300-400°C, which is a typical hydrothermal reactivity (Eberl et al., 1978; Inoue et al., 1992).
During the transformation, the porosity and permeability decrease with the increasing illite
proportion and illite/smectite ratio that the mixed layer generally becomes further impermeable
(Liu et al., 2016). However, this transformation could also probably generate a fracture zone in
the structure that, instead, increases the permeability of the structure (Vidal et al., 2018).
Furthermore, when this mixed-layer clay goes deeper, approach to the sealing magma, the
euhedral illite, and berthierine could be produced with relatively high porosity (Yau et al., 1987).
With those situations, the pore-contained mineral could be a potential path of hydrothermal fluid.
Thus, we then interpret C3 and R1 as a part of the mixed-layer clay with a smectite-to-illite
conversion. While the highly pressured magmatic gas from C1 flow through the path between C3

and R1, it leads to micro-seismic swarms.

Therefore, the phreatic eruption system of Mt. Shirane can be comprehended by the electrical
resistivity model interpretation (Figure 3.15). Beneath the summit of Mt. Shirane, below 600m
(ASL) is the top of the supercritical state brine conduits, which provided from the deeper
degassing magma. The brine conduit is sealed by breach sealing zone composed of quartz,
gypsum, alunite, and other secondary minerals. The fluid is released from the breach and flows
upward through the fracture zone within the mixed-layer clay. This activity creates micro-
seismic swarms beneath the Yugama crater lake at 600-1400 m ASL. This hydrothermal fluid
flow is blocked by an impermeable, bell-shaped smectite clay cap at 1400m ASL. The local

meteoric water flows through unrecognized fractures then mix with crater lake water and
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magmatic gas in this space. By heating with the high-temperature magmatic gas, this space
becomes a liquid/vapor reservoir. The phase change in this two-phase-reservoir leads the cycle of
magnetization-demagnetization (Takahashi & Fuji, 2014). Thus, the location of the geomagnetic
dipole sources indicates the two-phase-reservoir. The invasion of the hydrothermal fluid flow
through the fracture zone within the clay cap to Yugama crater lake is evidenced by the

seismicity there during the 2014 unrest event.

3.6 Robustness test of the model feature by separating the dataset into two

An example in Figure 3.16 demonstrates different features in the two resistivity models, “model
P S1”and “model P_S2”, with the data from separated data sets, S1 and S2, respectively. The
data sets S1 and S2 were randomly selected from the previously observed data with half numbers
of the sites. All the parameters in the computation were consistently set as when “model P” was
computed. The RMS value of “model P_S1” and “model P_S2” are 1.18 and 1.36 when they
were converged at 16" and 20" iteration, respectively. The low RMS value indicates both
models are well-fitted with the observed data. However, the demonstrated features in the two
models are dissimilar. The complicated subsurface structures could induce such a result. The
existence of primary features (two primary conductors C1 and C2 and their connection C3, the
resistor R1 underlying the shallow conductor C1) are consistent that indicates the robustness of
their existence. The minor features (e.g., the shape of structures) are different that indicate the
selection of the sites’ location, and their data could influence the appearance of the representing

features.
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3.7 Robustness test of the model feature by changing the beta

In section 3.3, the regularization function ¢p,(my) was controlled by trade-off parameter 2 to
reduce the galvanic distortion effect. The extent of galvanic distortion effect reduction can be
adjusted by choosing different 2. This study chose 2=0.01 by referring to the previous studies
and computed the final model, “model P”. In this section, a robustness test of the model feature
by changing the % was operated to verify the sensitivity of the modeling result to this parameter.
Besides “model P” with chosen B? = 0.01, three testing models were computed with different
B2=0.1, %=1.0 and B?=10.0 and named as “model P_B0.1”, “model P_B1” and “model

P _B10”, respectively. The RMS value of those three models was 1.28, 1.42, and 1.26,
respectively. Figure 3.7 demonstrates the value of four components of the galvanic distortion

matrix Dy, Dy,,, D

xy> Dyx, and D,,, .(Equation 3.36). With B?=10.0, the diagonal components of the

galvanic distortion Dy, and D,,, are close to 1 in most of the sites, and the off-diagonal
components Dy,, and D, are close to 0 in most of the sites. With the definition in Equation
3.25a, this result indicates that the observed data represents the regional features, and the
galvanic distortion effect was not considered in “model P_B10”. The components of the galvanic
distortion matrix were generally increasing with the decreasing 2. That indicates the observed
response was further regarded as the distorted response when B? was smaller. There was the
extreme value of distortion parameters at four of the sites when B2 = 0.01. Such value indicates
that the observed data from those sites was taken by the program as seriously distorted data. This

special situation should be carefully discussed in the next paragraph.
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To verify the effect of the distortion matrix, the modeling result and the phase tensor were
compared within different models. The models that computed with different trade-off parameter
B? are demonstrated in Figure 3.18. The region away from the observation sites at least 100m
was masked in the profiles for representing how the result with different B? were changed in the
strongly controlled and the weakly controlled feature. The primary features (e.g., the conductors
C1, C2, and the resistor R1) are similar in different models. All these primary features were in
the strongly controlled region that denoted the 2 did not intensely affect those features.
Conversely, the models demonstrated some dissimilarities of the features at the place where out
of the strongly controlled region. Another comparison with phase tensor analysis is demonstrated
in Figure 3.19. The data from observation and different calculated models represented similar
features at 70 Hz and 8.8 Hz in the phase tensor plot but partly dissimilar features at 1.1 Hz.
According to the sensitivity test with “model P_M1” (Figure 3.9), the data at that frequency
represented the feature at the depth where conductor C2 existed. This difference has been
represented in the resistivity model (Figure 3.18) at 1km east of Yugama. The sites with extreme
values that were represented in Figure 3.17 was marked in Figure 3.19. The four sites
represented the locally affected differences at 1.1 Hz, but most of the other sites represented
similar features. This result denotes that the extreme value did not affect the model as much as it

represented in the distortion component plot.

3.8 The Inversed Model with Newly Observed Data and the Discussion

This study utilized two sets of MT/AMT data for a time-lapse interpretation to comprehend the

probability of temporal changes in the volcanic hydrothermal system beneath Mt. Shirane. One
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data set is from the previous observation from 2001 to 2005, and another one is from the new

observation from 2017 to 2018.

The phase tensor analysis for the observed data versus the calculated model represents a proper
fitting at higher frequencies (17.5-4.4 Hz) and a fair fitting at a lower frequency (1.1 Hz) (Figure
3.20). The analysis result indicates that the shallow features in the calculation product are
credible. According to the reported volcano activity and frequent seismic events, there could be
changes in the subsurface features that may be represented in the models with different data sets.
A comparison of the modeling result with previously observed and newly observed data is
represented in Figure 3.21 and Figure 3.22 within the same east-west and north-south cross-
sections, respectively. In the east-west section (Figure 3.21), the major features, the two primary
conductors and the connecting vertical conductor, have no significant changes with the
comparison to the previously observed data. The notable difference is that the underlying resistor
beneath the bell-shaped conductor in the model with newly observed data is more conductive
(from 100 ohm-m to 10 ohm-m). Another difference is the surface at [Easting=800m]
significantly resistive (>1000 ohm-m), which was not represented in “model P” from all 91 sites
(Figure 3.8) but was represented in the two models with separated data sets (Figure 3.16). In the
north-south section (Figure 3.22), the notable difference is that the shallow conductor occurs a
discontinuous part that replaced by a relatively resistive gap. Above that gap is a more resistive
zone (>100 ohm-m), which does not represent in the model with previously observed data. The

resistivity and the shape of the deep conductor are also different within the two models.
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Instead of hastily interpreting the differences between two models as the temporal changes due to
the different cycling volcanic activity periods, which has been described in the previous studies
of Kusatsu-Shirane volcano (Kumagai et al., 2002; Nakano & Kumagai, 2005; Ohba et al., 2008;
Ohba et al., 2019), the difference between two data sets should be firstly considered. It must be
mentioned that the numbers of observation sites between the two data sets have a large
difference. There are 91 sites in the previously observed data, but only ten sites in the newly
observed data. Therefore, a model that is calculated with the data from much fewer sites could be
further influenced by the numbers and locations of the sites, as the demonstrated example in
Figure 3.16. Although the probability of the influence from site allocation can not be ignored, the
comparison of the phase tensor plot between the data from previous observation and new
observation positively represents the observed differences (Figure 3.23). The observed data
represents relatively similar features in the shallow structure (17.5 Hz) but different features in
the deeper structure (1.1 Hz). That the temporal changes probably exists. The probability can be

further enhanced if the site's location in two data sets is further closer.

This study demonstrates that interpreting temporal changes in the previously and newly observed
data sets has difficulty when the number of sites has a massive difference. The difference in two
testing models with separated data sets satisfies the importance of the serried allocation of the
observation sites. When the subsurface structure is complicated, a time-lapse monitoring system
requires consistent observing locations and a close number of sites. In this study, the time-lapse
monitoring with only MT data could not robustly verify the temporal changes due to the
difference in the sites’ conditions between the previous and new observations. Interpreting the

demonstrated differences between the two models (Figure 3.21 & Figure 3.22) is not as reliable
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as interpreting “model P” (Figure 3.15). The interpretation of model N is temporarily held here
before justifying the existence of changed features. For this objective, this study utilizes an
alternative examination with CSEM observation data, which will be introduced in the next

chapter for clarifying the credibility of the difference in the time-lapse monitoring.
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Figure 3.1
The frequency-space relationship represented by skin depth with its schematic.

The upper subfigure plots the skin depth in the homogeneous earth with different
resistivity. The lower subfigure presents a schematic of the skin depth at different

frequencies.
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Figure 3.2

Schematic diagrams of different dimension subsurface structures.

The type of dimensions for subsurface structure can be simplified to (a) a uniform half-
space; (b) 1-D layered earth with horizontal conductivity differences; (c) 2-D structure;

(d) 3-D structure.
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Figure 3.3
Monitored seismic activities from 2000 to 2019 surrounding the Kusatsu-Shirane volcano.

This chart is based on the monitored data from Japan Meteorological Agency which
recorded the detected seismic activities from 2000 to 2019 surrounding the Kusatsu-

Shirane volcano.
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Figure 3.4

A regional-scale and a local-scale map of Kusatsu-Shirane Volcano with previously observed

and newly observed MT/AMT stations.

The base map is the topographic map with grayscale shaded relief. The square and
triangle symbols denote the MT and AMT stations, respectively. The black-filled and
white-filled polygon symbols and triangle symbols denote the previously observed and
newly observed stations, respectively. The red circles and open curves show the craters of
past eruptions. The purple closed curves show the fumarole zones. The blue curves show
the local highway as a reference item on the map. The abbreviation symbol “SG”, “MS”

and “MZ” denotes the location of Sesshougawara fumarolic area, Mt. Motoshirane, and
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Manza hot spring field, respectively. The area of the local-scale map is masked by a red
rectangle. In the local-scale map, additionally, the abbreviation symbol “KS” denotes Mt.
Shirane and the red triangle denotes its mountain peak. The white circle with symbol “Y”

denotes the center of Yugama crater lake.

EW EE
8 MTunit [ @
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Figure 3.5

A schematic diagram of a 2E3H MT receiver.

The two sets of electrodes are installed to align with the ground surface. Hx and Hy
magnetic coil sensors are horizontally installed and Hz magnetic coil sensor is vertically
installed overlaying in the ground. The MT unit synchronizes with the GPS signal in full

of the measurement.
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Comparison of phase tensor ellipses of the previously observed MT data between (a) the

observed result (Obs) and (b) the best-fitted final model (Cal).
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The observed data and the calculated data is represented in the left and right column,
respectively. The chosen frequencies for all the four data sets are 70 Hz, 17.5 Hz, 4.4 Hz,
1.1 Hz, and 0.3 Hz, from top to bottom. The phase tensor ellipses are filled by the angle
of the determinant phase ®,, which is the geometric mean value of maximum and
minimum of phase tensor. The black strike arrow represents a unit Parkinson’s induction
vector with a tipper value 0.5. The blue and green strike arrows represent the real and
imaginary Parkinson’s induction vector, respectively. The black curve, red triangle and
blue circle with symbol “Y” denote local highway, the mountain peak of Mt. Shirane and

center of Yugama crater lake, respectively.
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Figure 3.7

The multiview projection of the best final model from previously observed MT/AMT data.

The upper-left subfigure is the plan view map at 1400 m height (ASL). The red and blue
lines in the plan view map denote the east-west and north-south sections cutting through
Yugama crater lake, respectively. The lower-left subfigure is the east-west direction
profile. The upper-right subfigure is the north-south direction profile. In all the
subfigures, the purple squares denote the location of MT/AMT stations. The cross

denotes the inflation source. The light and dark stars denote the past magnetization and
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demagnetization centers, respectively. The white, gray and black dots denote the micro-
seismic hypocenters before, after and during the recorded high seismic activity period in
March-May 2014, respectively. All the MT/AMT stations and micro-seismic hypocenters
are clipped with a 200-meter-boundary along with either the map or profiles. The blue
curve denotes the local highway. In the plan view map, the red circles and open curves
show the craters of past eruptions; the purple closed curves show the fumarole zones, and

the dash lines denote the Aoba lava flow.
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Figure 3.8

The crossed vertical profiles of the best final model “model P”.
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Comparison of the phase tensor ellipses between the data from “model P”, “model P M1” and

“model P M2”.

The calculated data from the best-fitted final model “model P, the modified model
“model P M1” and modified model “model P M1 is represented from the left to the
right columns, respectively. The chosen frequencies for all the four data sets are 70 Hz,

17.5 Hz, 4.4 Hz, 1.1 Hz, and 0.3 Hz, from top to bottom. The phase tensor ellipses are
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filled by the angle of the determinant phase ®,, which is the geometric mean value of
maximum and minimum of phase tensor. The horizontal direction areas of modified
model 1 and model 2 are separately marked with dashed rectangles. The black strike
arrows show the direction of Parkinson’s induction vectors. The black curve, red triangle
and blue circle with symbol “Y” denote local highway, the mountain peak of Mt. Shirane

and center of Yugama crater lake, respectively.
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Figure 3.10

The plan view map of the “model P” in different depth.

The purple squares denote the location of MT/AMT stations. The cyan cross denotes the
inflation source. The white and black stars denote the past magnetization and
demagnetization centers, respectively. The white, gray and black dots denote the micro-

seismic hypocenters before, after and during the recorded high seismic activity period in
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March-May 2014, respectively. All the MT/AMT stations and micro-seismic hypocenters
are clipped with a 200-meter-boundary along with either the map or profiles. The blue
curve denotes the local highway. The red circles and open curves show the craters of past
eruptions. The purple closed curves show the fumarole zones. The dash lines denote the

Kagusa lava flow.
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Figure 3.11

The slice view of east-west profiles from the “model P”.
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The slice view of north-south profiles in the “model P”.
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Figure 3.13

The oblique profile of the resistivity model “model P”.

This profile aligns with N 53°W direction and represents the further deeper features or
the model. The upper black bold line denotes the scale bar of 1 km length.
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when overpressure in the hydrothermal
system exceeds the tensile strength of
the rocks sealing its top, the seal fails

and materials move upward to erupt

Phreato-\Vulcanian eruptions
open conduits

sealing of permeable conduit with
] ™ silica, clays, and sulfur minerals

top of hydrothermal system variably leads to overpressure

sealed with silica, clay and zeclite minerals

base of hydrothermal system partially
sealed with high-temperature silica
and feldspar minerals

injection of magmatic gas
into the bottom of the
hydrothermal system

magmatic gases at
600°C - 1000°C

when magma pressure is sufficient /

(from decompression, crystallization, etc.),
carapace fractures and releases hot

magmatic gas through crack system \ partially sealed

magmatic carapace

Figure 3.14

The schematic diagram for the underlying hydrothermal systems beneath the Yugama crater.

(Stix & Maarten de Moor, 2018)
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Figure 3.15

Interpretation of inversed modeling result with previously observed MT/AMT data.

3-52



§ 88 8 ¢

Astude (m)

° B &8 % g oEEEE
T8 f 3

$ 8 & 8

100

-
o

ata set

resistivity Om

L ————+—
S
-
(=3
[=3
8
B & & %

-

!
0.1 % k00

Figure 3.16
Resistivity models “model P_S1” and “model P_S2”.

The models were computed with the data from two randomly separated data sets S1 and

S2. The red and green squares denote the sites in data set S1 and S2, respectively.
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Figure 3.17

Comparison of galvanic distortion components from the modeling computation with different

BZ.
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Comparison of modeling result from the computation with different 2 .

The figures represent the east-west profiles of different resistivity models with the
changing B2. The region where away from the observation sites at least 100m was

masked by white color.
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Phase tensor analysis of different models with changing B2.

The “model P Obs”, “model P Cal”, “model PB0.1”, “model PB1”, and “model PB10”

represents the observed data, the computed model with B2=0.01, $?=0.1, B2=1 and

B?=10, respectively. The sites with extreme distortion value when B?=0.01 are marked

by blue squares.
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Figure 3.20

Comparison of phase tensor ellipses of the newly observed MT data between (a) the observed

result (Obs) and (b) the best-fitted final model “model N” (Cal).

The observed data and the calculated data is represented in the left and right column,
respectively. The chosen frequencies for all the four data sets are 17.5 Hz, 4.4 Hz, and 1.1
Hz, from top to bottom. The phase tensor ellipses are filled by the angle of the
determinant phase ®,, which is the geometric mean value of maximum and minimum of
phase tensor. The black strike arrow represents a unit Parkinson’s induction vector with a

tipper value 0.5. The blue and green strike arrows represent the real and imaginary
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Parkinson’s induction vector, respectively. The black curve, red triangle and blue circle

with symbol “Y” denote local highway, the mountain peak of Mt. Shirane and center of

Yugama crater lake, respectively.
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Figure 3.21

Comparison of the resistivity model between the previously observed and newly observed

MT/AMT data, east-west profiles.
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Comparison of the resistivity model between the previously observed and newly observed

MT/AMT data, north-south profiles.
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Figure 3.23

Comparison of phase tensor ellipses between (a) the previously observed result (2001 Obs) and

(b) the newly observed data (2017 Obs).

The observed data and the calculated data is represented in the left and right column,
respectively. The chosen frequencies for all the four data sets are 17.5 Hz, 4.4 Hz, and 1.1
Hz, from top to bottom. The phase tensor ellipses are filled by the angle of the
determinant phase ®,, which is the geometric mean value of maximum and minimum of
phase tensor. The black strike arrow represents a unit Parkinson’s induction vector with a
tipper value 0.5. The blue and green strike arrows represent the real and imaginary
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Parkinson’s induction vector, respectively. The black curve, red triangle and blue circle
with symbol “Y” denote local highway, the mountain peak of Mt. Shirane and center of

Yugama crater lake, respectively.
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Chapter 4. Electromagnetic Accurately Controlled Routinely Operated Signal System

(EM-ACROSS)

In this chapter, the theory of the controlled-source electromagnetic method is reviewed at first,
and the newly developed controlled-source system “EM-ACROSS” is described with its
hardware design and the data processing scheme. A new definition of response function and
numerical calculation of induction responses is introduced to utilize the product of EM-
ACROSS. The method was applied to Kusatsu-Shirane volcano for monitoring purposes of its

geothermal system.

4.1 The Fundamentals of Controlled-Source Electromagnetic (CSEM) Method

The introduced Maxwell equation in Chapter 3 was considered for the cases with natural source,
the current density is only considered as generated by the electric field (Equation 3.9). With a

source existed case, the current density should be divided into two terms:

J=0oE+]; (4.1)

where ], is the current density from artificial sources.

With substituting the current density term by Equation 4.1 and considering the following usage

in the frequency domain, Equation 3.1 and 3.2 can be represented as:

VxE=—-9,B=—ioB (4.2)

VXH=0E+]s+ 0D =0E+]s+ 0;€E = oE + ] + iweE 4.3)
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Equation 4.2 and 4.3 in the CSEM method have different representation due to the variant source

types. Ward & Hohmann (1988) introduced several types of source, including:

(1) vertical magnetic dipole, which is usually a large horizontal rectangular or circular loop

laying on the surface of the Earth, and measuring inside or outside the loop;

(2) horizontal magnetic dipole, which is a usual tool in airborne electromagnetic for a long

distance between the measurement place and the loop;
(3) horizontal electric dipole, which is a grounded wire with current injection.

In this article, only the horizontal electric dipole is discussed. With substituting Equation 3.2 in

Equation 4.2, the rotation of the electric field can be represented as:

VXE = —iwuyH (4.4)

then substituting Equation 4.4 in Equation 4.3:

VXVXE=—iwugV X H=—iwuyoE — iwug]s + iw?eugE 4.5)
In the geophysical investigation case, the iw?spE can be neglected due to the frequency is
usually much lower that w?ep is relatively too small (o = 8.85 X 10712 X 41 X 1077 ~

1.1 x 10717). Then Equation 4.5 can be rewritten as a diffusion equation of the electric field:

VXVXE+ iwpuyoE = —iwyy)s (4.6)
Equation 4.6 provides an advantage that the unknown of the equation is restricted into only the
electric field due to a known source term in the CSEM. That Equation 4.6 can be regarded as a

response function of the source.
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A benefit of the CSEM case is that the electromagnetic field response can be represented with
spatial distribution by analytical solution with known source parameters. The simplest case is the
assumption of a horizontal infinitesimal electric dipole in laying on the surface of a uniform
medium. Kaufman & Keller (1983) introduce an analytical solution by neglecting the electric
displacement and the current density turms in Equation 4.3. An assumption of a horizontal

infinitesimal electric dipole situated in a uniform medium with the moment:

Idl .
iwt 4.7
P 4o e n “.7)

where p is the dipole moment, I is the current amplitude, dl is the dipole length, and 1 is dipole

direction.

In the spherical coordinates (R, 6, ) with zero-frequency, the electromagnetic field at an

arbitrary location in the space is:

E,=— 4.8
R = JnoR3 0 (4.82)
i (4.8b)
%~ 4moR3
E,=0 (4.8¢)
Idai (4.8d)
0= AnR? sin @

Such analytical solutions can be moreover interpreted to a uniform half-space by applying the
vector potential with considering the case of the quasi-stationary field. Based on the fact from

Equation 3.3 and 3.6, that V - H = 0, a vector potential A of the electrical type can be defined as:

H=VxA (4.9)

then
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VV-A
E=iwuA+ (4.10)

An analytical solution of the electric field in Cartesian coordinates (x, y, z) generated by a n-
direction finite dipole source with uniform half-space case is described by Ward & Hohmann

(1988) with applying the vector potential:

Idl . 3n,° (4.11a)
— : —ik Il
Ep =5 —3|=2+ (ikR + 1)e ™R + 3

31dl (4.11b)
n=5—0% [mim.]

where

(4.11c)
R= /nuz + 1,2

k = uew? — ipwo (4.11d)
which o is the electrical conductivity, u is the magnetic permeability of the half-space medium,
n is the x- or y- direction and 7, n, are the distance at parallel and perpendicular directions,

respectively.

The analytical solution in Equation 4.8a-4.8d is only with a case that the transmitter (current
dipole source) and the receiver are both located on the surface of homogeneous earth with a low-
enough frequency (most of the geophysical applications conform with this condition) to apply
the quasi-static approximation. Those analytical solutions can be utilized in verifying the
numerical computation results. Figure 4.1 presents an example result of the analytical solution in
Equation 4.11a-4.11d. In some CSEM cases with simple subsurface structures, such as the
tectonic features covered by heavy sediment in marine CSEM observation, with considering the

seabed topography versus the investigation scale, the seabed could be assumed as a flat surface
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with 1-D layered structures. In that case, if the conductive anomaly target is assumed with a
simple shape (disc or spheres), the analytical solution can be utilized for an approximate solution
(Constable & Srnka, 2007). However, in most of the onshore investigation, the structures are too
complicated to be represented by the analytical solution, that the numerical computation is yet
required for such cases. It must be noted that the electric field could be affected by the galvanic
distortion in the real case, particularly in such a case as in this study: a hydrothermal system
beneath the pyroclastic cone that has a 3-D structure with complicated shallow and local
conductive anomalies (Chave & Smith, 1994; Groom and Bailey 1989). That the response
function should also be considered as distorted. To minimize the effect of the galvanic distortion,

a solution will be introduced in the following sections to address the distorted response.

4.2 Distorted CSEM Response and its Solution

The fundamental of the galvanic distortion has been described in Chapter 3. This real,
dimensionless, frequency-independent tensor is generated by the near-surface inhomogeneities in
the local structure and will strongly affect the modeling computation and interpretation which
assuming the observed electromagnetic field features are regional (Smith, 1997). Although the
relationship between the regional and local electric field can be described by a distortion tensor
(Equation 3.22), neither the distortion tensor components nor the regional electric field can be
directly solved from the observed local electric field because both the regional electric field and

the distortion tensor have unknown parameters.
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To solve the galvanic distortion effect under the premise that bypass how to obtain the distortion
parameters, this study borrows the purpose in the phase tensor (Caldwell et al., 2004) and
introduce a distortionless response. If we consider two independently responded electric fields
from different sources with unit current, the distorted electric fields observed at one place can be

represented from Equation 3.22 as:

(Elx—local sz—local)_<Dxx ny) (Elx—regional EZx—regional)

4.12
Ely—local Ezy—local D ( )

yx Dyy Ely—regional Ezy—regional
where the E1 and E2 are the observed electric field, relate to the signals from different source

moments.

If we defined the tensor of the distortion and the local electric field, the regional electric field, at

frequency f as:

12 _ (EY(x-tocat  E2(f)x-tocai (4.13a2)
E(f)local - (El(f)y—local Ez(f)y—local>
_ (Dxx ny> (4.13b)
B Dyx Dyy

E(f)}«g onal = <E1(f)x—regional Ez(f)x—regional) (4.130)
g El(f)y—regional E2 (f)y—regional

then Equation 4.12 could be simplified with substituting Equation 4.13a-c:

E(f)llozcal = DE(f 11”§gional (4-14)

If we multiply an inverse matrix of E(f)12.,; at a different frequency at the left-hand side of

itself, Equation 4.14 becomes
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E(fZ local E(fl local (DE(fZ)reglonal) DE(f1)reglonal
(4.15)

= E(fZ reglonal 1DE(f1 regional — E(fZ reglonal E(fl)%ggional
The distortion tensor D then is vanished in Equation 4.15. This article defines an electric field

response tensor ¢ where

o f) =[pn 02| =BG EG)? (4.16)

that ¢ can be regarded as a distortionless response tensor:

‘P(fl'fz)local - E(fz local E(fl)local - E(fz)reglonal E(fl)reglonal
(4.17)

= ‘p(fli fz)regional

For utilizing this distortionless response tensor in the CSEM method, there are three essentials
should be satisfied. The first essential is the regional electric field E(f)12 gional- 1N the real case

observation, the regional electric field is originally unknown due to its distorted feature. This
study utilized the assumption that the electric field represents the regional features when it is
calculated from a model that contains the regional features. For instance, if an inverted model is
calculated by an algorithm that considers and deals with the distortion effect, such as using the
phase tensor as the modeling parameters (e.g., Patro et al., 2012; Tietze et al., 2015) or
computing with a weighted distortion tensor (e.g., Usui, 2015), then the model can be regarded
as representing the regional features. When the electric field is calculated from the forward
modeling with the parameters from that model (e.g., electrical resistivity), it also represents the

regional features. With this assumption, the regional electric field can be reached by the
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modeling computation, and the local electric field can be reached by the observation. Then

Equation 4.17 can be modified to

-1 -1
E(f)ets E(f)aps = E(f)ie E(f)ia (4.18)
where E(f)12_ is the distortion contained observed electric field and E(f)12, is the calculated
electric field from a prior model, which is assumed to be distortionless. This equation, therefore,

neglects the distortion effect.

The second essential is two independent electric fields with the same frequency. In Equation
4.13a and 4.13c, the electric field tensor E(f)1? is calculated from two independent electric
fields E1 and E2 with the same frequency f. However, in a real case, distinguishing the
composed electric field generated from different sources at a single frequency is difficult. This
study utilized an assumption that when two frequencies are mutually close enough, we can
regard that two different frequencies as the same one due to they represented the features from
the same subsurface structure. The measurements of close frequency pairs can be realized using

the tensor EM-ACROSS system, which will be described later.

The third essential is that the observed data must have small errors for enabling the removal of
distortion. Equation 4.15 is only meaningful when E field data have small errors. The typical

noise issue in the CSEM observation will be introduced in the next section.

4.3 The Noise Issue in CSEM Observation
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For a reliable and accurate comprehension of the responses in terms of subsurface features,
obtaining data with high accuracy and high precision is essential. However, there are various
kinds of the source of electromagnetic noises in the survey environment, and their related signal
may be present in CSEM responses. Ward (1983) summarized the noise-related problems in the
CSEM investigation, which includes natural field noise, cultural noise, instrumental noise, and
geological (terrain) noise. The geological (terrain) noise occurs during the electromagnetic fields
transmitting through the discontinuity with massive electrical conductivity difference.
McCracken et al. (1986) described as “overburden effect”. This noise can be considered as
topographic distortion effects. The instrumental noise should be handled before the main
observation by the initial experiment that is not the object here. Only the natural field noise and

cultural noise will be discussed in the following content.

In the passive electromagnetic methods, such as the MT method, the natural signal from solar
wind plasma and globally propagated lightning storm events are necessary to a successful
observation. The data quality is often improved during a period with stronger solar activity. In
contrast to the passive electromagnetic method, the generated signal from those natural sources
becomes a class of noise according to the irrelevance of natural sources with the controlled
source. Different from the perpetually and constantly existed noise from the natural source, the
cultural noise is gradually rising with the progressively increasing with the progress of
civilization. Nowadays, the consumption of electric energy has already exponentially increased
by comparing it to decades ago. Concomitantly, the increasing cultural noise is the consequence
of widespread locally propagated signals from modern products. Szarka (1988) described the

problems of cultural noise with two major types: the passive noise and the active noise. The
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passive noise is generated by the unnatural conductive (e.g., buried pipelines, grounded cable) or
resistive (e.g., ditched, asphalt) materials in the observation environment. Those materials affect
as compact or elongated shallow resistivity inhomogeneities. Fortunately, the effects of passive
noise can be omitted with an advanced understanding of the observation area. The major
problem comes from the active noise: AC or DC electric power transmission lines, rectifier, DC
traffic substations, AC railway lines, electric fence, and the rest kinds of electric power-related
instruments. Those immovable active sources produce either regular or irregular parasitic
electromagnetic fields then disturbing the observation. Besides that, the moving vehicles cause

magnetic effects is also a popular problem in many observation areas.

Throughout a long period of the past, discovering a method for reducing the noise is a significant
objective for the CSEM method. The methodology of noise reduction can be classified into two
parts: the instrument related solution and the process related solution. Theoretically, the most
immediate solution for reducing the noise is enlarging the source moment at the transmitter. It
can be either extending the length of the source (e.g., Barannik et al., 2013; Sternberg, 1979; Van
Zijl & Joubert, 1975; Velikhov et al., 2001) or increasing the power of transmitter output (e.g.,
Keller et al., 1984) or applying both of them as a combination (e.g., Velikhov et al. 1987;
Zhdanov, 2010). Then the noise effects decrease with the increase of signal-to-noise ratio (SNR).
Although many researchers successfully utilized this solution in their cases, however, it is not
always practicable for all kinds of investigations. For example, the CSEM method in Keller et al.
(1984) is time-domain sounding with the designed signal that amplitude up to 2000 A. That can
be feasible in time-domain sounding but is almost not applicable to frequency-domain CSEM,

particularly for an investigation of a deeper structure with a signal at low frequency. Figure 4.2
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represents a schematic frequency spectrum of the horizontal magnetic field in the environment
(Macnae et al., 1984). With consideration of the skin depth (Equation 2.10b) and penetration
function (Equation 2.11), an observation for deeper structures requires a signal at lower
frequencies. The geomagnetic signal exponentially increases in the low-frequency band, and it is
obvious that we could not unlimitedly enlarge the output of the transmitter with an exponent to
compete with the natural signal. Thus, the methods of noise reduction with an instrument related
solution should be more considered within the operation. One of the examples was introduced by
Streich et al. (2011): a transmitter system design that developed for land-based CSEM case in a
CO:z injection test. The widely spread three-phase transmitters take effect with short transmitter-
to-receiver distance. Based on the different conditions of the instruments and environment in a

survey, the hardware system should be separately designed.

Unlike the particular conditions of different surveys in the instrument related solution, the
process related solution is more general-purpose for various cases. One of the standard solutions
is the digital high-pass filter, which can substantially facilitate the noise above 0.1 Hz in the
frequency domain processing (SanFilipo & Hohmann, 1982) has been extensively used in many
kinds of instruments but has its limitation at lower frequencies. Even though such a standard
method is not applicable due to its limitation, there are still many developed methods introduced

in past studies, that will be further introduced in the following section.

4.4 The Electromagnetic Accurately-Controlled, Routinely-Operated Signal System (EM-

ACROSS)



A solution for the noise reduction object was introduced as a combination of the instrument
related method and the process related method in the CSEM investigation, which is called an
electromagnetic accurately controlled routinely operated signal system (EM-ACROSS). The
prototype of EM-ACROSS was a seismic accurately-controlled, routinely-operated signal system
(ACROSS) proposed and developed in the 1990s (Kumazawa, 1998a,b) for monitoring the
seismic wave transmission with a repeated artificial vibration source (Yokoyama et al., 2002)
and then be utilized in CSEM method (Nakajima et al., 1998; Nakajima et al., 2000). The
purpose of EM-ACROSS, whose schematic diagram is representing in Figure 4.3, begins with
the assumption that the environmental noise is Gaussian white noise. A probability density of

general normal distribution can be represented as:

f(x | dz) = \/;_e_ 2d? (419)

where f(x | d?) is the probability density of value x, in signal processing case, x is the signal

amplitude and X is its mean value, d is its standard deviation.

A Gaussian white noise has a finite standard deviation and a mean value equal to zero. In the
theory of CSEM method, the transmitted signal from the controlled source and the observed
signal at the receivers should be completely relevant, and its electromagnetic field can be

described with a response function Fp:

Sy (f) = Fr(£)S7 () (4.20)
where SF(f) and S7 (f) are the observed electromagnetic field at the receivers, and transmitted
electromagnetic field, respectively, with their n-component (e.g., x-, y-, or z-component in
Cartesian coordinates), at a specific frequency f. Here the response function Fi(f) is a function
which related to the resistivity structure, the transmitter-receiver distance, and other factors.
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Understandably, the noise exists in most of the real cases, that the observed electromagnetic field

becomes:

Sy () = Fe(NSy () + Ny () (4.21)

where N} (f) is the environmental noise around the receivers.

Considering the situation described in Equation 4.21, if (1) a signal is transmitted with high
accuracy and high precision, the standard deviation of the transmitted signal d will be relatively
further smaller than the standard deviation of the noise dy (dr < dy). Furthermore, (2) when a

white noise-contained signal with time length T and spectral density y is repeated for » times, its

standard deviation after discrete processing is:

Voo YotV

n

VTxn VTxn

(4.22)

out

where the Vi, is the spectral density of the noise-contained signal, ysis the spectral density of the

received signal which is transferred from the transmitter site, yNis the spectral density of the

noise and d,,,; is the standard deviation of the output signal (McCracken et al., 1986).

The purpose of EM-ACROSS is then can be introduced as a combination of (1) and (2): with
consistently transmitting a signal (a routinely-operated signal) with high accuracy and precision
(an accurately-controlled signal), both the transmitted signal and the processed received signal
has a lower error. Additionally, considering the assumption of Gaussian white noise, if a signal is
repeated for n times, the represented transfer function in Equation 4.21 for the i**-repeat

becomes:

SE.() = Fa(F)Sy (F) + N () (4.230)
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and the mean value of all the repetition becomes:

SR(f) = FR(NST(f) + NE = Fr(ASF(H) (4.24b)
because the mean value of Gaussian white noise is zero. Thus, the noise effect is neglected, and
the received electromagnetic field is directly relevant to the transmitted signal ﬁ( f) from the

transmitter site:

Sp, () =17 () + N () (4.25)
where the I,? ; is the i"-repeat injecting current at the transmitter and N (f) is the noise at the

transmitter site (e.g., instrument noise).

Due to the noise is relatively small when the system is actually controlled, the noise term N; (f)

can be neglected and Equation 4.25a becomes:

Sp, () =1 ,(F) (4.25b)
Substitute Equation 4.25b into 4.24b, the final response function of the received electromagnetic

field and the signal-contained current can be described:

SE(f) = Fr(NIT(H) (4.26)
With a stable long-term observation, the system could achieve a high SNR by stacking the
repeated signal and provides correct response function which contains electrical conductivity

information of the subsurface structures.

The purpose of the EM-ACROSS is same as of the original ACROSS with a source which
generates elastic wave (Ikuta et al 2002; Ikuta and Yamaoka 2004; Tsuji et al 2018) but has more

advantages. Due to the rotating speed of the seismic vibrator was gradually changing in the
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transmission, the coverage and resolution of a signal in the frequency spectrum are limited with
the elastic wave. The waveform of a signal is also limited. Unlikely, the EM-ACROSS has
further higher flexibility in the transmission that various waveforms could be used with wide

band-coverage and high resolution.

The ACROSS and EM-ACROSS prototypes (Kumazawa, 1998a,b) introduced four features in
the system: (1) a exact simultaneity in transmission and observation activity; (2) the signal which
is accurately controlled during the transmission; (3) the high obtainable SNR at receiver; and (4)
the fully recorded transmission activity (Nakajima et al. 2000). It should be noted that the
repeated transmission with high accuracy and precision should be directly related to the design of
the instrument itself. It means the instrument noise must be entirely eliminated, and the effect of
environmental conditions changes must be reduced by calibrating the temporal variations in a
long operation routine (Yamaoka et al. 2008). In the previous studies (Nakajima et al. 2000;
Yamaoka et al. 2002 ), the EM-ACROSS prototypes obtained the signals with acceptably high
SNR when the power of transmitted signal was smaller than conventional land-based CSEM
survey with a similar transmitter-to-receiver distance (e.g., Boerner 1993; Streich et al. 2013).
An improved EM-ACROSS was demonstrated by Kumazawa et al. (2007) with a more extended
operation test. The SNR significantly increased with the same culture noise conditions. The long
transmission routine retained the received EM-ACROSS signal to be sufficiently robust in
comparison to the aperiodic noise in the data stacking and the anti-noise performance is provided
without enlarging the source moment. Then EM-ACROSS presented its benefit in the economic

concern of instruments as a solution to the noise reduction.
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Owing to the beneficial features of EM-ACROSS, this system was permitted in the long-term
volcanic activity monitoring. In the following content of this article, an improved edition will be
introduced with following the scheme of EM-ACROSS prototype and additionally promoted in

the development, operation, and data processing for obtaining the volcano monitoring data.

4.5 The System Design and Signal Design of EM-ACROSS

An efficient design of the system should be directly relevant to the observation conditions and
targets. Three essential subitems in EM-ACROSS, the transmitter, the receiver, and the signal,
should be individually concerned to efficaciously achieve an enhancement in the anti-noise
performance and signal stability. The distinguishing feature in this study is utilizing two
independent sets of the grounded wire sources for obtaining the electric field tensor. The purpose
of this feature is established with the consideration of a 2x2 galvanic distortion tensor with real

and frequency-independent components, which has been described in Equation 4.12.

In the assumption of the EM-ACROSS prototype, the noise type is Gaussian white noise and
could be canceled out in its mean value. However, the environmental noise in the real case is
more complicated and will remain. To make the noise-contained observed signal becomes
coherent in the processing, we then firstly applied the simultaneous EM-ACROSS transmission

with two current dipole components.

4.5.1 The Signal Design of EM-ACROSS
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The signal of this system was designed specifically for simultaneous transmission. In the
frequency-domain CSEM method, the sinusoid signal is prevalent due to its harmonic-free
feature (e.g., Nakajima et al., 2020; Streich et al., 2011). The waveform of a superimposed wave
from an appropriate set of continuous sinusoidal waves with multiple frequencies and arbitrary

phase can be represented as:

I(t) = ZAi[sin(anit + )], t=0,T] (4.27)

where [ is the waveform with time-variant amplitude, A4; is the amplitude factor, ¢; is the
arbitrary phase shift, f; is the frequency, T is the time-length of a superposed signal, n is the

number of superposed signals, and ¢ is the time variable in an interval {t € R|0 <t < T}.

To minimize the maximum instantaneous amplitude of the pulse from constructive interference
in the superposition, ¢; should be selected by different values. For competing with the natural

noise at lower frequencies which related to the exponentially increased geomagnetic signal

(Macnae et al., 1984), the amplitude factor should be enlarged with the period (% ) as increased
i

exponentially. Although the amplitudes could not match with an approximate pink noise floor for
representing the geomagnetic noise (Hipkin, 2001; Wardinski & Holme, 2011; Nichols et al.,
1988) due to the reality of instrument limitation, this still can profitably allocate the power of
transmitter output into individual waves. In this study, two source moments were employed in
the system with different signals. Their coefficients were individually adjusted inasmuch as the

identifiability in the simultaneous transmission.
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At the survey region, Kusatsu-Shirane volcano, the primary targets are beneath the summit in
less than 10 km depth. Considering the skin depth (Equation 2.10a & 2.10b), a wave with a

frequency above 10~2Hz is reasonable within some conductive structure with 10 Qm

resistivities. With the consideration of the lower bound of frequencies, the time-length of a
superposed signal was set to 100 seconds. There were 16 superposed waves employed in the
2018 Kusatsu-Shirane volcano EM-ACROSS investigation. These 16 superposed waves with
different waveform coefficients were assigned to two sources (grounded dipole). The frequency
coefficients were chosen from a set of prime numbers to avoid the harmonic effect during
simultaneous transmission. Even though the sinusoidal signal has, theoretically, no harmonic
effect, but the harmonic still could occur from the finite impulse response filter that applied in
the receiver beforehand. It is obvious that those frequency coefficients should be individually
chosen for different source moments (i.e., the source moments have no repetitive frequency
coefficients), but should also be set as close as possible to respond to the subsurface features at a
close depth. The arbitrary phase shift of each sinusoidal wave was randomly selected in a range

between [-180~180] degrees. The amplitude factor for each wave was slightly enlarged

approximately with following an imaginary noise level 1 / f (i.e., the larger amplitudes were set

for the sinusoidal waves with lower frequencies). All the employed coefficients for Equation
4.27 in the 2018 full operation are represented in Table 4.1. The waveforms of two designed

signals are represented in Figure 4.4.

4.5.2 The instrument design of EM-ACROSS
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The instruments of this system were, in addition, specially designed for the simultaneous
transmission. A schematic diagram represents the design of the EM-ACROSS transmitter
instrument in Figure 4.5. The waveforms generated by Equation 4.27 were stored in a two-
channel function generator with 512 kB 16-bit data points. The function generator was
synchronized with a 10 MHz signal from a GPS clock. Thus, the designed signals could be
accurately controlled during the entire operation (Kumazawa et al. 2007). After a trigger signal
from the GPS clock, two channels output the signal with 9 Volt-peak-to-peak to two amplifiers.
The amplifiers enlarged the voltage in 80 times and injected into two sets of grounded wire,
dipleys & diplegy,. During a long-term operation, the environmental conditions may have
various changes, owing to significant seasonal component effects (Abdelfettah et al. 2018).
Therefore, the injecting current in each grounded wire source was recorded by a multi-channel
digital data logger as the reference in the data processing. In the electromagnetic diffusion
equation (Equation 4.6), the most variant coefficient during a long-time transmission is the
electrical conductivity o of the earth. Then Equation 4.25b can be rewritten to a form contains

the change of electrical conductivity o.

Sp, () =1y (f,5 + Ao) (4.28)
where © is the mean electrical conductivity in entire transmission and Ao is the electrical

conductivity change during the transmission.

For minimizing the effects of this additional variance, the signal output for the current injection
was set under a constant voltage mode (i.e., fixed the voltage of output signal by tuning the

current value). Then Equation 4.28 becomes:

Sp, () =1y (f,0) (4.29)
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which the electrical conductivity change during the transmission can be substituted to the
variance of recorded current. In the CSEM method, a long grounded wire has a source moment
that equal to the multiplication of the loaded current and the length of the wire. From the
conventional Ohm’s law, the strength of the source moment related to the length of the dipole if
the current is fixed then the dipole length becomes a variance. When we try to utilize two dipoles
with similar source moments, a constant voltage output also provided regularized current-length
moments for different grounded wire sources. The grounded wire sources are independent and
approximately orthogonal for maximumly cover the propagation angle of electromagnetic fields.
Each end of the dipoles was a grounded electrode array for reducing the effect of not-exactly-
homogeneous soil (i.e., the resistivity in a dipole array is the average of in all the electrodes).
The receiver of EM-ACROSS requires, identically, high accuracy during the observation. The
instrument used in MT investigation, the satellite-synchronized data acquisition units MTU-5

series, also provides such features that were chosen as the receiver.

4.5.3. Data Processing of EM-ACROSS

The EM-ACROSS stabilized the signal by reducing the environmental effects during a long time
transmission. That the data processing should properly utilize this feature. With the consideration
in the purpose of EM-ACROSS, that the observed electromagnetic fields have higher relevance
to the transmitted signal than to the environmental noise (Equation 4.26), the processing flow of

observed data should correlate with the recorded transmitted signal.
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In a CESM investigation with a simultaneous transmission EM-ACROSS, two components of
electric fields (Ey, Ey) and three components of magnetic fields (Hy, Hy, Hz) in the received
signal, and two components of transmitted current (Iys and Iy, ) in the transmitted signal, are
measured as the data content. At the outset of the processing flow, these different data sets are
represented as a symbol S, , where 7 is the component for electromagnetic fields and the name
of the grounded wires for the transmitted current, to simplify the representation format. A
processing flow for enhancing the data quality is represented with its schematic flow diagram in

Figure 4.6.

According to Equation 4.27, entire time-series data S, (t) has a time length L which

L=TXnXf; (4.30)
where T is the signal time-length in Equation 4.27, n is the number of signal repetition and f; is
the instrument sampling rate. In MTU-5 series, the sampling rate f; = 15 Hz for the continuous

recording band.

S(t) will be processed in the frequency domain after discrete processing, such as discrete-time

Fourier transform (DTFT):

L

S,(k) = F (5,7 (t)) = Z e_iantkSn(t), k=1[0,L—1] 4.31)

-1
t=0

where S, (t) is the time-series data and S, (k) is its DTFT with a frequency resolution %(Hz/bin).
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It should be noted that S, (t) contains the information from both CSEM response signal S5 (t) or

Sy (t) and noise N, (t) which:

Sp(t) = SF(@) + Ny (t) or S,(t) =S (t) + N, (t) (4.32)
It is not difficult to know that N, (t) is variant in time, with the assumption that the aperiodic
noise dominates the environmental noise, and the Gaussian white noise can be canceled out in
mean value (Equation 4.23b). Therefore, a data stacking process can be applied in this case with

starting from a step calls “data frame division”(Figure 4.6 [A]):

The entire time-series data S, (t) with time length L can be divided into numbers of “data

frames” S, (t) with time length L/ which:

S (®) = {8,7 (), 5,00, .. 5,7 ®)} 1 = [1,2, - (LL—f)] ,and L = z L (4.33)

fs. fs

With frame division, the frequency resolution changes from L tos in Equation 4.33. The

frequency resolution denotes the width of the spectral components in the frequency spectrum
which can define how clear the information can be presented. When the value of a frequency
resolution is decreasing, the data quality in the frequency domain is reduced by mixing the
information from nearby spectral components. However, there is not only disadvantages in the
frame division, but also a benefit that the noise condition can be finely individualized in the
processing. Here is a trade-off between the improve the data by a better frequency resolution and
by a finer noise individuality. In this study, L/ was set to 1000 seconds as 10 repeats of the

signal. For increasing the number of samples as well as prevent the occurrence of the missing

f
portion of the signal (Trethewey, 2000), a resampling window with L/ length is shifting with i—o
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distance in the frame division (Figure 4.6 [B]), then the resampled data frame S, f " can be

represented as:

Lf
fT — fr
Sn; +1(t) = Sp <t + 10) [1'2' S #S’H (t)] I#sn{r(t)=1o(—LLf)—9 (4.34)

where #Sif "(t) is a simplified symbol for representing the total number of the resampled data

frames.

It should be mentioned that the shifting windows sampling will enlarge the fake harmonics in the
frequency spectra, thus the frequency of each waveform should not be others’ divisors. This will

not be an issue while choosing the prime number frequency factors in the signal design.

The relevance of the transmitted signal and received electromagnetic fields has been described in
Section 4.4 (Equation 4.26) that a completeness check (Figure 4.6 [C]) of transmitter data is
necessary. Part of the transmitter data can be missing, due to the battery issue of the digital data
logger, the power failure problem, or other unexpected issues that can even exist in a very short
period. The process of completeness check can be represented like a delta function:

S fr(t) In{r(t) is fine

ST (¢t
m 0= NaN, In[r(t) is missing

(4.35)

especially here, S, /" (¢) represents only E,”" (t) or H,”" (t) but not I,,”".
p 771 T’l T’l Tll

The DTFT of § lf "(t) can be computed using a fast Fourier transform (FFT) algorithm by the

MATLAB “fft” function, which can be represented as:
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~2mi(t-1)(k=1)
t=1

It must be noted that the results of conventional DTFT will not be accurate if a signal is

discontinuous (i.e., the first point and the last point in a signal is not equal) (Fan & Liu, 2004).

Thus each data frame Snlf (t) requires modifications to avoid the endpoint discontinuity issue

(Figure 4.6 [D]). A detrend function (Figure 4.6 [D1]) is applied to each data frame Sn{ (t) to

remove the very-long-period fluctuation, which can be occurred by the very-low-frequency noise

or by instrument issue during the observation (e.g., cable connection). Then a window function

must be employed to the data frame S,“f (t) (Figure 4.6 [D2]). With trial-and-error testing, a

Tukey window w(t) (also known as tapered cosine window) with 1% taper length was chosen to

modify the value of the endpoint as well as preserve more information:

%{1+cos(2—n t—@)}, OSt<%

0.99 2
Wy (£) = 1 , P<r<1-22 (4.37)

%{1+cos(%[t—1+0'2£)}, 1—%St<1

where wyq,(t) is a Tukey window with a 1% taper length.
After computing the DTFT for a data fram S lf " (Figure 4.6 [E)), its information in

frequency domain at frequency f is:

("0 =5 ()

(4.38)

For eliminating the effect from noise, a distance-based outlier detection method (Knorr 2000;
Orair 2010) is utilized in the frequency domain data. The outlier was, however, defined by mean

absolute deviation (MAD) and median value instead of by standard deviation and mean value.
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Inasmuch as the receiver data distribution was not a normal distribution, which was
comprehensible by considering the colored noise and persistent culture noise, the combination of
MAD and median was much appropriate (Leys et al. 2013; Chai & Draxler 2014). With defining
an outlier threshold as double of MAD and a breakpoint k% where k% € [0,1], we conducted a

routine for eliminating the outliers (Figure 4.6 [F]):

(a) calculate MAD and the median of data frames at each chosen frequency w; to obtain

Swaap (i) and Sy7 ()

Nmedian

(b) calculate the distance between the median S, ngmn (f;) to each frame S, { r ( fj) on the

complex plane to obtain |S T (f]) - Snlfr(fj)|;

Nmedian

(c) eliminate the i*"-data frame Sn{r(fj) if its |Sn£;dian(fj) - Sn{r(fj)| > 25’71];140 (f;) at

any frequency fj;
(d) inspect the number of remaining frames, if the percentage of remaining frames is less
than k% of total frames, then stop the outlier elimination routine, otherwise, apply the

remaining frames to (a) and do the second elimination.

This routine eliminates the high-noise-contained frames by assuming the noise is not sinusoidal
that its frequency spectra are not fully independent between different frequencies. Therefore, one
of the frequency spectra with a significant error may indicate that other frequency spectra have

been affected even though it is not “economic” in the utilization.

The final step of the data processing is data stacking (Figure 4.6 [G]) for removing the Gaussian

white noise (Equation 4.23b). In this study, we employed the frequency-dependent conventional
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equal-weight stacking, which is equivalent to averaging the remaining data frames S, Ir ( f]) at
frequency f;. After that, the magnitude |S, T ()| and phase Ps, I (f) of S, m( f;) can be

obtained with their standard deviation error S, 4 rerr (f) and Ps, I ():
err

) |ﬁ(fj)| (4.39a)
|Snf (f)l =T o5
RS IT(F, (4.39D)
¢ rr(f) = tan (—"f—r(f])>
35,""(f)
fr _ 1 fr e fr 2 (4.39¢)
Sn er‘r(f) - \/ZLf X #Snfr(t)Z(lsn (f)| Snl- (f}))
b ()= sint T e (4:394)
T = sin _—
S"f err |Snfr(f)|

The electromagnetic field in the discrete frequency domain can be obtained from this processing
flow. Note that the outlier elimination routine would not, especially, be applied in processing the
transmitter (i.e., Iy ( f]) and Igy ( fj)) due to the transmitter data has been accurately controlled.

Additionally, a combined data set of the received electric data and transmitted signal data (e.g.,

Ex(f)

- (f)) can also substitute S, (f) in the outlier elimination and stacking process that the result
NS

|4
Am?

demonstrates the CSEM field (unit: ) in the frequency domain as the commonly obtained

parameters in the CSEM studies (i.e., normalized electric field).

4.6 Data acquisition and result
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Since the significant property of the EM-ACROSS relates to the ability of noise reduction, the
enhancement in noise removal should be firstly verified. In this subsection, the main objective is
inspecting the result and verifying the performance of noise reduction by the simultaneously

transmitted EM-ACROSS.

For verifying the purpose of the system design and the data processing flow, an initial
experiment was operated in 2017. A map in Figure 4.7 represents the location of the observation
sites and the grounded wire at the transmitter site. In this experiment, both the instrument design
and the signal design was simplified. The system was operated with the alternate transmission
(i.e., alternated the transmission between two dipole sources) instead of simultaneous
transmission. The frequency coefficients were chosen to be simple variables (Table 4.2) (e.g., the
same amplitude factor, ten binary frequencies factor 0.01 Hz to 5.12 Hz). Moreover, the
operation time was shorter (less than 24 hours per alternation). Figure 4.8 demonstrates the
obtained result from the initial experiment by the magnitude-frequency spectra from one of the
observation sites, KS004. The five components of the observed electromagnetic field with the
EM-ACROSS signal from grounded dipole source “EW” was represented in the figure, the
outlier elimination routine was stopped after the 3"-loop. An additional Ex component with the
EM-ACROSS signal from another grounded dipole source “NS” was also represented for

comparison.

The magnitude-frequency spectra represent both the pre-processing data (i.e., the DTFT result

from the entire time-series data S, (t)) and the post-processing data (i.e., the processed result
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?( f])) In the result with the EM-ACROSS signal from EW dipole, the noise floor markedly
decreases in all of the five electromagnetic components. A twice-to-ten-times decrease in the
noise floor indicates a part of the noise was successfully removed in the data processing. The Ey,
Hx, Hy, and Hz components (Figure 4.8 “B”, “D”, “E” and “F”’) demonstrate the small error at
higher frequencies (e.g., above 0.64 Hz) that indicates the high SNR and low noise effects.
Different from the other four components observing the same EM-ACROSS signal, the Ex
component (Figure 4.8 “A”) has no improved result. The noise floor is exponentially increasing
with the period as mentioned in the previous studies (Macnae et al., 1984), that the EM-

ACROSS signal spectra are overlayed by the noise floor at the lower frequency part.

In comparison with the magnitude-frequency spectrum of Ey component (Figure 4.8 “B”), the
magnitude of the observed signal in Ex component (Figure 4.8 “A”) is ten-times-lower than in
Ey. In another comparison with the Ex component with the EM-ACROSS signal from another
grounded dipole source NS (Figure 4.8 “C”), the latter one is demonstrating a smaller error than
the former. These differences can be explained by the characteristics due to the radiation pattern
of the dipole source (Goldstein & Strangway, 1975; Liu et al., 2017). Thus, utilizing two
orthogonally placed sources is strongly recommended for solving this issue. The characteristic of
the different error at high frequencies and low frequencies can be explained by (1) the numbers
of repetitions for a waveform is related to its frequencies and remarkably affect the noise
reduction (i.e., a waveform with higher frequency repeated more times in the superposed wave,
which occurs more data sample in the DTFT and has more efficiency in the data stacking than
the one with lower frequency) and (2) the exponentially increased noise floor that is generated
from the natural noise. By discussing this issue, the first explanation indicates that a longer
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operation should improve the result of noise reduction; the second explanation indicates that an
enlargement of the amplitude in the superposed waveforms may provide an ability to compete

with the natural noise floor.

With the obtained verification and experience from the initial experiment, a full operation was
utilized in 2018, at the same location in the Kusatsu-Shirane volcano region (KS001 had no
CSEM survey in 2018) (Figure 4.7). The same location also had an MT observation described in
Chapter 3. In this full operation, the transmitter simultaneously transmitted two different signals.
The operation was from July to November 2018. The results from a one-month-continual
transmission (September 27 to October 27) are represented and discussed in this section. A
monitored current load record (Figure 4.9) represented the minimal error (0.2 %) that indicates
the transmitted signal was accurately controlled and had high accuracy and precision in the full

operation.

For the consistency in the representation, site KS004 is chosen again for demonstrating the
results in frequency spectra. Figure 4.10 demonstrates a result of the observed electric field with
its horizontal components, and the outlier elimination routine was stopped after the 5™-loop. It is
evident that the error is further reduced within this operation, particularly at low frequencies. The
amplitude changes of the noise within the data processing can not be simply distinguished on the
chosen frequencies spectra but can be conjectured in nearby spectra by their amplitude decline.
In this result, some spectra with a large magnitude, which are more significant than the EM-

ACROSS signal, are vanished after the processing. The frequency spectra of the electric field
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represent the trends of the observed signals that are smooth but gradually change. Moreover, two

signals generated different responses in the received electric field.

The results represented in Figure 4.10 further justify the ability of noise reduction within a more
extended operation. The gradually enlarged amplitude of the superposed waveform presented its
benefit in the competition with the natural noise floor. The trends of the observed signals
demonstrate a change from far-intermediate field to near field in the phase plot, which conforms
to the fundamental of skin depth. The different responses generated by two signals indicate the
probability of local inductive distortion on x(north-south)-direction (Constable, 2010) that the
source with different polarization is essential to discover this feature. The vanished noise in
many spectra indicates that Gaussian white noise is in the majority of the environmental noise.
However, the remained noise floor also indicates a proportion of the non-Gaussian noise that
could not be simply removed in the data stacking. Moreover, the Gaussian white noise may
contain a significant variance that could not be removed by only the data stacking and represents
a significant error, although its stacking value has been minimized. These features of the noise

require the outlier elimination routine for obtaining a discriminate final result.

For verifying the efficiency of the outlier elimination routine, Figure 4.11 represents a
comparative result of the x-component electric field between stacking the 0""-loop (i.e., contains
all the data for stacking, no outliers were eliminated) and 5%-loop outlier elimination products.
The noise floor has declined in the 0™-loop routine and has only a few changes in 5®-loop. That

indicates the dropped amplitude of the Gaussian white noise. Even though the amplitude of the
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noise has declined, its variance still remains that is represented by the large error in the 0""-loop
stacking result. It is not difficult to discern that the amplitude has only a few changes between
the two results at high frequencies, which means the effect of the noise has decreased. However,
the noise still dominates the amplitude of stacking results at low frequencies that should be
removed. Moreover, a large error disturbs the comprehension of the result and influence our
interpretation. Thus, the outlier elimination routine has its advantages in clarifying the final

product.

The features of utilizing the signal from simultaneously transmitted EM-ACROSS has been
described in this section. The signal is robust in the data processing to counteract the noise that
becomes reliable for noise reduction. For further examining the observation result and utilizing
the features in this system, a forward model should be prepared that will be described in the

following sections.

4.7 The Fundamental of Finite Element Method (FEM)

The observed CSEM data for the utilization of distortionless response tensor has been obtained.
As the mentioned essentials in section 4.2, the forward modeling to represent the regional
electric field then should be processed. In some simple cases, the analytical solution could
provide a schematic view of the electromagnetic wave propagation with simple postulates and
could be an approximate solution. However, unlike the probability of an assumption of 1-D
layered earth in the marine CSEM cases, the land CSEM cases usually require the numerical

computation for the relevant results. In the cases of CSEM study, three classes of the numerical
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computation are commonly employed in the CSEM modeling: (1) the integral equation method
(IEM), (2) the finite-difference method (FDM) and (3) the finite-element method (FEM)

(Avdeev, 2005).

The IEM can be considered as the derivative of the analytical solution with extending conditions.
A typical example is a long grounded wire as an assumed superposition of the electric dipoles.
The analytical solution of a finite-length dipole is approached to an infinitesimal electric dipole
that the error will occur when the transmitter-receiver distance is too small. For an available
approach, the long grounded wire should be divided into many short segments and superposition
the electromagnetic fields transmitted by each segment with integral equations. This basic [EM
was introduced by Kaufman & Keller (1983) and Ward & Hohmann (1988) with Bassel
function. Include but not limited to the long-wire approximation; furthermore, the IEM can also
apply to 3-D cases with simple structure. Wannamaker et al. (1984) introduced an algorism for a
3-D conductive anomaly body in the 1-D layered earth by the integration of the Green’s function
at nodes on the cuboid gridded elements. The IEM can also be used for identifying the real case
problem in a simple model. Andréis & MacGregor (2008) used 1-D IEM for tackling the
airwave problem in shallow water CSEM sounding. The IEM is straight forward in representing
with functions of the computational result terms. However, it is only utilizable in a simple case
when the model can be described by equations, such as cuboid gridded elements with a simple
shaped target in a uniform half-space or 1-D layered earth. It also confronts with the heavy load
of computation when the domain is enlarging (Xiong, 1992). With consideration of the

topographic effects, which should be represented by small elements, and commonly 3-D
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structures with complicated shapes underlying the volcano, the IEM is not, therefore, an

applicable method in this study.

The FDM is a, possibly the most, standard method in CSEM forward modeling, particularly in
time domain CSEM. The method has an early and widely spread since the 1970s (Yee, 1966) due
to its simplicity and fast computation speed. In this method, the electromagnetic equation (e.g.,
Helmholtz equation or Maxwell’s differential equation) (e.g., Abubakar et al., 2008) or the
conductivity (e.g., Commer & Newman, 2008) is discretized on a staggered grid. The
components of the electromagnetic field are located at the center of a cuboid element and slightly
be offset (half of the element size in each component) to its connecting elements. All the
averaged discretized components then become an equation system to be solved (Fomenko &
Mogi, 2002). A substantive advantage of FDM is its high accommodation of arbitrary media
types (e.g., inhomogeneous, anisotropic, or frequency-dependent dispersive) to Maxwell’s
equation (Gedney, 2011; Weiss & Newman, 2002). Besides the familiar finite-difference time-
domain (FDTD) method, the FDM is also utilized in the frequency domain problem for the land-
based CSEM survey (Grayver et al., 2014; Streich, 2009; Streich et al., 2011). Due to the method
1s assigning the cuboid gridded elements, in the 3-D problems the meshes which have to be filled
in the full 3-D space lead to the cubically grown degrees of freedom while the size of the
computational domain is increasing linearly. This situation can occur in a low-frequency land-
based CSEM case, in which the skin depth is relatively large. Moreover, in a sharp topography
situation, as most of the survey at volcanoes, the cuboid elements are required to be much finner
to represent the altitude variances by small stair steps. Then the equation system could become

extremely large (Avdeev, 2005; Gedney, 2011; Newman & Alumbaugh, 1995; Smith & Booker,
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1991). Therefore, the FDM is inadequate with this topic with the consideration of such

disadvantages.

The FEM that permits the unstructured meshes is then appointed as the final option for this topic.
Recently, the method has gained popularity in electromagnetic studies with the increasing
demand for modeling with unstructured elements (e.g., Key & Weiss, 2006; Mitsuhata, 2000;
Wannamaker et al., 1986). By employing the unstructured elements in the model, a complicated
geological structure can be efficiently represented. A model with structural girds provides an
unambiguous understanding in the linear equation system with its straightforwardness and can be
simply post-process (e.g., Siripunvaraporn et al., 2005). However, a smaller amount of unknows
in the linear equation system leads to economizing usages of memory, and CPU clock has more

benefits while solving a problem model with finer meshes.

The procedure of establishing the formulations of a frequency domain FEM has been described
with Maxwell’s equations (Equation 4.2 and 4.3) and rewrote as a diffusion equation (Equation
4.6). That reduces the total number of the parameters in the equations which have to be solved.
For the numerical calculation, a weak formulation via Garlerkin’s method is introduced by Jin

(2002) by applying the weighted residual integral for element:

RM™ = f f fv N av (4.40)

where R is the weighted residual integral for element m on its i*"*-component (node, edge or

shape), N/™ is the basis function (or, as known as the shape function) of the i*®-component
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(node, edge or shape) in element m, V™ is the element volume, and r is the residual error
associated with a boundary-value problem. Formulate Equation 4.6 via Garlerkin’s method, then

the weak formulation of the diffusion equation is resulting in:

fff N - (VXVXE™+ iwpugoc™E™ + iwuy)s)dV =0 (4.41)
Vm
with
max i
N™ = z Ny (4.42)

i=1
The basis function is variant due to the element type (line, triangle, rectangle, tetrahedron, or
cubic), the based type (node-based, edge-based, or surface-based) in the FEM. That the final
representation of Equation 4.42 will be relatively different. The details of the procedure of
generating the basis function and the utilization of FEM in this article will be further detailedly

described in the following relative chapter by describing the CSEM modeling procedure.

4.8 Element-Based CSEM Forward Modeling with Tetrahedral Elements

Based on different methods, depends on computing the value on the element node or edge, in
representing the electromagnetic field in an element (e.g., tetrahedron, cuboid, or hexahedron),
the basis function could be represented by either a node-based shape function or an edge-based
shape function. According to the shape of elements, the mesh types can be separated into
unstructured meshes, structured meshes, and hybrid meshes that combine both of them. The
unstructured meshes, such as triangle elements in 2D and tetrahedral elements in 3D, have

intermittent connectivity between the connecting elements that provide any possible elements to
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unrestrictedly represent the structure but with high space inefficiency during the computation,
because of the unexpected location of the related element components. The structured meshes,
such as quadrilateral elements in 2D and cuboidal elements, hexahedral elements in 3D, have
regular connectivity with the neighborhoods, and the model has, therefore, high space efficiency
in the storage. The tetrahedral-, cuboidal-, and hexahedral-elements are all commonly used in
the modeling computation of electromagnetic investigation. The cuboidal element is the most
straightforward mesh type that the spatial relationship of all the element components can be
represented with their coordinate information. It is simple in the case that does not consider the
topography (e.g., Hu et al., 2015). However, if the topography information has to be employed in
the model, it requires additional adjustments such as element subdivision (e.g., Qiang et al.,
2007) or stair-like placement (e.g., Miiller & Haak, 2004; Matsunaga et al., 2019). The
hexahedral element then is the more efficient unstructured mesh in representing the topography
(e.g., Nam et al., 2007). Although those efficient unstructured meshes are simply comprehensible
either in the coordinate information or functions system, however, the number of the element
components is higher (8 nodes, 12 edges and 6 surfaces per element) than the tetrahedral element
(4 nodes, 6 edges and 4 surfaces per element). This difference is not apparent if the model
contains a few elements. However, in CSEM cases, the computational domain usually is farther
than the distance between the transmitter and the receiver considering the skin depth (Equation
3.10) and efficient penetration equation (Equation 3.11). Then the number of elements
exponentially increases with enlarging the computational domain in three dimensions, although
there are numbers of the elements not interested in the problem. With the consideration of such
issues, the tetrahedral element that can represent the topography information and ample model

space with fewer element components is utilized in this topic.
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The degree of freedom in edge-based FEM is defined on the edges, that the tangential component
of the electromagnetic field has an enforced continuity. Therefore, the spurious solutions from
the imposed continuity condition in node-based FEM are precluded. This advantage makes the
usage of edge-based FEM far more than of node-based FEM in solving the electromagnetic
problems. The discussion of node-bases FEM in mathematical theories is more than in real-world
applications (e.g., Andersen & Volakis, 1998; Wang & Ida, 1991). In this topic, the edge-based
method is selected with following most of the CSEM modeling studies (e.g., Cai et al., 2014; Cai

et al., 2015; Cai et al., 2017; Chung et al., 2014; Mukherjee & Everett, 2011).

Moreover, the basis function of edge-based method can be modified with different polynomial
degrees (which is called the p-version FEM)(e.g., Carnevali et al., 1993), or variable refined
element size (which is called the h-version FEM)(e.g., Fish, 1994), or employing both methods
together (which is called the hp-version FEM)(e.g., Krause & Rank, 2003), to improve the
computational result. A method that detailedly representing the elements can further explicitly
represent an element in mathematics; however, it also increases the complexity of equations
(e.g., Badea et al., 2001; Pardo et al., 2010; Savage & Peterson, 1996). Furthermore, there have
also been many results from the previous research that demonstrate the success in the CSEM
method with simpler representation (e.g., Chung et al., 2014; Hu et al., 2015; Mukherjee &
Everett, 2011) that an uncomplicated representation is also acceptable with its efficiency of time

and speed.
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The way of representing the element and its components have been reviewed with their features,
included advantages and disadvantages. Considering with the topography information, the larger
skin depth at lower frequencies, and the efficiency of time, the first order edge-based FEM with
tetrahedral elements method is utilized for computing the electromagnetic propagated electric

field from grounded wires.

4.8.1. Formulation of vector basis function

Since the vector components of the electromagnetic field have been decided to be represented on
first-order (linear) edges of a tetrahedral element, the basis function (Equation 4.42) can be
formulated by starting with the domain discretization. In this subsection, the flow of formulating
the FEM linear equations systems follows the introduction from Jin (2002). In the formulation,
all the element components (nodes or edges) can be arranged by either a global numbering
system or a local numbering system. The global numbering system denotes the identifier of an
element component in the whole modeling space, and the local numbering system denotes the
identifier of an element component in its relative elements (i.e., the elements which store that
component). In the local numbering system of a tetrahedral element, the stored nodes can be
denoted by n; (i,m), wherei = 1,2,3,4and m = 1, 2, 3, ..., M is the order of tetrahedral
elements where M is the total number of tetrahedral elements in the modeling space. Then the
local number system of nodes becomes a 4 X M integer array. In the global numbering system,
the nodes can be denoted by n (i), where the maximum of i is not in proportion to the number
of tetrahedral elements but depending on the algorithm in the mesh generation. Similarly, the
stored edges in a tetrahedral element can be denoted by e; (i, m), where i = 1,2,3,...,6 and m =

1,2,3,...,M where M is the number of tetrahedral elements, same as inn; and ¢; isa 6 X M
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integer array. That is obvious that the size of the global edges list e (i) is also not in proportion

to the number of tetrahedral elements (Figure 4.12).

After the domain has been discretized, the next step of formulating the basis function is applying
the edge shape function. Jin (2002) represented a formulating process to obtain the edge shape
function from the nodal shape function. In a tetrahedral element which is composed of four
nodes [n;, n,, n3, ny] € n; (i, m), an unknown value can be represented as a spatial-variant

function ¢,,,, where:

o™(x,y,2z) = a™+ b™x + c™y + d™z (4.43)

With enforcing Equation 4.43 at n;(x;, y;, z;), the decomposed function ¢; can be written into:

@' (x,y,2) = a" + bi"x; + ¢["y; + d"z; (4.44)

or representing with a linear interpreted node shape function L7 (x, y, z):

4
O y,7) = ) LTl (445)
i=1

Here the node shape function possesses the unknown properties at any location (x,y, z) in the
element m from the properties on four nodes nj". It is a linear combination of the coefficients in

the decomposed spatial-variant unknown function ¢; :

1
LT (x,y,z) = v @™+ b/ x; + c™y; + dl*z;) (4.46)

where V™ is the volume of element m and also can be represented as a determinant of the local

nodes’ coordinates:

4-39



—_
—_
—_
—_

1™ xt x0 xft
ym=— 4.47
6|y1" ¥i' ¥y yi (*447)

71" zyt 73z

In Equation 2.25, the node shape function has a property that
1, i=j
m —_ PR R — ’

L = &;; {0, %] (4.48)

which denotes the interpolation function between two nodes n; and n;.

As the existence of interpolation function between two nodes, the interpolation between two

node shape function Li" and Lj" is also exist and can be represented as:

Wit = L{'VL" — LJ'VL (4.49)
which possesses all the properties for an edge field which is composed of n}"* and n}". By

following the node-edge relationship that defined by Jin (2002) (Table 4.3), the edge shape

function can be formulated as:

N =W = (LPVLY — LD (4.50)
By substituting equation 4.50 into 4.49, and assume the electric field on edge components is the

unknown function, then a shape function represented the electric field in the element m can be

written as:
6

E™(x,y,2) = ZNimEim (4.51)

i=1

Before employing Equation 4.50 into Equation 4.41 and 4.42, we firstly rewrite Equation 4.41 by

following the vector calculus identities:
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(VXVxA+A)'B=((VxA)-(VXxB)+A-B) (4.52)

then substituting Equation 4.42 and 4.51 into 4.41:

f f f [(VX N™) - (VX N™) + iwpgo™N™ - N E*dV = iwpoNT™ - T (4.53)
V‘I’TL

It must be noted that Equation 4.53 is currently still employed with the local numbering system.
Therefore, the global numbering system should be projected into the local system in each
element. In this topic, a processor program “GiD” (CIMIN, 2019) was used for the mesh
generation process. The program provides node ID and element ID but no edge ID. This
technical issue can be solved by utilizing a paring function for uniquely encoding two node IDs
into one edge ID. In mathematical consideration, this function should be bijective and invertible;
in computational consideration, this function should be primitive recursive (Robinson, 1995)
(i.e., can be computed in a program with all "for" loops). For these requirements, the Cantor
pairing function is an option that matches all of the requirements (Lisi, 2007; Szudzik, 2006). For
any normal number N; and N,, a one-to-one projected object N, can be obtained by the Cantor

pairing function m as:

1
NO = T[(Nl, Nz) = E(Nl + NZ)(Nl + Nz + 1) + N2 (454)

with its inversion

w2 +w J8Ny+1—-1
N, = Ny — > and N; =w —N,, w = floor <+> (4.55)

In this case, N; should be limited that always smaller than N, to avoid the over-paring issue
(i.e.,m(Ny, N,) and (N5, N,) are different but denotes the same edge, which will cause

difficulty in distinguishment during programming). This paring function is efficient to clarify the
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connection between node IDs and edge ID in both local and global numbering system (Figure

4.12).

Therefore, for four nodes in an element m with their global numbering ID: n¢ (0), ng (p), ng(q),
ng (1), their local number is defined n,, n,, ns, and n, respectively if 0 < p < g < r. Moreover,
any two nodes will define an edge identifier from the Cantor pairing function and their global
numbering ID (e.g., m(ngs(0), ng (p)). With sorting the edge identifiers, the global edge number
e (i) then can be obtained by their ordinals (e.g., if an edge is connecting by n; (1) and n;(2),

its global number e (i) is 1 because of 7(1,2) = 8 is the minimum number).

4.8.2. The sparse linear equations system

Since the global edge number has been defined, the weak form electromagnetic diffusion
equation (Equation 4.53) can, therefore, be utilized in a global numbering system and be solved

as a linear equations system:

[KI{E} = {I} (4.56)
where
K1 - Ky
Kl=1:t = i [|] ijé€[1,max(es)] (4.57)
Kip - Ky

is a max(eg) X max(e;) size matrix with vector components K;;:
K;; = ff [(VX N™) - (VX N™) + iwpgo™N™ - N*|dV (4.58)
Vm
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ET
{E} =< ¢ | j€[1,max(es)] (4.59)

E™

is a max(eg) X 1 size vector with the unknown electric field on the edge e; (), and

Im
{1} = { 15 }| i € [1, max(e;)] (4.60)

I

is a max(e;) % 1 size vector with components I]™:

= =i || Nmgy dv = =i [ NP1y d (4.61)
Vm
on edge e; (i), where I is the current amplitude on the edge e (i).

In this study, the current is assumed flowing through edge e (i), that the basis function N/™ in
Equation 4.61 can be simply represented as a delta function as in Equation 4.48, and its integral

is the length of the edge e (i). With this assumption, Equation 4.61 can be modified as:

—iwpyls L;, eq (i) is on the wire

m_ m, -
Ii" = la),uof6l s dl { 0, eq (i) is not on the wire (4.62)

where [; is the length of an edge e; (7).

According to the previous researches in CSEM modeling using FEM, the boundary condition in

this model is considered to be a homogeneous Dirichlet boundary condition:

Ejpa =0 (4.63)
which denotes the tangential components of the electric field is vanish at the computational

boundaries. A technical approach for employing the homogeneous Dirichlet boundary condition
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in the linear equations system is enforcing the diagonal components K;; in the matrix [K] to be a
substantial value when the edge e (i) locates on the computational boundary:

107°,  eg(i)]90

K, = 4.64
. fff [(Vx N™) - (Vx N]m) + iwpugo™N™ - ij]dV, else (4-64)
Vm

It is not difficult to understand that e (i)|0(1 is far away from the CSEM source and obviously,
have no current load that I/ = 0 (Equation 4.62). In solving the linear equations, the relative
electric field edge component E/™ on edge e (i)|0Q will be forced to an extremely small value

which can be approximately denoted as zero a tangential electric field.

In this linear equations system, matrix [K] is sparse, complex, symmetric, but not Hermitian.
Furthermore, vector {I} is also sparse. Such a linear equations system can be simply solved by
utilizing a sparse linear system dedicated direct solver (e.g., “spsolve” under the numerical
computation library “SciPy” in Python language (Jones et al., 2001); UMFPACK in C language

(David, 2004)).

The electric field in the solution of the linear equations system (Equation 4.56) denotes the
strength on the edge vectors e (j). Those values have to be composed to an arbitrary point in the
element by utilizing Equation 4.51 for interpreted in the coordinate system (e.g., Ex, Ey, and Ez).
Besides the interpolated edge shape function (Equation 4.50), an alternative expression for the

basis function N;™ in Equation 4.51 was introduced by Barton & Cendes (1987). For an arbitrary
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point n(x, y, z) within the element m, the factor shape function N;™ at that location (x, y, z) can

be represented as:

N = [ (i1 m) g (12m)) + (g (12,m) =y (i1 m)) ] @69)

where [I" is the length of edge e, (i, m), n; (il , m) andnj (iZ , m) is the location (x, y, z) of

the diagonal nodes n;, (il | m) and n, (i2 | m) of edge e; (i, m) that is defined in Table 4.3. The

result of Equation 4.65 is a vector with x-, y-, and z-direction components. Substituting Equation
4.65 into 4.51, the x-, y-, and z-direction components of the electric field E™(x, y, z) then can be
obtained. The FEM forward model can be examined by the analytical solution of a homogeneous
halfspace (Equation 4.11a-d). Figure 4.13 represented a comparison of the analytical solution
result and the numerical result from a roughly simplified testing model. The distance at 1-4 km
away from the transmitter fits the analytical result that a model with a more detailed design can

be employed in the computation.

4.9 New Introduction of the Distortionless Response with EM-ACROSS Signal

With the introduced methodologies in previous sections, the distortionless response can be
utilized because its three essentials, the noise reduced observed data, two sets of the independent
received signals, and the forward modeling to calculate the regional electric field, have been
satisfied. In this section, the distortionless response tensor is utilized to examine the inversed

model in Chapter 3.
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Owing to the ability of noise reduction with EM-ACROSS signal, that has been verified and
represented the data with high precision and stable value with small error, the received data
which represents the local electric field can be assumed that highly relevant to the distorted

regional electric field. Then Equation 4.17 can be represented as

A A
A‘p - Ag;i Ag;;] = (p(fl'fZ)local - (p(fl'fz)regional

4.66
- E(fz local E(fl local E(fz reglonal E(fl reglonal ( )

- minimum
where A¢ is defined as a differential response tensor that indicates the dissimilarity of the

distortion-removed local electric field response and the regional electric field response.

Furthermore, because the signal source in MT observation and in CSEM observation are
independent, the correlation between two obtained data is only the response that relevant to the
resistivity. Therefore, Equation 4.66 can be utilized for examining the inversed model and
indicating the accuracy of the model when the observed electric field data has high precision. It
should be mentioned that the f in E(f)1? should be carefully chosen from the EM-ACROSS
frequencies because that will strongly affect the result. In this study, the f in Equation 4.66 is

chosen to be one based frequency for the multiplier E(f)22,, E(f)12 and one variable frequency

for the multiplicand E(f) Obs_ E(Hl ! then Equation 4.66 can be modified to

Ap = E(f; obs_ E(fo)oss — E(f)ia E(fo)g” - minimum (4.67)

4.9.1 Examination of the MT models
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In Chapter 3, two models with different data sets were demonstrated with their dissimilarity.
Here we can utilize Equation 4.67 to examine two models with the CSEM data. The E(f)22, is
calculated by the edge-based FEM algorithm, which introduced in section 4.8. For utilizing that
algorithm, the resistivity value from two different inversed models was employed as the input
parameter 6™ in the forward modeling. In the MT modeling, the mesh was generated by a
Delaunay-based quality tetrahedral mesh generator “TetGen” (Si, 2015). In the CSEM forward
modeling, the mesh was generated by a mesh generator program “GiD” with its algorithm.
Therefore, the produced meshes between the two models were quite different. In the CSEM
forward modeling, the resistivity of an element was borrowed from the element in the MT
model, which the one has the closest gravity center. The computing program language was
written in Python 3.7. Generating the sparse stiffness matrix with computing the resistivity
information on TSUBAME3 (the supercomputer portal operated by Tokyo Institute of
Technology) took 6.5 hours for the first time and a 492452x492452 size sparse matrix. A sparse
linear system dedicated direct solver “spsolve” under the numerical computation library “SciPy”
was utilized to solve the sparse linear equations system (Equation 4.56). There were 16
frequencies (Table 4.1) employed in the solver. The sparse linear equations system was solved

for 3 hours by individual computation.

A comparable plot of the observed data and calculated data is represented in Figure 4.14. The
data is from site KS007 (Figure 4.7), which was located close to the summit of Yugama crater.
Both the models with previously observed data and with newly observed data have a lousy fitting
with the observed CSEM data on the frequency spectra. It is not unexpected when we try to fit a

distortionless data with a distortion influenced data. With only the direct comparison, examining
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the modeling result becomes mean less. Thus, a comparison in the distortionless response tensor
is more practicable. With utilizing Equation 4.66, the E1 and E2 in Equation 4.13a and 4.13¢
represented the electric field related to the grounded sources dipoleys and dipolegy,,
respectively. The base frequency f,, was set to the highest two frequencies, 4.61 and 4.63 Hz due
to its smallest error in most of the sites. The differential electric field response tensor is
represented in Figure 4.15 with plotting the real part and imaginary part of each component. The
result in the differential response tensor (Equation 4.66) represented an apparent difference
between the data from two models. By employing the model with previously observed data
(“model P”) in the regional electric field computation, the differential response tensor
represented a significant value. A kind of such result indicates a significant difference between
the distortion-removed observed data and the distortionless calculated data on this site. In
contrast, the model with newly observed data (model N) represented a much smaller differential

response tensor, which indicates the calculated data further close to the observed data.

To utilize this method in the modeling interpretation for the differences between two models
which were represented in Chapter 3 (Figure 3.17 & 3.18), data from the sites which align at the
east of Yugama crater (i.e., from KS002, KS003, KS004, and KS005) (Figure 4.7) was
employed. The results with the previously observed data and the newly observed data are
represented in Figure 4.16 and 5.16, respectively, by plotting the real part and imaginary part of
the differential response tensor components. The “model N” (Figure 4.17) represents a vertically
denser plot on the different components of the differential response tensor. In contrast, the
“model P” (Figure 4.16) represents a relatively scattered plot. That indicates the forward

modeling computation with the resistivity parameters from “model N” has a closer result to the
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distortionless observed data. The independent signal sources between MT and CSEM methods
signify this result is robust that “model N” is credible. Thus, the dissimilarity of the two models

can be interpreted to the temporal changes.

4.9.2 Examination of the test models with imaginary resistor

The previous research of Kusatsu-Shirane volcano demonstrated the existence of a sealing zone
beneath Yugama crater lake (Ohba et al., 2008; Ohba et al., 2019) with probable composed of
quartz, gypsum, alunite, or similar secondary hydrothermal. Those probable minerals are further
resistive than the sealed fluid and overlaying clay cap (e.g., Caselle et al., 2019; Dong Wook
Shin & Tomozawa, 1993). When a thin resistor is encased by conductors, it will be difficultly
detected in the MT sounding method because the induced electric fields from the plan wave
natural signal are mainly horizontal. Those horizontal electric fields are less sensitive to the
horizontal thin resistor (Constable & Weiss, 2006). In the CSEM case, the penetrating vertical
component of the electric current can be interrupted by such a thin resistor and represent its

feature in the response (Hordt et al., 2000).

For examining the sensitivity of the CSEM sounding method to the thin resistive structure in this
study, two test models were modified by adding a thin resistor into “model N”. In the first test
model “model N_R1”, a resistor with 10® Ohm-meter resistivity and [1.2 km x 1.2 km x 0.6 km
(north-south, east-west, vertical)] volume was added at [0, -0.4, 0.9 km (northing, easting,
altitude)] overlying the conductor C2. This resistor represents the top of the silica sealing zone

that caps the supercritical fluid (Dong Wook Shin & Tomozawa, 1993). According to the
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sensitivity test in Chapter 3 for the deep conductor C2, this change should represent its feature at

a frequency range between 8.8-2.2 Hz.

The test model “model N_R1” is examined by differential electric field response with CSEM
data after the forward modeling. Figure 4.18 firstly demonstrates the plot of the electric field at
one site in the testing area, KS07, and one site out of the testing area, KS02. Both two sites
represent the affected features in both components of the electric field. The relative change in the
differential electric field response is demonstrated in Figure 4.19. The actual difference in the
differential electric field response A¢ is the change in test model TR1 references to the original
model. The affected features from an added strong resistor are obvious in this analysis as in the
amplitude and phase plot of the electric fields. The change of both the electric fields and the
response at lower frequencies indicates the penetrating radiation pattern of the electric current at
near-field is interrupted. These results demonstrate the sensitivity of the CSEM method response

in the resistive structure, regardless of inside or outside of the changing area.

The MT data is also utilized for examining this model. Besides the phase tensor analysis
introduced in Chapter 3, an imitative method from differential electric field response is utilized
here. By substituting the impedance tensor from Equation 3.25a in Equation 4.15 and 4.66 by
replacing the electric field, a distortionless response of the impedance tensor ¢, then can be
obtained. To verify its sensitivity to the changing features, the relative change in ¢ at the same
sites is demonstrated in Figure 4.20. The impedance is also affected by the added resistor.

Compare to the CSEM data demonstrating the change of penetrating electric current at near-field
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(the lower frequencies, < 1Hz), the impedance demonstrating larger change at the frequencies
where the added resistor located (0.5-4.4 Hz). The phase tensor plot is demonstrated in Figure
4.21. Considering the high resistivity of the added resistor, the changes in the phase tensor plot is
relatively not obvious. Only a distinguishable change at KS07 and a slight visible change at
KS09 at 4.4-2.2 Hz are represented. At sites out of the modified area, the features of phase tensor

are unchanged between the two models.

In the second test model TR2, the resistor R1 that discovered in the MT model (Figure 3.10 and
3.17) was modified by 10° Ohm-meter resistivity from “model N”. This resistor represents a
situation that the overpressured gas is released from the sealed supercritical fluid and fills the
space, underlies the clay cap as a time-variable changing feature. The plot of the electric field at
site KS07 and KS02 are represented in Figure 4.22. The change in electric fields is relatively
smaller in test model TR2, so as the relative change in the differential electric field response
(Figure 4.23). The site KS07, which right above the resistor, represents less difference than site
KS02, which is out of the changing area. This feature is due to the overlying conductor C1 and
the underlying conductor C2, which fully envelope the resistor R1. Therefore, the electric current
has less potential to penetrate this resistor, particularly with its tube-shape. The response of the
impedance tensor ¢, from MT data is even more sensitive to this feature (Figure 4.24). Similar
to test model TR1, the changes in the phase tensor plot is relatively not noticeable. Only a

distinguishable change at KS07 2.2 Hz is represented.
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The examination of two testing models with imaginary resistors demonstrates the ability and
disability of the CSEM method. The resistor can be distinguished, even its thickness is less than
the locating depth. However, when a resistor is fully enveloped by conductors and the horizontal
area is not wide enough, investigating this resistor will be difficult. For the case of Kusatsu-
Shirane volcano, the CSEM method can determine the appearance of the thin resistive sealing
zone in the inverse modeling but might be challenging to determine the temporal changes in
resistor R1 due to its tube shape. In the sensitivity test of MT data, the response of the impedance
tensor ¢, could probably provide a better comprehension of the changed structure than the phase

tensor analysis. That becomes a feasible option for examining a model at specific sites.
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Figure 4.1
Analytical solution result of grounded electric dipole.

This example presents the amplitude (upper subfigures) and phase (lower subfigures) of
electromagnetic fields in Ex and Ey components, which are results of the analytical
solution in Equation 2.40a-2.40d. A y-directed finite electric dipole source with a
current*length value=1000 A-m is placed at (0,0,0)m. Line A is an x-directed observation
profile at (0,500,0)m; Line B is an x-directed observation profile at (0,5000,0)m; Line C
is a y-directed observation profile at (500,0,0)m and Line D is a y-directed observation

profile at (5000,0,0)m.
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Figure 4.2

The schematic frequency spectrum of the horizontal magnetic field in the environment.

This schematic diagram was modified based on the result of Macnae et al. (1984).
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The schematic diagram of the EM-ACROSS proposition.
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The stored waveforms in two-channels of the function generator.

The amplitude of these graphs has been converted from digits to the output voltage. The
output voltage value is from the investigation record in 2018, at Kusatsu-Shirane volcano,

Japan.
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Figure 4.5

The schematic diagram of the instrument design of a simultaneously transmitting EM-ACROSS.

The two waveform EW and NS are represented in Figure 4.4. The function generator
sends the signals by independent channels. The two amplifiers enlarged these signals and
inject to the ground by two sets of the dipoles. The dipoles are quasi-orthogonal for the
most efficient propagation coverages. At each end of the dipoles is a grounded electrodes
array to minimize the inhomogeneous resistivity from the surface soil. A digital data

logger continually records the monitored output current during the transmission.
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The schematic flow diagram of the data processing for the observed data with CSEM signal from

EM-ACROSS.
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Figure 4.7

A regional-scale and a local-scale map of Kusatsu-Shirane Volcano with receivers and source

dipoles of EM-ACROSS.

The base map is the topographic map with grayscale shaded relief. The square and
triangle symbols denote the receivers in EM-ACROSS. The red circles and open curves
show the craters of past eruptions. The purple closed curves show the fumarole zones.
The blue curves show the local highway as a reference item on the map. The abbreviation
symbol “SG”, “MS” and “MZ” denotes the location of Sesshougawara fumarolic area,
Mt. Motoshirane, and Manza hot spring field, respectively. The area of the local-scale

map is masked by a red rectangle. In the local-scale map, additionally, the abbreviation
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symbol “KS” denotes Mt. Shirane and the red triangle denotes its mountain peak. The

white circle with symbol “Y” denotes the center of Yugama crater lake. The bold red and

blue line at the bottom of the figure with “source dipole EW” and “source dipole NS”

markers denotes the grounded wire and dipole sets of the EM-ACROSS transmitter in

east-wast direction and in the north-south direction, respectively.
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The magnitude-frequency spectra of observed electromagnetic components from the 2017 initial

experiment.
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The gray lines denote the pre-processing data and the blue lines denote the post-

processing data. The red bars denote the standard deviation error at the located

frequencies.
10" ¢ - e
O NSdipole
@ .
» O EWdipole
—_ 0L & (-] %
T 100 F - ®
9] . ) :
a e - ®
E e ®
< &
5 T E
5 e ®
O 401 f . |
1072 ! L
1072 107 10° 10!
Frequency [HZ]

E—mo . —— e e = EEEEE Suas
g 90 + % - 3 |
% i * # * 3 * N
& -90 .
Ny
& -180 — . :

102 107 10° 10"

Frequency [Hz]
Figure 4.9

The frequency spectra of monitored current load in the full EM-ACROSS operation in 2018.
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Figure 4.10

The frequency spectra of observed x-component (A, upper) and y-component (B, lower) electric

field from the 2018 full operation.

The light and dark gray lines denote the pre-processing and the post-processing data,
respectively. The blue and red bars denote the error of “NS-dipole signal related” and
“EW-dipole signal related” electric fields’ amplitude and phase, respectively. The blue
and red dot line denotes the trend of the changes in frequency. The phase value has been
normalized with the value of the randomly selected phase shift in the signal design (Table

4.1).
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Figure 4.11

The comparative result of the x-component electric field stacking between applying the 0""-loop

A, upper) and the 5™-loop (B, lower) outlier elimination products.
p

The light gray lines denote the pre-processing data and the dark gray lines denote the
post-processing data. The blue and red bars denote the error of “NS-dipole signal related”
and “EW-dipole signal related” electric fields’ amplitude and phase. The blue and red
dot line denotes the trend of the changes in frequency. The phase value has been
normalized with the value of the randomly selected phase shift in the signal design (Table

4.1).
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The schematic diagram of a global-local numbering system for a tetrahedral element m.
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The comparative result of the observed electric field and the calculated electric field from two

different models with previously observed data and newly observed data.

The subfigures with a subtitle (EMACROSS & 2001 MT) represented the electric field

components of the observed data (star symbols and error bars) and the calculated result
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(dash lines) from previously observed data. The subfigures with a subtitle (EMACROSS
& 2017 MT) represented the electric field components of the observed data and the

calculated result from newly observed data.
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Figure 4.15

The comparative result of the differential response tensor from two different models.

The comparative result of the differential response tensor from two different models, one

with previously observed data (“model P”’) and one with newly observed data (model N)
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from site KS007. The real part and imaginary part of the differential response tensor

components are plotted by dots and cross, respectively.
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The comparative result of the differential response tensor from the observed data and “model P”

from site KS002, KS003, KS004, and KS005.

The real part and imaginary part of the differential response tensor components are

plotted by dots and cross, respectively.
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Figure 4.17

The comparative result of the differential response tensor from observed data and “model N”

from site KS002, KS003, KS004, and KS005.

The real part and imaginary part of the differential response tensor components are

plotted by dots and cross, respectively.
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Calculated electric field from the original model and test model TR1 with the newly observed

data.

The location of KS07 and KSO02 is represented in Figure 4.7. The blue and red lines
represent the electric field at receivers from source dipole NS and dipole EW,
respectively. The solid and dash line denotes the forward model from the original model

and test model TR1, respectively.
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The comparative result of the differential response tensor of impedance tensor from the original

model (model N) and the test model (model N_R1).

The horizontal axis is the frequency and the vertical axis is the relative change of the

differential response tensor of impedance Ay in test model TR1 and original model”.
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resistor is marked with dashed rectangles. The black strike arrow represents a unit

Parkinson’s induction vector with a tipper value 0.5. The blue and green strike arrows
represent the real and imaginary Parkinson’s induction vector, respectively. The black

curve, red triangle and blue circle with symbol “Y” denote local highway, the mountain

peak of Mt. Shirane and center of Yugama crater lake, respectively.
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respectively. The solid and dash line denotes the forward model from the original model

“model N” and test model “model N_R2”, respectively.

4-76



model N_R2

KSO7

Ag(test) — Ag@(org)
Agp(org)

frequency (Hz)

KS02

Figure 4.23

0.4

0.2

0.0

-0.2

] Ap1q

1072

107!

10° 10!

04

Apyy

10° 10*

107!

'Afpn

10° 10?

Ap,q

10° 10°

0.0 1 ¢ ¢ @

1Ay ]

¢ %o 0 @

10°

s 68 o @

10°

10°

10

The comparative result of the differential response tensor from the original model (model N) and

the test model (model N_R2).

The horizontal axis is the frequency and the vertical axis is the relative change of the

differential response tensor A¢.

4-77



1
s Q
05 Fe) = 05 & x
(¢}
modelN_R2 o ,9%0e g B G nikle
(o} x °
KS07 ’
) Apzyy) B¢z,
10° 10° 10° 10?
1 1
Az (test) — Apz(org) Az, Apz,,
Az (org) 05 05
o *
0 0 % o Q eee
x ©©
-05 0.5 X
= 0 2 = 0 2
10 10 10 10
frequency (Hz)
1 1
05 o 05 0.3
X O by
0 ofBteese 0 x 5 gaooo
-0.5 (e} -0.5
Apzy, Apzy,
KS02 a !
10° 102 10° 10°
1 1
A(p221 A(pZZZ

Figure 4.24

05

-0.5

05

-0.5

x
cOeeoeeee

The comparative result of the differential response tensor of impedance tensor from the original
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Figure 4.25

Comparison of the phase tensor ellipses between the data from (a) “model N” (2017 cal) and the

test model “model N_R2” (TR2 cal) with the newly observed data.

The phase tensor ellipses are filled by the angle of the determinant phase ®,, which is the
geometric mean value of maximum and minimum of phase tensor. The area of a modified
resistor is marked with dashed rectangles. The black strike arrow represents a unit
Parkinson’s induction vector with a tipper value 0.5. The blue and green strike arrows
represent the real and imaginary Parkinson’s induction vector, respectively. The black
curve, red triangle and blue circle with symbol “Y” denote local highway, the mountain

peak of Mt. Shirane and center of Yugama crater lake, respectively.
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Dipole NS Dipole EW
i 4 fi (Hz) ¢; (deg) fi (Hz) ¢; (deg)
1 23 0.02 -15.3 0.03 -28.5
2 1.7 0.05 245 0.07 53.7
3 1.3 0.11 -41.8 0.13 161.2
4 1.1 0.29 151.7 0.31 -16.8
5 0.7 0.59 115.6 0.61 149.9
6 0.5 1.01 -28.9 1.03 69.5
7 0.3 2.27 -36.8 2.29 66.0
8 0.2 4.63 81.4 4.61 -26.9
Table 4.1

Coefficients of the superimposed sinusoidal waves in Equation (5.9) for the full operation in

2018.
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i A; fi (Hz)

1 1.0 0.01 ¢; (deg)
2 1.0 0.02 179.5

3 1.0 0.04 104.5

4 1.0 0.08 -107.7
5 1.0 0.16 -140.8

6 1.0 0.32 -75.0

7 1.0 0.64 145.7

8 1.0 1.28 130.8

9 1.0 2.56 -147.6
10 1.0 5.12 -46.7

Table 4.2

Coefficients of the superimposed sinusoidal waves in Equation (5.9) for the initial experiment in

2017.
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Local Edge Local node Local node Local node Local node
e, (i,m) n, (i1,m) n; (i2,m) n, (il ) m) n, (i2 ) m)
e (1,m) n;(1,m) n.(2,m) n,(3,m) n,(4,m)
e, (2,m) n,(1,m) n.(3,m) n, (4, m) n;(2,m)
e.(3,m) n,(1,m) ny (4, m) n.(2,m) n,(3,m)
e, (4,m) n.(2,m) n,(3,m) n,(1,m) n,(4,m)
e (5,m) n;(4,m) n, (2, m) n,(1,m) n.(3,m)
e, (6,m) n,(3,m) n. (4, m) n,(1,m) n,(2,m)

Table 4.3

The local numbering system definition for a tetrahedral elements m.

The symbol e; (i, m) denotes the local ID of e (i, m), that is defined from its first

composed node n; (i1, m) and the second composed node n; (i2, m). The diagonal local

nodes of e, (i, m) are defined with symbol n;, (il , m) and n; (iZ , m).

The local ID of a node n;, (i) is defined from its order in the global numbering system

ng (i), where ng (nL(l,m)) < ng (nL(Z,m)) < ng (nL(B,m)) < ng (nL(4, m)).

4-82




Chapter 5. Conclusion

In this thesis, the magnetotelluric method and EM-ACROSS method were applied to Kusatsu-
Shirane volcano to image the hydrothermal system in three-dimensions. Those methods were
also utilized to image the temporal change of the resistivity structure between the volcanic
inactive and active periods. The MT data was utilized to compute the resistivity model due to its
well-developed methodologies in solving the galvanic distortion effect, topography effect, and
noise issues. For interpreting temporal changes in the time-lapse MT monitoring, the location,
and the number of observation sites could influence the modeling result that should be carefully
considered. This study introduced a method to interpret the time-lapse MT monitoring data with
fewer sites and sparser distribution. The distortionless electric field response tensor is introduced
and utilized in this study to examine the models with time-lapse MT monitoring data and joint

CSEM data.

In Chapter 3, the magnetotelluric data observed around the Yugama crater at Kusatsu-Shirane
volcano, which obtained during an inactive (2001-2005) and an active (2017-2018) period of the

volcano, was utilized in the data analysis and modeling:

Firstly, the magnetotelluric data in a period between 2001-2005 from the observation sites, that
covered the summit region of 2 km x 2km with a typical site spacing of 200 m, was inverted by
utilizing an unstructured tetrahedral finite element algorithm with handling the topographic

effect. The interpretation of the represented features describes the implication of those features in
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this credible resistivity model. The final model demonstrated the following features in the

observation region:

(1) an impermeable clay cap (C1) as the near-surface conductor

(2) the brine reservoir (C2) as a deep conductor at a depth of 1.5 km from the surface

(3) a vertical conductor (C3) connecting the deep conductor (C2) to the clay cap (C1)
associated with the seismicity, which implies a fluid and gas path from the brine reservoir

toward the underlying space of the clay cap

(4) the resistive zone below the clay cap which has an elongated direction in the NE to

SW and following the locations of the past phreatic eruption

The past magnetization/demagnetization sources and the inflation source of the 2014 unrest are
located just below the clay-cap, consistent with the clay capped geothermal model. The major
conductive and resistive structures represent a noticeable 3-D feature that can only be interpreted

in a 3-D model.

Secondly, to verify the robustness of the significant features in the resistivity model, those
features were tested by different methods. The first test was operated by forwarding the modified
model by removing significant features. The test models showed significantly worse fit to the
observed data, as evidenced by the increase of RMS misfit and also by plotting the phase tensor
ellipse. Another test for the robustness was carried out by randomly splitting the MT data into
two sub-datasets. The inversed models with two separate datasets were compared and afterward
confirmed that the significant features in the model were robust. Moreover, the other robustness

test with changing the trade-off parameter of the distortion strength was examined then
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confirmed the existence of the major features in all of the distortion strengths. Those

examinations verified the credibility of the major features for the interpretation.

Finally, the obtained magnetotelluric dataset during the active volcanic period (2017-2018) was
inverted by utilizing the same three-dimensional inversion code. Because of the limited number
of sites in 2017-2018, the final model with the 2001-2005 dataset was utilized as an initial
model. The new model during the high volcanic activity has more conductive features below the
clay cap. The newly observed data represents changing features in the phase tensor analysis that
initially indicates the temporal change of the hydrothermal system beneath Mt. Shirane exists.

That model was examined afterward by utilizing an alternative method with CSEM data.

In Chapter 4, a distortionless electric field response tensor was introduced at first. The electric
field response tensor requires a set of the electromagnetic tensor field from the CSEM
observation. To achieve this objective, a signal system, simultaneously transmitted EM-

ACROSS, is developed in this study.

Firstly, the system design references the purpose of the EM-ACROSS prototype in the previous
research and is enhanced for the two motivations in this study: solving the galvanic distortion
effect and reduce the influence of noise. The purpose of the EM-ACROSS is consistently
transmitting a specially designed signal with high accuracy and precision to obtain a robust
signal in the data processing. With an assumption that the environmental noise is dominated by
Gaussian white noise, a robust signal can remain in the data stacking, and then a noise-free

response function can be obtained. The signal and the instrument from the prototype were
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redesigned with considering the electric tensor field. A serial data processing flow is specially
developed for the simultaneously transmitted EM-ACROSS to promote the efficiency of noise
reduction. With operating the simultaneously transmitted EM-ACROSS, the processed data from
the receivers represented a strong performance in the noise elimination by competing with
geomagnetic noise and efficiently removing the aperiodic noise. The error of the observed result

was small enough to be utilized in the modeling computation.

Secondly, a forward modeling algorithm was regenerated in this article by referencing the
previous researches. The forward model applied the edge-based frequency-domain FEM with
unstructured tetrahedral meshes. Both the computed inversed models with MT data were utilized
as the base model in the forward modeling. A local-to-global numbering system was additionally
defined in this article to solve the technical issues. The algorithm generated a sparse linear
equations system and solved the solution by a sparse linear direct solver “Scipy.SPsolve” in
python language. The calculated electric field in the forward modeling result is assumed to be
distortionless. The resistivity information from the inversed models has been treated for the
distortion effect; therefore, the distortion contained observed data, and the distortionless
calculated data had an apparent mismatch as in the expectation. Thus, the direct comparison
between the two data could not be interpreted. Therefore, the distortionless response tensor for

examination is necessary for this article.

Finally, the differential electric field response utilizing the data from simultaneously transmitted
EM-ACROSS and MT observation was applied to verify the existence of changing features
between the previously observed MT data and the recently observed MT data. The differential

electric field response represented its feasibility in the modeling result examination. The results
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represented significant dissimilarities from different models that support the reliability of the

interpretation.

Since the robustness of the temporal changing features was justified, the data from two sets of
MT observations hold its credibility for a joint interpretation as a result of the time-lapse

monitoring.

Figure 3.22 demonstrates the conductor C2 representing less conductive in “model N”. Since the
conductor C2 has been interpreted to the top of the supercritical state saline brine reservoir, this
decreasing conductivity can be interpreted to the reducing volume of fluid, implying the fluid has
been released from the breached sealing zone. Figures 5.1 and 5.2 represent the scatter plot of the
altitude of monitored microseismic hypocenters versus their monitored time, as evidence of time-
variable change. In an active period of the volcano since March 2014, the microseismic events
were monitored in the deeper structures. The intrusion of releasing fluid in the surrounding
structures could occur such microseismic events. After the high conductivity saline brine
released, the meteoric water could invade this reservoir through the breached sealing zone and
lead to the reducing conductivity. Ohba et al. (2008) have demonstrated a model for previous
temporal change in the deep fluid reservoir over the period 1966 to 2005 and claimed the
meteoric water invaded in 1990-1995. This mechanism of the deep fluid exchange and

transportation could be indicated on the change of the resistivity structure model.

Figure 3.22 also demonstrates the conductor C1 representing a gap at 400 meters north to the

Yugama crater in “model N”. Since the conductor C1 has been interpreted to the impermeable
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smectite contained clay cap, this gap can be interpreted to the crack in the smectite filled by
releasing gas. The monitored inflation activity can induce the appearance of the expanded crack
in the smectite cap (Terada et al., 2018). The increasing resistivity can be interpreted as the
temporally increasing invasion of the fumarolic gas (Ohba et al., 2019). The gas released upward
to the surface at the fumarole zone (Figure 3.4). The shallow structure above this cap is more
resistive than in model P, which might be due to the higher volume of the released gas but needs

more information such as gas flux monitoring data to be convinced.

Figure 3.21 demonstrates the underlying resistor R1 beneath conductor C1 representing more
conductive in “model N”. Since the resistor R1 has been interpreted to the mixed-layer clay with
fracture as a two-phase reservoir, the changing resistivity in this structure can be considered as
the change of the saturated fluid. The drying process of fluid in this reservoir has been
introduced with its relevant changes in the overlying structure between cracks expand and
collapse in Kumagai et al. (2002) by monitored long-period seismicity events. Such a change of
the composition was not unidirectional but a repeated cycle caused by water supply, which has
been introduced in Nakano & Kumagai (2005). Therefore, a more conductive feature in “model
N” can be interpreted to the two-phase reservoir filling with conductive fluid. This presumption
could be supported by the overlapping hypocenters of the microseismic swarm, which has been
interpreted to the fluid path, and this two-phase reservoir. It can also be supported by the
monitored suspended magnetization (JMA, 2019) as a mechanism of thermal demagnetization.
When the two-phase reservoir was filling with the conductive saline from the deeper
supercritical fluid reservoir, the water/gas ratio changed in this region and the resistivity also

decreased. This fluid intrusion caused the originally saturated fluid releasing upward, which
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could be indicated by the rising hypocenters with time in Figures 5.1 and 5.2. While the heated
volcanic hydrothermal fluid releasing at the surface, like the Yugama crater lake or the fumarole
zone at the north of Yugama crater, it can be monitored in the geochemical analysis by

temperature and chemical concentrations changes (Terada et al. 2018).

Therefore, the temporal changes of the hydrothermal system beneath Mt. Shirane during a period
between 2001 to 2018 can be interpreted with the time-lapse monitoring MT data and joint
CSEM data. In the 2014 volcanic activity at Mt. Shirane, the supercritical fluid reservoir released
overpressured fluid upward through the breached sealing zone. The released overpressured flow
through the fracture in the overlying mixed-layer clay structure that led the monitored
microseismic activity. The released fluid filled the two-phase reservoir in the mixed-layer clay
structure and caused the thermal demagnetization. The filled fluid also increased the liquid/gas
ratio in the two-phase reservoir. It represented a relatively conductive feature in the resistivity
model “model N”. The filled two-phase reservoir released more gas upward to the surface
through the expended crack in the clay cap and turn the structure resistive in “model N”. The
filled two-phase reservoir also released more water upward to the Yugama crater lake, which has
been monitored and analyzed in Ohba et al. (2019). The path and time of releasing water upward
to the Yugama can be indicated by the microseismic hypocenters (Figure 5.1 and 5.2). A
conceptual model for the temporal changes in the hydrothermal system beneath Mt. Shirane is

demonstrated in Figure 5.3.
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The conceptual model with credible spatial information for the temporal changes in the
hydrothermal system beneath Mt. Shirane is first demonstrated in this study. Credible spatial
information is indicated by the change in the resistivity model. The research in this article solved
the environmental noise issue and distortion effect by joint the passive and active

electromagnetic sounding method that provided a new conception in future exploration.
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Figure 5.1

The scatter plot of altitude of microseismic hypocenter versus monitored date and the east-west

profile of resistivity model N.

The data of microseismic is monitored during a period between Sep 2013-Feb 2019. The
size of circles denotes the relative magnitude of seismic activity. It must be noted that the
plotted hypocenter in the profile is filtering by a 200-meter-wide projection clipper that

does not represent all the microseismic data as in the scatter plot.
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Figure 5.2

The scatter plot of altitude of microseismic hypocenter versus monitored date and the north-

south profile of resistivity model N.

The data of microseismic is monitored during a period between Sep 2013-Feb 2019. The
size of circles denotes the relative magnitude of seismic activity. It must be noted that the
plotted hypocenter in the profile is filtering by a 200-meter-wide projection clipper that

does not represent all the microseismic data as in the scatter plot.
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The conceptual model for the temporal changes in the hydrothermal system beneath Mt. Shirane

between 2001 and 2018.
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