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Abstract 

Unzen volcano, located in Shimabara Peninsula, Nagasaki, Japan, is an active volcano that has 

been monitored intensively since before the most recent eruption in 1990-1995.  Previous studies 

on sub-volcanic earthquakes and surface deformation have revealed that magma was transported 

obliquely from a magma reservoir located in beneath Tachibana bay, to the west of Shimabara 

Peninsula. Aiming to investigate crustal structure related to the magma migration, I conducted 

broad-band magnetotelluric (MT) surveys at 99 sites around the Shimabara Peninsula. A 3-D 

resistivity model constructed from MT data shows a broad zone of high resistivity beneath 

Shimabara Peninsula and zones of low resistivity to the west and east the peninsula. Unexpectedly, 

the high resistivity zone at 3 km to 15 km depth spatially correlates with the low-velocity zone 

(Miyano et al., submitted). Assuming that the melt is stored in a network of pores with good 

connectivity, a quantitative analysis indicates the high resistivity zone contains < 5% melt.  Thus, 

the high-resistivity and low-velocity zone is inferred to be a highly crystallized mush zone that 

contains < 5% melt with low permeability. The hypocenters and pressure sources of the 1990-1995 

eruption are distributed along the boundary between the high-resistivity and the low-resistivity 

zone located in the west of the peninsula. Thus, I concluded that the magma migrated along a 

structure boundary where the permeability is relatively high. Previous studies have suggested that 

eruptible magma is usually transported vertically upward through the center of the mush zone, 

whereas the present results reveal that magma can be transported along the upper boundary of a 

highly crystallized mush zone. 

Keywords: magnetotelluric, high resistivity zone, Unzen volcano, highly crystallized mush zone, 

magma transport 

 

 

 

 

 

 

 

 



iii 
 

CONTENTS 

 

CHAPTER I: INTRODUCTION 

1.1. Background of the Study         1 

1.2. Magmatic System  

1.2.1. Magma definition        4 

1.2.2. Magma chamber evolution       6 

1.3. Geological Framework of Unzen Volcano      8 

1.4. Magmatic System of Unzen volcano Inferred from Geophysical Survey  10 

1.5. Previous Electromagnetic Surveys in Unzen Volcano     13 

CHAPTER II: BASIC MAGNETOTELLURIC METHOD 

2.1. Electric Conduction of Earth        18 

2.2. Magnetotelluric Method         19 

2.3. Geomagnetic Transfer Function        26 

2.4. Phase Tensor          27 

2.5. Magnetotelluric surveys for Active Volcanoes      29 

CHAPTER III: MAGNETOTELLURIC SURVEY AND DATA MODELLING 

3.1. Magnetotelluric Survey Layout        31 

3.2. Broadband Magnetotelluric Observation in Shimabara Peninsula   32 

3.3. Data Analysis          34 

3.4 Three-Dimensional Inversion        34 

CHAPTER IV: RESULT         39 

CHAPTER V: DISCUSSION 

5.1. High Resistivity Zone R1        45 

5.2. Low Resistivity Zone in Shallow Level       52 

  5.2.1C1 and C2         53 

CHAPTER VI: CONCLUSION        57 

ACKNOWLEDGEMENT         59 

REFERENCES          61 

SUPPLEMENTARY MATERIAL        70 

  



1 
 

       CHAPTER I 

INTRODUCTION 

 

1.1. Background of the Study 

Unzen volcano is one of the active volcanoes located in Shimabara Peninsula, Japan, that 

erupted in 1990-1995 after 198 years of dormancy.  During the eruption, lava domes were 

generated at the summit that was substantially collapsed, causing pyroclastic flows. Pyroclastic 

flows rolled down to Shimabara city and killed 43 people. In total, 0.2 km3 DRE materials were 

ejected during the eruption. The remaining lava dome emerges in the summit and is called Heisei-

shinzan, which becomes the highest summit of the Unzen volcano (Nakada et al., 1999). 

Unzen volcano attracts numerous researchers to study many aspects of this volcano, 

including the magmatic system. Petrological studies show the pieces of evidence of magma mixing 

between high-temperature low crystallinity andesitic magma with low temperature crystal-rich 

dacitic magma (e.g., Sugimoto et al., 2005; Nishimura et al., 2005; Botcharnikov et al., 2008). 

According to the seismicity and the deformation observations, the magma fed the 1990-1995 

eruption migrated from beneath Tachibana bay in the west of Shimabara Peninsula. Before the 

eruption, the earthquakes initiated 15 km depth beneath Tachibana Bay 10 km west of Unzen 

volcano, while they markedly shifted eastward, approaching the summit before the first eruption 

in November 1990 (Figure 1.2). GPS and leveling monitoring detected pressure sources around 6 

km west of the summit and beneath Tachibana bay. The pressure source locations coincided with 

the bottom boundary of the hypocenters (Umakoshi et al., 2001; Kohno et al., 2008). The 

observations during the 1990-1995 eruption indicated the western offset magma supplying system 

of Unzen volcano. Seismic tomography using local earthquakes attempted to image the magma 
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reservoir beneath Unzen volcano and its relationship with the last eruption (Miyano et al., 

submitted). The velocity model shows a broad low P-wave velocity (Vp) anomaly beneath 

Shimabara Peninsula but not beneath Tachibana bay. The pressure sources and earthquakes are 

located at the top of the low Vp zone. Therefore, Miyano et al. (submitted) suggested that the 

magma associated with the 1990-1995 eruptions migrated obliquely upward along the top of the 

low-Vp anomaly. A highly crystallized mush zone was considered to be the nature of the low-Vp 

anomaly. However, there was no low-Vp, low-Vs and High Vp/Vs beneath Tachibana bay at the 

depth of inferred magma chamber from the pressure source. 

From geological and petrological perspectives, it is proposed that crystal mush zones 

dominate beneath a volcano. Crystal mush zones is a partially molten rock where crystals form a 

continuous network. The melt-rich regions/magma chambers occupy the center of vertically 

extensive crystal mush zones (Figure 1.1). The magma becomes more evolved in composition by 

decreasing depth, such as the upper crust. This system is known as the trans-crustal magmatic 

system (Cashman et al., 2017). When the crystal fraction in magma is between 0 and 50 %, the 

magma can flow. The growing crystals percentage will cause the formation of a rigid frame, and 

the melt cannot flow anymore (Bachman and Bergantz, 2008). The structure control, such as faults 

or crustal structure, can control the movement of magma and storage location (Edmonds et al., 

2019; Sparks et al., 2019).  

There is growing geophysical evidence to show small amounts of partial melt and crystal 

mush zone beneath active volcanoes. Magnetotelluric studies revealed sub-vertical low resistivity 

zones right beneath the volcanoes or few kilometers away from the main edifice that was 

associated with partial melt or magmatic fluids (e.g., Aizawa et al., 2014; Hill et al., 2015; Hata et 

al., 2016; Samrock et al., 2018; Cordell et al., 2018; Matsushima et al., 2020). Meanwhile, seismic 
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tomography conducted in other volcanoes also showed low-velocity zone that contains only a few 

percent melt fractions (e.g., Kukarina et al., 2017; Flinders and Shen, 2017; Yukutake et al., 2021).  

According to magnetotelluric results and other geophysical evidence of the Cascades magmatic 

arc, where Mt. Saint Helens is located, the inherited structures such as crustal faults and pluton 

control the orientation of magmatism and the ascent of magma from the lower crustal mush zone 

(Bedrosian et al., 2018). In another example, the magma does not have to move vertically, such as 

in Unzen volcano and Sakurajima and Sinabung (Hotta et al., 2016; 2019). Hence, the crustal 

structure could play important roles in the magma migration. 

In the light of the previous geophysical observation of Unzen volcano and the previous 

studies that suggest structural control on the magma movement, I investigate the possibility of the 

structural controls on the magma migration of the 1990-1995 eruption. In this study, I deployed 

broadband magnetotelluric (MT) surveys in Unzen volcano and Shimabara Peninsula. The MT 

method is greatly capable of imaging low resistivity zones beneath volcanoes that are related to 

hydrothermal alteration/clay cap, magmatic fluids, and partial melt (e.g., Hill et al., 2015; Comeau 

et al., 2016; Cordell et al., 2018; Samrock et al., 2018; Matsushima et al., 2020; Gresse et al., 2021). 

Although the MT surveys have been conducted on the Shimabara Peninsula (Kagiyama et al., 

1999; Srigutomo et al., 2008; Komori et al., 2013; Triahadini et al., 2019; Hashimoto et al., 2020), 

these works argue the shallow level of the volcano and do not focus on the deep structure that is 

related to the possible magma ascent route of the 1990-1995 eruption.  

In order to interpret the estimated volcano structure, a combination of several geophysical 

data is valuable. Recent studies that compare electrical resistivity structure and seismic velocity 

structures have shown that the locations of the low-resistivity and low-velocity anomalies are 

sometimes not identical but shifted (e.g., Cordell et al., 2020; Bowles‐Martinez et al., 2020). In 
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this study, I will show apparent discrepancies between high-resistivity and low-velocity anomalies 

beneath Unzen volcano from high-resolution data that previously has not been imaged beneath 

other volcanoes. By combining the high-resolution geophysical studies of Unzen volcano, I will 

suggest a new idea for the magma supplying system in the upper crust.  The new insight from this 

study explains the oblique magma movement beneath Unzen volcano. 

 

1.2.Magmatic System 

1.2.1. Magma definition 

According to Schminke (2004), magma is molten material composed by (Silicon (Si)) which 

is, apart from oxygen (O), the primary component of most minerals and rocks in the Earth’s crust 

and mantle. Partial melting in the Earth’s mantle and or in the lower crust in much smaller 

percentage are responsible in magma generation. The existence of solid particles (crystals) controls 

the magma behaviors in the reservoir. Magma which has 50 % of crystals or less, is relatively 

mobile and more eruptible. Meanwhile, as magma starts to solidify, it increases the amount or 

percentage of suspended crystals, says reaching 50-60% or more. Under this condition, the crystals 

start to form interconnected solid frame and can be called crystal mush zone. The relative viscosity 

of magma is significantly increased, then caused the magma to be immobile.  Few percentage of 

melts are developed and distributed thoroughly at the interconnected crystal frame (Bachman and 

Bergantz, 2008). Magma chamber and mushes together form magma reservoir. The melt-rich 

regions/magma chambers occupy in the center of the vertically extensive crystal mush zone, and 

the magma becomes more evolved in composition by decreasing depth, such as upper crust. This 

system is known as trans-crustal magmatic system (Figure. 1.1) (Cashman et al., 2017).  
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The magma migration can be controlled by tectonic settings. It is transported to surface 

through brittle crust, planes of weakness existed in the host rock (e.q faults) or along hydro-

fractures due to internal fluid pressure. Whether the mush is maintained at melt-rich phase or close 

to solidus, it is influenced by magma composition, input rates, local stress and heat transfer to the 

surroundings. Interestingly, most eruptions are fed from magma chambers at pressures of 1000-

3000 bars (4-10 km depth) (Sparks et al., 2019; Edmonds et al, 2018).   

 

Figure 1.1. Transcrustal magmatic system, where melt processing in the deep crust produces melts that are 

transferred to mid- and finally upper crustal levels (Cashman et al., 2017). 

 

On the broader scale, a magma plumbing system consists of interconnected magma conduits, 

whether vertical or inclined dyke, to connect magma from the source to surface; sills; and 



6 
 

reservoirs, which acts to store magma as it evolves into a crystal mush, ultimately fed from the 

partial melt at deeper zone (Magee et al., 2018). In the shallow plumbing system, several 

kilometers below volcanoes (upper crust), the plumbing system can go from a simple dyke 

complex or made of tens to thousands of parallel vertical dykes that link the magma chamber to 

the uppermost volcano conduit; or possibly can form a very complex intrusive plexus made of 

dykes, sills and inclined sheets, which make up the plumbing system of volcanoes (Tibaldi et al., 

2015). Shallow large magma chambers are now considered ephemeral components of the 

magmatic system, associated with episodes of relatively high magma transfer from the hot zone 

into the crust (Blundy et al., 2021). Thus, the melt-rich, poor crystals, eruptible magma could be a 

short-lived or isolated body somewhere in smaller area in the crust, overshadowed by the more 

massive plumbing system (Figure 1.1). From incremental injection of new melt batches from 

deeper reservoirs, they accumulate as thin lenses and stack to build larger volume of magma 

plumbing system. 

1.2.2. Magma chamber evolution 

Bachmann and Bergantz (2008) explained microscale process that happens in a magma 

chamber. Magma is a complex, multicomponent, multiphase mixture. When thermodynamic 

conditions (eq. temperature or pressure) are changed, the different chemical components are 

redistributed into new phases (crystals, liquids, gases). Silicon and water form liquid portion of 

magma and are separated from higher density and less Si but rich of crystals. The upper part of the 

chamber is enriched by Si and H2O which are brought by the ascended liquid portion of magma.  

The dense solid particles remain on the floor of the chamber. When stored magma contains < 45 

vol. % crystals, convection currents stir the chamber, crystals are homogeneously distributed. 

However, when the crystals fraction > 65 vol%, crystal-liquid separation of crystals is driven by 
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compaction causing extremely slow process. Thus, the dacitic mush bodies can survive in the 

upper crust for > 100000 years due to limitation of migration distance and slow crystal-liquid 

separation. 

The necessary condition for magma to cause eruption is pressurization of the chamber above 

critical value, allowing dike propagation in wall rocks. External triggers that contribute in the 

eruption is caused by tectonic stresses on the magma chamber. The more frequent mechanism can 

be important to drive eruption. Internal overpressurization is also a common driving force for 

eruption. Overpressurization is caused by saturation of the silicate liquid in gas and formation of 

bubbles or recharge by new injected magma. New magma batches are constantly generated in the 

mantle or deep crust. During ascent, they can encounter different compositional reservoirs and re-

heat the intruded layer. It can result in some partial remelting of the crystal framework. The mush 

is turned to be liquidly, expand it volume and causing pressurization to some threshold rate that 

can cause failure of wall rocks. Then, the eruption occurs. 

According to Edmonds et al (2018), the water content of melt exerts an important control on 

the architecture of magmatic systems. In water rich systems, magma injection will develop 

vertically extensive mush ultra-solidus reservoirs with compressible gas-rich caps and upper 

crustal lenses. Gas-rich region in arc volcanoes may form liquid lenses or present inside the mush. 

The gas may also trigger instabilities in the magmatic system, cause local mixing and even ignite 

eruption. Models of magma emplacement into mush show that complex layering and instabilities 

possibly occur on crustal scale, owing to the thermal and mechanical effects of the intrusion partial 

melting, cooling, convection, mixing, degassing and crystal settling. In addition, the timescales of 

this magmatic processes allowed a prolonged storage (103 to 106 years) in the crust, followed by 
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rapid remobilization and ascent. The remobilization may take place from upper crust layer or deep 

sills, or event near the Moho. 

Therefore, it is concluded that a magma reservoir is composed by crystals, melt and volatiles 

(fluids/gas). The recent views of magma chamber models beneath active volcano no longer favors 

the classic long-lived, high temperature, extensive melt-rich/highly eruptible magma. The 

eruptible magma may form lenses, stacked sills, dykes and are distributed somewhere in various 

depths inside an extensive plumbing system. Instead, the new paradigm argues that magmatism 

occurs throughout the crust, with melt-rich eruptible magma chambers are stacked at the upper 

part of a much larger heterogenic trans-crustal magmatic system (e.g., Cashman et al., 2017). 

Geophysical surveys are expected to detect an anomaly due to the presence of molten material 

beneath active volcanoes, which has some distinctive physical properties than the surrounding/host 

rock.   

1.3. Geological Framework of Unzen Volcano 

Unzen volcano is a lava dome complex located in Shimabara Peninsula, Nagasaki, Kyushu 

Island, Japan (Figure 1.2). The volcano grows at the center of North-South extensional Unzen 

graben, the western end of extensive Beppu Shimabara Graben. This tectonic framework caused 

several normal faults in the East-West direction, which dissects the older peaks of the Unzen 

volcano. In 1990-1995, the eruption took place around Mt Fugen lava dome and later formed the 

Heisei-shinzan lava dome. The subduction-related earthquakes are not found beneath the Unzen 

volcano (Hoshizumi et al., 1999).  

Between 4 Ma and 2 Ma, small scales of basaltic volcanisms (Pre-Unzen) occurred in the 

southern part of the Shimabara Peninsula. Then, the volcanism migrated to the west and center of 

the peninsula 500 Ka ago, and the Unzen stage was begun. To the present time, the volcano 
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products occupy roughly 20 km x 25 km region. Lava domes, thick lava flows, pyroclastic deposits 

that have andesitic to dacitic characteristics compose the volcano. The deposited volcanic products 

over Shimabara Peninsula indicate an eastward growing trend in which the western region is older 

than the eastern region where the active domes exist. The eroded peaks in the western region are 

called Older Unzen, composed of mainly thick lava flows with the approximated erupted volume 

of 120 km3. Meanwhile, the Younger Unzen has dacitic characteristics mainly composed of lava 

domes with 8 km3 total volume. To the east of Fugendake- Heisei-shinzan, an isolated dome called 

Mayuyama emerges. According to carbon dating conducted by  Ozeki et al. (2005),  Mayuyama  

eruption age is 4.6 cal. ka and shortly after this eruption, summit lava dome of Fugendake was 

formed. From historical times to the present, three eruptions from Unzen’s summit that were 

generally occurred separately by hundred years' dormancy. The historical eruption of Unzen 

happened in 1663 and 1792 that centered in Fugendake. During the 1792 eruption, the Mayuyama 

dome collapsed and generated a gigantic tsunami. The tsunami hit the coastal area opposite 

Shimabara and caused 15000 fatalities (Hoshizumi et al., 1999; Sugimoto et al., 2005).  

Extensive results from laboratory analysis of Unzen volcanic rocks are available. It was 

suggested that the magmatism of Unzen is originated from the injection of ocean-island type basalt 

that evolved and produced the high-temperature low crystallinity andesitic magma (Sugimoto et 

al., 2005). Due to fractional crystallization and crustal assimilation, a low-temperature phenocryst-

rich dacitic chamber with high water content was formed (Nishimura et al., 2005). The erupted 

materials (e.g., lava and pyroclastic flows) show the mixing between the andesitic and dacitic 

chamber (Nakada and Motomura, 1999; Botcharnikov et al., 2008). Sato et al. (2017) proposed 

that convection heated the base of silicic mush reservoir from underlain mafic magma resulting in 

a high temperature aphyric andesitic magma. The continuous supply of basalt magmas might exist 
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beneath Shimabara Peninsula throughout the eruptive history of the Shimabara Peninsula 

(Sugimoto et al., 2005). The storage condition for the two magma chambers showed that the 

andesitic magma resides in higher pressure and higher temperature and dacitic magma takes place 

in lower temperatures and lower pressure (Botcharnikov et al., 2008, Nishimura et al., 2005). The 

continuous injection from parental magma probably exists and resulted in the differentiation of the 

magma chamber composition. 

1.4.Magma System of Unzen Volcano Inferred from Geophysical Surveys 

One of the importance of volcano deformation monitoring (inflation and deflation) volcanic 

surface is to detect injection of new magma or closing of magma reservoir respectively. When the 

significant deformity pattern emerges, crises management to measure forthcoming eruption status 

can be released.  Thus, the measurement data provide critical insight of the spatial and temporal 

development of active plumbing systems. In the analysis of deformation signal (spatial or temporal 

pattern, height change amplitude, etc), the source that causing the change will be traced down. For 

example, the location and dimension of the source will be modelled based on numerical method. 

Simply, the depth origin of the ejected magma during eruption can be explored through GPS data. 

Among the available numerical analysis, one of the extensively used to volcanic deformation, is 

Mogi model (Mogi et al 1958). An increase of pressure is assumed occur in a small size, spherical 

shape within an elastic half-space body. The depth source of the fluctuation then can be estimated. 

Despite it is widely adopted through the helpfulness revealing source location based, it offers 

simplified model of the deformation source. Basically data from geodetic survey informs a 

localized part from larger magma plumbing systems that undergoes significant changes and do not 

intensively describe the full extent and state of the intrusion network (Magge et al, 2018).  The 

real complexity of Earth’s structure is far to be assessed only by Mogi model.  
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Figure 1.2. a) The MT sites distribution in Unzen volcano (red triangle), Shimabara Peninsula, Kyushu 

Island, Japan. b) Vertical view of pressure sources (Kohno et al., 2008) and seismicity (Umakoshi et al., 

2001). Green star symbols indicate the hotsprings located in the study area. Blue scattered lines represent 

the faults in Unzen Graben.  Circles with corresponding colors show the hypocenter of 1990-1995 eruption 

(Umakoshi et al., 2001). Pressure sources are indicated by black circles (Kohno et al., 2008) with 

represented error bars and also white circle for single pressure source reported by Nishi (1999).  
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Here, the continual geodetic surveys around Unzen volcano and Shimabara area before and 

after eruption of 1991-1995 are listed. The surveys were repeatedly conducted to observe temporal 

change in the same routes, located along western coast of Shimabara peninsula and northern flank 

of Unzen. The GPS data were also obtained from same stations distributed over Shimabara area.  

Among the models proposed by Kohno et al (2008), four pressure sources were confirmed, namely 

A, B, C, D (from shallow to deep level, Figure 1.2). The authors used extensive data from before 

eruption until five years after eruption stopped. The most intensive deformed pressure sources 

were pressure source C which was located about 5-6 km west of Fugendake and pressure D which 

was located 15 km beneath Tachibana bay in western coast Shimabara Peninsula. Nishi et al (1999) 

inferred only a source, that the location is similar to C-source with deeper vertical position. All of 

pressure sources were topped by migrated seismicity hypocenters reported by Umakoshi et al 

(2001) (Figure 1.2). Thus the pressure sources were later proposed as magmatic zone since 

earthquake is likely to bypass molten body then isolated on the brittle layer. From the repeated 

measurement from 1986-2004, it was concluded that Shimabara peninsula receives continuous 

magma supply from the deep western side of the peninsula. 

Recent seismic tomography using local earthquakes catalog exhibited a broad low P-wave 

velocity (Vp) zone beneath Shimabara peninsula (Miyano et al., in submission). The low Vp zone 

had a good resolution until depth < 16 km bsl but not for the S-wave velocity. At the depth level 

of low Vp zone, moderate low S-wave Vs zone was observed around < 5 km bsl and reduced > 6 

km bsl. Earthquakes and pressure sources were distributed at the top of Low Vp zone. No Low Vp 

zone was detected at the depth level of magma reservoir beneath Tachibana bay although the 

resolution of that area was fair. The decrease of the moderate Vs to low Vs that accompanied low 

Vp led to fluid/melt rich in the region. So the result could not explain the existence of melt rich 
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region under Unzen. It was concluded that the low Vp zone represents highly crystallized mush 

zone beneath Shimabara Peninsula. 

1.5. Previous Electromagnetic Studies in Unzen Volcano 

Numerous electromagnetic surveys have been performed in Shimabara area. The surveys differ 

in terms of the sites distribution, targeted structures and the used frequency ranges (data acquisition 

techniques). Among those studies, only two studies (Triahadini et al., 2019; Hashimoto et al., 

2020) that used broadband MT and 3-D modelling. The other studies used higher frequency ranges 

and 1-D modelling (Kagiyama et al., 1999; Srigutomo et al., 2008) and 2-D modelling (Komori et 

al., 2013). In the next paragraph, I summarize the available electromagnetic investigations in the 

vicinity of Unzen volcano. 

First, Kagiyama et al (1999) reported the result from ULF, VLF-MT and ELF (frequency 

range: 30-300 Hz, 300 kHz-3kHz, 0.1 Hz-3 Hz respectively) investigations throughout Unzen 

volcano between 1991-1994. One dimensional model of each stations showed low resistivity layers 

beneath the sites, for example extremely low resistivity layer under Jigokuato-crater (before dome 

extrusion) at very shallow depth. Water saturated zone was the interpretation of the anomaly, while 

hydrothermal zone could be responsible for the anomaly under Jigukoato crater. The model also 

exhibited low resistivity layers at > 10km depth. The authors argued that magma could be located 

at this layer. However, due to limited frequency range and 1-D modelling made the low reliability 

for the deeper structure. The highlight of this study is that the interaction of volcanic gas and 

magma column with water rich layer caused explosive eruption of Unzen volcano in the initial 

eruptive period. 

 Srigutomo et al (2008) carried out Time Domain Electromagnetic (TDEM) surveys around 

Shimabara area during 2001 and 2002. TDEM observation relies on artificial electromagnetic 
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source injected to the ground. This method is effective for investigating structure in the area which 

have high artificial electromagnetic noise and performing ordinary EM method is difficult due to 

steep topography and stiff lava formation. 8 Hz, 32Hz and 128 Hz sampling rate of transient wave 

were used in the survey. The investigation aimed to image resistivity structure and assess magmatic 

volatile supply from deeper region to shallower level in Shimabara Peninsula. The pseudosection 

profiles from one dimensional resistivity models of each sites displayed the low resistivity anomaly 

that extended from west to east Shimabara Peninsula at approximately 300 m to 2 km below 

surface. At the top and beneath this anomaly, high resistivity layers were detected. The relatively 

low resistivity zones were detected adjacent to faults, such as Akamatsudani fault and Take fault. 

It was concluded that the low resistivity zone found in the shallow depth around Shimabara as 

water-saturated layer and hydrothermally altered rocks. The extremely low resistivity layer in 

several sites may indicate contribution of hot ionic gas or fluids (e.g. beneath Mayuyama). The 

contour conductance (product of integration of conductivity and depth) map outlined an elongated 

E-W high conductance that confirmed the E-W orientation of low resistivity anomaly.  It was 

suggested that the release of volcanic gas through the fractures and eastward magma migration 

caused the E-W direction high-conductance to exist beneath Shimabara Peninsula that swarms in 

the vicinity of fractured zones arisen due to release of volcanic gas from magma.  

Komori et al. (2013) conducted a north south two dimensional resistivity profile in the derived 

from eleven AMT and MT sites located in the summit area provides a high resolution resistivity 

structure under Unzen volcano (Mt. Fugen) and the correlation with the hydrothermal system. The 

AMT-MT survey used 1 Hz to 10kHz sampling frequency range. The result indicated an 

intermediate resistivity zone at few hundred meters below surface followed by lower resistivity 

zone around 1-2 km below sea level, with the lowest magnitude was less than 3Ωm in certain part.  
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The low resistivity zone correlated with the decrease of resistivity values from 1000 Ωm to 10 Ωm 

derived from well logging data (USDP-4). The interpretation for the intermediate resistivity zone 

was the water/cold water saturated layer. Moreover, the very low 3Ωm anomalies were suggested 

as low permeability clay acts as hydrothermal sealing zone, to maintain fluids circulation. The 

high temperature fluids were assumed to be maintained within deeper high resistivity zone. A 

pressure source detected > 1km beneath summit supports the shallowly-emplaced dykes that could 

maintain high temperature conditions. Because of limited frequency range used in the observation, 

the structure deeper than 1 km beneath sea level has generally low reliability. Moreover, the 

southern section has too sparse the distributed sites. 

Broadband MT study along single profile line in N-S direction was conducted in the western 

flank, 2 km from Fugendake (Triahadini et al., 2019). The study aimed to determine the resistivity 

structure under Unzen graben and its relationship with the faults of the graben, magma and 

volatiles.  In total, 27 MT stations were installed roughly every 300 meter along a 9 km line 

dissected the graben and EW trending faults in the vicinity area. The typical resistivity layers on 

volcanic area were resulted from 3D inversion. The moderate to low resistivity zone were located 

between upper part and lower part high resistive layers. The low resistivity zone was proposed as 

hydrothermal-fluid rich layer which also follows relatively more conductive near the faults area. 

Compared to all the previous works, the MT sites were closely space and the data was modelled 

by 3-D inversion by finer mesh which could provide a high resolution result. 

  Triahadini et al. (2019) showed that the significant low resistivity zone exists around Chijiwa 

Fault. This anomaly expanded 2 km horizontally to the south of the fault and 4 km vertically, and 

had resistivity value less than 10 Ωm. Due to lack of surface evidence, such as active geothermal 

manifestation in this area and discrepancies with the pressure sources and seismicity locations, so 
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the authors interpreted the low resistivity anomaly as fault conductive zone (FCZ) in which also 

acted as a pathway for fluids movement. FCZ can be resulted by brittle fracture creating 

interconnected pore where fluids may fill the space. Seismic reflection study conducted in the same 

profile line (Matsumoto et al., 2012) shows strong reflectors at the location of low resistivity 

anomaly. Thus, by also taking into account the strong reflectors and location of pressure sources, 

it was concluded that the low resistivity zone as network fractured generated by Chijiwa fault 

where magmatic volatiles from below pressure source were supplied into.  The volatiles enhanced 

the conductivity and also reflector. Moreover, in the center of the survey line, the resistive body 

was found, called R1. They proposed this region as composed multi dykes that might act as magma 

pathway.  

Hashimoto et al. (2020) conducted broadband MT surveys in Fugendake- Heisei shinzan area. 

Their goals were to estimate the mechanisms of implosive earthquakes occurred beneath the lava 

domes and the relationship with the resistivity structure. The total number of MT stations are 14. 

The result from 3-D inversion using fine mesh size in (100 meter horizontally and 50 meter 

vertically) showed a high resistivity layer beneath Fugendake and Heiseishinzan that extends from 

near surface to about sea level. This zone was interpreted as hydrothermal fluid sparse zone. Cold 

water or vapor might fill the pore space in this region. The authors speculated that the vapor filled 

voids may collapse and generate the implosive earthquake. The inversion model also indicated a 

low to moderate resistivity zone in the second layer, at approximately sea level to 2 km beneath 

sea level. Hydrothermal fluids and altered clay minerals were the possible explanation of the low 

resistivity zone. 

To sum up, all of MT research imaged a low resistivity zone at 1-2 km depth in Shimabara 

Peninsula and Unzen.  In general, the low resistivity zone in Shimabara peninsula highlighted the 



17 
 

contribution of hydrothermal system and water rich zone in inside fractured zone. Meanwhile, the 

near surface and deeper level high resistivity zone could be associated with water poor volcanic 

deposits and the basement rocks of Shimabara. However, there were limitation in the stations 

coverage and applied frequency range that lead to poor resolution for upper to mid-crustal structure 

where the magma is possibly emplaced. 
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CHAPTER II 

BASIC MAGNETOTELLURIC METHOD 

 

2.1. Electric conduction of the Earth 

The Earth is composed of various types of rocks and materials that have various physical 

properties. Geophysical methods attempt to obtain physical properties of the Earth, for example, 

using Earth's electrical resistivity. The electrical resistivity (Ohm-meter, Ωm) is the bulk property 

of a material that shows the ability of material to allow electric currents flow through it.  The 

reciprocal term of resistivity is called conductivity (Siemens/meter). 

On the Earth, conduction of the materials arises via some mechanisms of charge carriers. The 

conduction mechanisms are electronic conduction (in metals), ionic conduction (in fluids and 

melts), or electron vacancies (in semiconductor materials). The materials can act as a conductor if 

they contain a large number of high mobility carriers. The semiconductors can carry currents by a 

smaller number of the mobile electrons while the insulator materials have ionic bonding, so the 

electrons cannot move freely. The resistivity of Earth rocks and minerals has a wide range of 

magnitudes compared to other physical properties, such as density or elastic wave velocity. The 

resistivity of Earth materials spans from 10−5 Ωm  for metallic materials (e.g., pyrrhotite) to 

107 Ωm for dry, close-grained rocks such as gabbro. The rocks and minerals are generally grouped 

based on their resistivity/conductivity into three categories (Telford et al., 1990; Simpson and Bahr, 

2005; Chave and Jones, 2012): 

a. Conductors: 10−8 Ωm − ~1 Ωm (e.g., metals, graphite, sulfide) 

b. Semiconductors: 1 Ωm − 107 Ωm (e. g. , mantle olivine ).  

c. Insulators : >107 Ωm (e.g. dry basalt) 
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Most of the rocks on Earth have semiconductor properties. Temperature, pressure amount of 

fluids, salinity, and porosity control resistivity. Electromagnetic sounding methods images bulk 

resistivity (mixture of multiple phases) of the rock, which indicates that the rock holds some 

amount of various types of minerals and or fluids within the rock matrix. A few percentages of 

conductive minerals and or fluids within an interconnected porosity network will significantly 

decrease the bulk resistivity. However, if the conductive phase is stored in isolated pores, it will 

not reduce the bulk resistivity significantly. Therefore, the bulk resistivity is influenced primarily 

by the connectivity and the conductive phase inside the host rock (e.g., Waff, 1974; Glover et al., 

2000).  

2.2.  Magnetotelluric method  

The magnetotelluric method is a geophysical method that utilizes natural time-varying 

electromagnetic fields (E-field and B-field) to image the resistivity structure of the Earth. The MT 

method has advantage of detecting low resistivity zones from the near-surface down to the upper 

mantle. The electromagnetic wave is generated from two kinds of sources that are located outside 

of the Earth. It is assumed that the EM wave propagates to the Earth as a plane wave and has a 

variable frequency ranging from 10-5 to 10-4 Hz.  The first source of EM wave is from the 

worldwide lightning activity, which will produce > 1Hz EM signals. The second EM source comes 

from solar wind activity that interacts with Earth's magnetosphere and will generate EM signals 

below 1 Hz. The EM wave travels to the Earth and induces the internal Earth's electromagnetic 

field. The EM wave follows plane waveguide that normally incident on the surface of the 

conductive Earth. The E-field and B-field are mutually perpendicular to each other. MT sensors 

deployed on the ground will record the orthogonal E-field and B-field variations, and the recorded 

data contains information of magnitude and phase of the E-field and B-field (Tikhonov, 1950; 



20 
 

Cagniard, 1953). The full explanation of MT theory can be found in the published textbooks (e.g., 

Telford et al., 1990; Simpson and Bahr, 2005) 

To understand the propagation of the EM wave, the basic explanation of relationship between 

E-field and B-field follows Maxwell’s equations: 

∇ × 𝚬𝚬 = −𝜕𝜕𝐁𝐁
𝜕𝜕𝜕𝜕

          (2.1) 

∇ × 𝐇𝐇 = 𝐣𝐣𝑓𝑓 + 𝜕𝜕𝐃𝐃
𝜕𝜕𝜕𝜕

          (2.2) 

∇ · 𝐁𝐁 = 0          (2.3) 

∇ · 𝐃𝐃 = 𝜂𝜂𝑓𝑓          (2.4) 

Where E is the electric field (in V/m), B is magnetic induction (in Tesla), H is magnetic field 

(in A/m), D is electric displacement in (C/m2), 𝐣𝐣𝑓𝑓  is the electric current density owing to free 

charges (in A/m2), and 𝜂𝜂𝑓𝑓 is the electric charge density owing to free charges (C/m3) 

Faraday's Law (2.1) shows that the time-varying magnetic field induces corresponding 

changes in the electric field flowing in a closed loop. Ampere's Law (2.2) shows that any electric 

field in the closed-loop will have a corresponding magnetic field that the magnitude is proportional 

to the total current flow.  

Following a linear isotropic medium relationship and together with Ohm’s law 

𝐁𝐁 = μ𝐇𝐇           (2.5) 

𝐃𝐃 = 𝜀𝜀𝐄𝐄           (2.6) 

𝐣𝐣 = 𝜎𝜎E           (2.7) 
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Following the assumption of MT method, in regions of finite conductivity, charges do not 

accumulate to any extent during current flow. The EM wave is not attenuated when propagating 

through free space/air, but will be attenuated when traveling in a conductive medium. The 

frequencies of the used waves are also low. Thus, the time varying displacement currents are 

negligible compared with time-varying conduction currents. The variations of electrical 

permittivity 𝜀𝜀  and magnetic permeability μ of rocks are also insignificant compared with 

variations in bulk rock conductivities, then Maxwell’s equations can be expressed in these forms 

∇ × 𝚬𝚬 = −𝜕𝜕𝐁𝐁
𝜕𝜕𝜕𝜕

          (2.8) 

∇ × 𝐁𝐁 = 𝜇𝜇0𝜎𝜎𝐄𝐄          (2.9) 

∇ · 𝐁𝐁 = 0          (2.10) 

∇ · 𝐄𝐄 = 𝜂𝜂𝑓𝑓/𝜀𝜀          (2.11) 

With electrical permittivity and magnetic permeability in free space are 𝜖𝜖0 = 8.85 ×

10−12 Fm−1 𝜇𝜇0 = 1.2566 × 10−6 Hm−1.  

Using the vector identity ∇ ∙ ∇ × 𝐀𝐀 = 0,  for time-varying fields will be 

∇ ∙ ∇ × 𝐄𝐄 = −𝛁𝛁 ∙ ∂𝐁𝐁
∂t

= − ∂
∂t

(∇ · 𝐁𝐁) = 0       (2.12) 

That explains equation (2.3) ∇ · 𝐁𝐁 = 0 

Equation (2.3) indicates there is no free magnetic charges (monopole) exist. Similarly applied 

the vector identity to equation (2.2), 

∇ ∙ 𝐣𝐣 + ∇ ∙ ∂𝐃𝐃
∂t

= ∇. 𝐣𝐣 + ∂
∂t

(𝛁𝛁 ∙ 𝐃𝐃) = 0       (2.13) 
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The divergence of current density is equivalent to the rate of accumulation of charge density, Q 

∇ ∙ 𝐣𝐣 = − ∂
∂t

(𝛁𝛁 ∙ 𝐃𝐃) = −∂Q
∂t

        (2.14) 

Hence   ∇ ∙ 𝐃𝐃 = Q        (2.14a) 

   

Assuming that no current sources exist within the Earth and no charge accumulation  

∇ · 𝐣𝐣 = ∇ · (𝜎𝜎𝐄𝐄) = 0,    ∇ · 𝐃𝐃 = 𝜀𝜀𝜀𝜀0∇ · 𝐄𝐄 = 0      (2.14b) 

For the case of homogeneous half-space  

∇ · (𝜎𝜎𝐄𝐄) = σ∇ · 𝐄𝐄 + 𝐄𝐄 · ∇σ = σ∇ · 𝐄𝐄 

However, for layered earth, there will be conductivity variation in the horizontal direction: 

𝐄𝐄 = (𝐸𝐸𝑥𝑥,𝐸𝐸𝑦𝑦, 0) 

For a conductivity distribution that varies in the vertical direction and one horizontal electric fields: 

𝐄𝐄 = (𝐸𝐸𝑥𝑥, 0,0) 

In the case that electric field perpendicular to a boundary, ∇ · 𝐄𝐄 ≠ 0 , thus  

𝐄𝐄 = (0,𝐸𝐸𝑌𝑌, 0) 

For the case of the Earth, the time-varying external magnetic field induces an electric field (2.1), 

which in turn induces a secondary internal magnetic field (2.2). The curls of equations (2.1), 

equation (2.2) and assuming an Earth model with ∇∙E=0,  are 

∇ × (∇ × 𝐄𝐄) =∇(∇∙E)−∇2𝐄𝐄 = −∇ × ∂𝐁𝐁
∂t

= 𝜇𝜇0𝜎𝜎
∂𝐄𝐄
∂t

     (2.15) 
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In the plane wave, with a surface amplitude 𝐸𝐸0 and the harmonic time dependence of the form 

𝑒𝑒−𝑖𝑖𝑖𝑖𝜕𝜕, and assumption on the Earth model for which ∇ ∙ 𝐄𝐄 = 0, equation (2.15) can be rewritten 

as        

∇2𝐄𝐄 = 𝑖𝑖𝑖𝑖𝜇𝜇0𝜎𝜎𝐄𝐄          (2.15a) 

Similarly, for the magnetic field  

∇2𝐁𝐁 = 𝜇𝜇0𝜎𝜎
∂𝐁𝐁
∂t

                     (2.16) 

∇2𝐁𝐁 = 𝑖𝑖𝑖𝑖𝜇𝜇0𝜎𝜎𝐁𝐁          (2.16b) 

Equations (2.15b) and (2.16b) shows that EM fields propagate diffusively through the Earth 

and are exponentially attenuated. 

For the plane electromagnetic waves, electric field and magnetic field with the original 

amplitude E1 , angular frequency ω (period, 𝑇𝑇 = 2𝜋𝜋
𝑖𝑖

) and wavelength 𝜆𝜆 = 2𝜋𝜋
|𝐤𝐤| , where k is a 

wavenumber. The wave is assumed to propagate along the z-axis so that the XY-plane is the plane 

of polarization.  XY-plane is the horizontal polarization, and z is positive downward.  

The mathematical expressions are: 

𝐄𝐄 = 𝐄𝐄𝟏𝟏eiωt−kz + 𝐄𝐄2eiωt+kz        (2.17) 

Assuming that the Earth does not generate electromagnetic energy, E2 must be zero 

 

𝜕𝜕2𝐄𝐄
𝜕𝜕𝑧𝑧2

= 𝑘𝑘2𝐄𝐄1eiωt−kz = 𝑘𝑘2𝐄𝐄        (2.18) 

In the uniform  half-space model, 𝜕𝜕
2𝐄𝐄

𝜕𝜕𝑥𝑥2
= 𝜕𝜕2𝐄𝐄

𝜕𝜕𝑦𝑦2
= 0, thus 
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∇2𝐄𝐄 = 𝑘𝑘2𝐄𝐄= 𝑖𝑖𝑖𝑖𝜇𝜇0𝜎𝜎𝐄𝐄         (2.19) 

𝑘𝑘 = �𝑖𝑖𝑖𝑖𝜇𝜇0𝜎𝜎 = √𝑖𝑖�𝑖𝑖𝜇𝜇0𝜎𝜎 = 1+𝑖𝑖
√2 �𝑖𝑖𝜇𝜇0𝜎𝜎 = �𝑖𝑖𝜇𝜇0𝜎𝜎/2+𝑖𝑖�𝑖𝑖𝜇𝜇0𝜎𝜎/2   (2.20) 

The inverse of the real part of k is 

𝑝𝑝 = 1
𝑅𝑅𝑅𝑅(𝑘𝑘) = �2/𝑖𝑖𝜇𝜇0𝜎𝜎         (2.21) 

Taking 𝜇𝜇0 = 4𝜋𝜋 × 10−7, the equation (2.21) can be re-expressed as 

𝑝𝑝 = 𝛿𝛿 ≈ 503�𝜌𝜌𝑇𝑇         (2.22) 

Equation (2.22) is called the skin depth, the distance where the EM signal is attenuated by 

1/e≈ 37%. The equation shows that the deep penetration of EM waves depends on the period or 

frequency of the signal and Earth's resistivity. Equation (2.22) also shows that a longer period is 

necessary to detect a deeper structure.  

Taking derivative of Ex = E1xeiωt−kz with respect to z, I get  

∂Ex
∂z

= −𝑘𝑘Ez          (2.23) 

Now, take the full notation of curl operator for equation (2.1)  

∇ × 𝐄𝐄 =  �∂Ez
∂y

− ∂Ey
∂z

, ∂Ex
∂z

− ∂Ez
∂x

, ∂Ey
∂x

− ∂Ex
∂y
�      (2.24) 

The B-field travels downward in the z-direction and the induced E-field does not have a z-

component (Ez = 0). The Bz component is also zero in the inducing magnetic field due to the far 

distance from the source. Thus, the ∂Ey
∂x

, ∂Ex
∂y

 is also zero.  

By comparing equation (2.24) to equation (2.1), I get 
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∂Ex
∂z

= −∂B𝑦𝑦
∂t

= −𝑖𝑖𝑖𝑖𝐵𝐵𝑦𝑦 = −𝑘𝑘Ex        (2.25) 

The transfer function in the Earth model describes a linear relationship between the measured 

physical properties in the field. The Schmucker-Weidelt transfer function, 

𝐶𝐶 is equal to the inverse of 𝑘𝑘. 

𝐶𝐶 =  1
𝑘𝑘

= 𝐸𝐸𝑥𝑥
𝑖𝑖𝑖𝑖𝐵𝐵𝑦𝑦

            

� 1
�𝑖𝑖𝑖𝑖𝜇𝜇0𝜎𝜎

�
2

= � 𝐸𝐸𝑥𝑥
𝑖𝑖𝑖𝑖𝐵𝐵𝑦𝑦

�
2
   

𝜌𝜌 = 1
𝜎𝜎

= 1
𝜇𝜇0𝜔𝜔

�𝐸𝐸𝑥𝑥
𝐵𝐵𝑦𝑦
�
2
         (2.26) 

    

Now, I see that from measuring the  E-field and B-field in XY-plane and the frequency 

domain, the resistivity (𝜌𝜌 in Ωm) of the homogenous half-space can be calculated.  

𝑍𝑍𝑖𝑖𝑖𝑖  is the second rank magnetotelluric impedance which shows the ratio between the 

orthogonal electric and magnetic field. The 𝑖𝑖𝑖𝑖 indicates the corresponding component's directions. 

𝐄𝐄 = 𝐙𝐙 ∙ 𝐁𝐁          (2.27) 

�
𝐸𝐸𝑥𝑥(𝑖𝑖)
𝐸𝐸𝑦𝑦(𝑖𝑖)

� = �
𝑍𝑍𝑥𝑥𝑥𝑥(𝑖𝑖) 𝑍𝑍𝑥𝑥𝑦𝑦(𝑖𝑖)
𝑍𝑍𝑦𝑦𝑥𝑥(𝑖𝑖) 𝑍𝑍𝑦𝑦𝑦𝑦(𝑖𝑖)

� �
𝐵𝐵𝑥𝑥(𝑖𝑖)/𝜇𝜇0
𝐵𝐵𝑦𝑦(𝑖𝑖)/𝜇𝜇0

�      (2.28) 

𝜌𝜌 = 1
𝜇𝜇0𝑖𝑖

�𝑍𝑍𝑖𝑖𝑖𝑖(𝑖𝑖)�
2
         (2.29)  

Since 𝐙𝐙𝑖𝑖𝑖𝑖(𝑖𝑖)  in the frequency domain is a complex number, it has a phase that can be 

calculated by : 
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 𝜙𝜙𝑖𝑖𝑖𝑖 = tan−1 𝐼𝐼𝐼𝐼(𝑍𝑍𝑖𝑖𝑖𝑖)
𝑅𝑅𝑅𝑅(𝑍𝑍𝑖𝑖𝑖𝑖)

         (2.30) 

In 1-D model of the Earth, the resistivity will vary only in the vertical direction. The 

magnitudes of off-diagonal components ( 𝑍𝑍𝑥𝑥𝑦𝑦,𝑍𝑍𝑦𝑦𝑥𝑥)  are the same but have opposite signs. 

Meanwhile, the diagonal components ( 𝑍𝑍𝑥𝑥𝑥𝑥,𝑍𝑍𝑦𝑦𝑦𝑦) are zero. 

�
𝐸𝐸𝑥𝑥(𝑖𝑖)
𝐸𝐸𝑦𝑦(𝑖𝑖)

� = � 0 𝑍𝑍
−𝑍𝑍 0� �

𝐵𝐵𝑥𝑥(𝑖𝑖)/𝜇𝜇0
𝐵𝐵𝑦𝑦(𝑖𝑖)/𝜇𝜇0

� 

In a 2-D model, the resistivity is changed by one horizontal direction and also by vertical 

direction. The off diagonals components have different magnitudes. The x-direction and y-

direction aligned along with electromagnetic strikes, so the diagonal components are zero. 

�
𝐸𝐸𝑥𝑥(𝑖𝑖)
𝐸𝐸𝑦𝑦(𝑖𝑖)

� = �
0 𝑍𝑍𝑥𝑥𝑦𝑦(𝑖𝑖)

𝑍𝑍𝑦𝑦𝑥𝑥(𝑖𝑖) 0 � �
𝐵𝐵𝑥𝑥(𝑖𝑖)/𝜇𝜇0
𝐵𝐵𝑦𝑦(𝑖𝑖)/𝜇𝜇0

� 

For a 3-D Earth case, all components of the impedance tensor differ from each other. In the 

actual field, the Earth cannot be described only by one type of model. Instead, the impedance may 

show 1-D case in a short period, but as the sounding period increases, the impedance will have a 

3-D model characteristic. 

2.3.  Geomagnetic transfer function 

During data acquisition, horizontal electric field and magnetic field in xy-plane are measured 

as well as the vertical magnetic field. Lateral earth conductivity gradient will generate the vertical 

magnetic fields. The transfer function between the horizontal and vertical magnetic fields is called 

induction vector (Tipper), expressed in equation (2.30).  

𝐻𝐻𝑧𝑧(𝑖𝑖) = (𝑇𝑇𝑧𝑧𝑥𝑥(𝑖𝑖) 𝑇𝑇𝑧𝑧𝑦𝑦(𝑖𝑖)) �
𝐵𝐵𝑥𝑥/𝜇𝜇0
𝐵𝐵𝑦𝑦/𝜇𝜇0

�       (2.30) 
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𝐵𝐵𝑧𝑧 = 𝑇𝑇𝑧𝑧𝑥𝑥𝐵𝐵𝑥𝑥 + 𝑇𝑇𝑧𝑧𝑦𝑦𝐵𝐵𝑦𝑦         (2.31) 

The induction vector is represented as an arrow with its corresponding vector direction. The 

induction arrows represent lateral conductivity variations, with the tip of the arrows pointing 

towards the strong internal current concentrations (Parkinson criteria). If  I use the Wiese criterion, 

the arrows will point awa the current concentrations. Like 𝑍𝑍𝑖𝑖𝑖𝑖(𝑖𝑖), which has complex numbers, the 

tipper is composed of complex numbers. The induction arrows lengths (L) and direction (θ) can 

be calculated from the complex number components, 

𝐿𝐿 = �𝑅𝑅𝑒𝑒𝑇𝑇𝑧𝑧𝑥𝑥2 + 𝑅𝑅𝑒𝑒𝑇𝑇𝑧𝑧𝑦𝑦2 �
1/2

        (2.32) 

𝜃𝜃 = tan−1 �𝑅𝑅𝑅𝑅𝑇𝑇𝑧𝑧𝑦𝑦
𝑅𝑅𝑅𝑅𝑇𝑇𝑧𝑧𝑥𝑥

�         (2.33) 

For the Wiese criterion, the imaginary part is used in the calculation. 

2.4.  Phase tensor 

The magnetotelluric impedance tensor Z is composed of complex numbers (in each 

component) and contains phases as the relationship between the real and imaginary parts. This 

relationship is also described as frequency-dependent second–rank tensor (Caldwell et al., 2004). 

The phase tensor is graphically represented as an ellipse of the corresponding frequency (Chapter 

4, Figure 4.). The major and minor axes of the ellipse indicate the principal axes of the tensor. The 

mathematical expression (equation 2.35) of the phase tensor shows that the tensor is free from 

distortion, affecting the impedance tensor. 

The phase tensor is generalized as the ratio between the inverse of the real part of the 

impedance tensor X and the imaginary part Y. Given D is frequency-independent distortion matrix, 
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𝐗𝐗𝐑𝐑 and 𝐘𝐘𝐑𝐑 are the real part and imaginary part of regional impedance tensor, the phase tensor can 

be described to be free from distortion as follow 

𝐙𝐙 = 𝐗𝐗 + 𝐢𝐢𝐘𝐘          (2.34) 

𝚽𝚽 = 𝐗𝐗−𝟏𝟏𝐘𝐘          (2.35) 

𝚽𝚽 = (𝐃𝐃𝐗𝐗𝐑𝐑)−𝟏𝟏(𝐃𝐃𝐘𝐘𝐑𝐑)         (2.35a) 

𝚽𝚽 = 𝐗𝐗𝐑𝐑𝐃𝐃−𝟏𝟏𝐃𝐃𝐘𝐘𝐑𝐑=𝐗𝐗𝐑𝐑−𝟏𝟏𝐘𝐘𝐑𝐑        (2.35b) 

𝚽𝚽 = 𝚽𝚽𝑹𝑹           (2.35c) 

In the Cartesian coordinate (x1, x2), the phase tensor is: 

𝚽𝚽 = �Φ11 Φ12
Φ21 Φ22

� = 1
det(𝐗𝐗)

�𝑋𝑋22𝑌𝑌11 − 𝑋𝑋12𝑌𝑌21 𝑋𝑋22𝑌𝑌12 − 𝑋𝑋12𝑌𝑌22
𝑋𝑋11𝑌𝑌21 − 𝑋𝑋21𝑌𝑌11 𝑋𝑋11𝑌𝑌22 − 𝑋𝑋21𝑌𝑌12

�   (2.36) 

The major and minor axes are calculated (equation 2.37 and 2.38) from 

Φ1 = [Φ11 + Φ22]/2         (2.37) 

Φ2 = [det(𝚽𝚽)]1/2         (2.38) 

Φ3 = [Φ12 − Φ21]/2         (2.39) 

Φ𝐼𝐼𝑚𝑚𝑥𝑥 = (Φ1
2 + Φ3

2)1/2 + (Φ1
2 + Φ3

2 − Φ2
2)1/2     (2.40) 

Φ𝐼𝐼𝑖𝑖𝑚𝑚 = (Φ1
2 + Φ3

2)1/2 − (Φ1
2 + Φ3

2 − Φ2
2)1/2      (2.41) 

The orientation of the axes is given as 𝛼𝛼 − 𝛽𝛽, in which  

𝛼𝛼 = 1
2

tan−1 �Φ12−Φ21
Φ11+Φ22

�         (2.42) 



29 
 

𝛽𝛽 = 1
2

tan−1 �Φ12+Φ21
Φ11−Φ22

�         (2.43)  

 

2.5.  Magnetotelluric surveys for active volcanoes 

Recently, the number of investigation on volcanic structures using magnetotelluric method 

have been rising. The advantage of using this method for volcanic imaging are the sensitivity of 

MT method in detecting low resistivity zone. Hydrothermal fluids/alteration, magmatic fluids and 

partial melts have low resistivity magnitude than the surrounding rocks, making these area 

excellent target for MT studies. Since the growing number of MT studies in the volcanic field, 

similar low resistivity anomaly in various volcanoes were interpreted differently. In this section, a 

brief summary of MT studies in the volcanoes worldwide are presented. 

A laterally extended cap like low resistivity zone are commonly detected at several hundred 

meters beneath the active volcanoes. The low resistivity anomalies have been imaged in several 

volcanoes such as: Aso caldera (Matsushima et al., 2020); Kirishima volcanic zone (Aizawa et al., 

2014; Tsukamoto et al., 2018); Hakone volcano (Yoshimura et al., 2018); Krafla volcanic field 

(Lee et al., 2019) and Tulu Moye geothermal field (Samrock et al., 2018); Tongariro volcanic zone 

(Hill et al., 2015). The common interpretation for the thin low resistivity layer is hydrothermal 

alteration or clay cap, with the specific clay mineral type is smectite. Smectite is a common 

hydrothermal alteration mineral at temperature below 220° C (Ussher et al., 2000; Lee et al., 2020). 

The result from geothermal exploration drilling encountered clay mineral can support the 

interpretation.  Beneath the layer, the increase of resistivity is caused by clay mineral transition 

from smectite to chlorite/epidote or propylitic which are stable at higher temperature and pose 

higher resistivity (Lee et al., 2020; Arnason et al., 2010).  Due to low permeability, the clay cap 
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acts as a fluid barrier and to maintain the circulation of the underlying hydrothermal fluids. Another 

example, the low resistivity layer can be proposed as a combination of hydrothermal alteration and 

shallow aquifer layer, such as in Uturuncu Volcano (Comeau et al., 2016). Thus, it is commonly 

thought that low resistivity layer at shallow depth beneath active volcanoes are caused by 

hydrothermal alteration.  

In a deeper region beneath volcano, a localized but huge low resistivity zone is detected. The 

general interpretation might be associated with fluids (hydrothermal or magmatic) and partial melt. 

However, it is noted that a single interpretation for one conductive body is difficult. Since both 

partial melt and hydrothermal fluids will have low resistivity magnitude due to high salinity 

content. The constraint from other methods such as seismic tomography or petrological analysis 

may convince the interpretation. For the quantitative interpretation of resistivity anomaly, several 

equations of bulk resistivity of a material can be used. For example, Hashin-Shtrikman upper and 

lower bounds, Archie’s law and Waff’s equation which will explain that the bulk resistivity 

anomaly is primarily controlled by the percentage of the constituent conductive materials and the 

pore connectivity (Archie, 1942; Hashin and Shtrikman, 1962; Waff, 1974;). Small amount of melt 

(e.g. < 20%) are the possible interpretation for the low resistivity anomaly. For example, in: 

Tongariro volcano (Hill et al., 2015); Uturuncu Volcano (Comeau et al., 2016); and Laguna del 

Maule (Cordell et al., 2018). If the subvertical conductor that span from 2-10 km bsl is imaged 

beneath the volcano, the possible interpretation is magmatic fluid/hydrothermal fluids. Judging 

whether partial melt is existed at the resistivity anomaly or not depends on the constraint of 

earthquakes location and constraint from other method, such as tomography of seismic, seismic 

attenuation etc. In the case unavailability of the constraints, the interpretation may refer to the 

combination between fluids and partial melt are better. 
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CHAPTER III 

BROADBAND MAGNETOTELLURIC SURVEY 

3.1. Magnetotelluric Survey Layout 

The Magnetotelluric equipment is composed by 3 induction coils, 5 non polarizing electrodes, 

12 V batteries, and a data logger (ADU-07 Metronix). The magnetic field is recorded using 

induction coil magnetometers type MFS07e which is developed by Metronix. The coil covers wide 

range of frequency, from 0.001 Hz – 50 kHz. To sample magnetic field in two horizontal direction 

North-South (Hx) and East-West (Hy) as well as vertical component (Hz), three induction coils 

are buried under surface. Compass and spirit level are necessary to adjust the placement of the 

induction coils in the ground. The electric field is measured in two horizontal orientations by using 

non polarizing Pb-PbCl2 electrodes. Two dipoles are placed in two orthogonal directions. The 

directions are magnetic North-South and East-West direction representing Ex and Ey components 

then one electrode is buried as a common ground. The sensors are buried to avoid environmental 

disturbance, such as temperature variations, shifted sensor position due to wind or animals and 

also to maintain contact resistance. The induction coils are buried approximately 5 meter from the 

logger. One dipole of electrodes in a direction, for example North-South, should have a distance 

between each other approximately 10-30 meters. Longer distance will give a high signal to noise 

ratio (Simpson and Bahr, 2005). The installation layout of the MT equipment can be seen in Figure 

3.1. 
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Figure 3.1 Magnetotelluric survey layout. 

 

3.2. Broadband Magnetotelluric Observation in Shimabara Peninsula 

Magnetotelluric survey in Shimabara Peninsula was conducted between 2017-2020 (four 

phases). In total, 99 magnetotelluric sites were installed within the survey period. Electric field (E-

field) and magnetic field (B-field) were simultaneously recorded using ADU-07 equipment by 

Metronix geophysics at 27 sites. The magnetic field will not greatly vary in lateral direction of 

relatively local measurement (Munoz et al 2013), so for the efficiency the magnetic fields are not 

recorded at all sites. The rest 72 sites recorded only E-field using ELOG1K logger developed by 

NT System Design. To obtain response function the E-field only sites were paired to a close 

magnetic site which measured also B-field during the same period (e.g. Munoz et al 2013).   

I installed the equipment in various places, such as forest, rice fields, or farms. The sites 

distribution is shown in Figure 1.2 (Chapter one). During the survey, I recorded the time series 
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data the for 5 days to 14 days at most sites, except certain ADU-07 sites 32Hz sampling frequency 

was used. I set sampling the sampling frequency 1024Hz for recording in midnight. 

The initial phase of MT installation in Unzen volcano was begun during the end of April to 

middle of May 2017. In total, 27 observation points were installed which consists of 4 sites to 

record simultaneously E-field and B-field and 23 sites to only record E-field. All stations were 

distributed along nearly 9 km line in North-South direction. This line is situated about 2 km west 

of active summit of Unzen. The spatial distance of each sites is approximately 200-300m. The 

result of this survey has been published in Triahadini et al 2019.  

The second phase was conducted in August 2018. In this period, 14 sites were deployed on 

the summit area around Myoken caldera, Fugendake and Heisei-Shinzan, and also eastern flank. 

Among 14 sites, two sites for recording E-field and B-field were installed in the eastern flank area 

considering accessibility. Meanwhile in the summit area, E-field only sites were installed. The 

result of this campaign is published by Hashimoto et al 2020, in which the several sites from this 

survey are used in this dissertation. 

In December 2019, 23 stations were installed in southern part of Shimabara 

(Minamishimabara). Seven sites recorded E-field and B-field. Sixteen sites recorded only E-field. 

The sites were spatially distributed about 2-4 km. The recording period is about one week to 10 

days at most sites, and 14 days for particular sites that these sites specially appointed as local 

reference for telluric sites. 

The final MT survey in Shimabara was finished in December 2020. I deployed the equipment 

in northern part and eastern part of Shimabara Peninsula. Some area in southern part and western 

part that were not measured in previous surveys were also targeted. In total, 35 sites were installed 
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which consisted of 15 sites to record full component and 20 sites to record E-field only. The spatial 

distance of every sites was roughly same with the campaign in the previous year. The duration of 

recording was 10 days to three weeks.  

3.3.  Data Analysis 

The recorded data is contaminated by noise, particularly for the frequencies at 60 Hz, 180 

Hz, 300 Hz, and its overtone. I removed these noise by applying a notch filter (Aizawa et al., 2014). 

Then, I applied the remote reference technique to remove incoherence noise between the 

observation site and reference site, which simultaneously records data (Gamble et al., 1979). The 

remote reference geomagnetic sites for the frequency > 1 Hz sampling data are sites in Kirishima 

volcano complex and Kuju volcano complex, which are located more than 80 km from Shimabara 

Peninsula. For the frequency ≤1 Hz, I used geomagnetic data from Kakioka Geomagnetic 

observation operated by Japan Meteorological Agency. We processed the data using Bounded 

Influence Remote Reference code developed by Chave and Thomson (2004).  

At each sites, I recorded data for several days, thus there are transfer function from each 

recording days for one site. For each sites, I implemented weighted average to the transfer 

functions from all recording days. The transfer functions (Zxx, Zxy, Zyx, Zyy, Tzx, Tzy) as the 

function of period were produced. Before I proceeded to inversion step, I sorted out outliers in the 

obtained transfer function by performing visual inspection. 

 

3.4. Three-dimensional Inversion 

In the inversion step, the calculation is performed to produce an Earth model which has 

minimum model norm with acceptable misfit between the observed data and the theoretical 
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responses. I used an inversion algotrithm for 3-D model namely WSINV3DMT developed by 

Siripunvaraporn et al. (2005; 2009) that includes the topography. WSINV3DMT is based on data-

space method for Occam’s inversion. In the data-space method, the computational costs and 

required arrays rely primarily on the dimension of independent data N, rather than model 

parameters M. The inversion requires small number of iterations to achieve a reasonable model. In 

this inversion, the model is estimated by seeking a model with minimum norm that has appropriate 

fit to the data residual and smoothing parameter. The inversion can be achieved by finding 

stationary points of an unconstrained functional U (m, λ): 

𝑈𝑈(𝒎𝒎,𝜆𝜆) = (𝐦𝐦−𝐦𝐦0)𝐂𝐂m−1(𝐦𝐦−𝐦𝐦0) + λ−1{(𝐝𝐝 − 𝐅𝐅[𝐦𝐦])T𝐂𝐂d−1(𝐝𝐝 − 𝐅𝐅[𝐦𝐦])}                

Here m is the resistivity model, m0 is the prior model, Cm the model covariance matrix which 

defines the model norm, d the observed data, F[m] the model response, Cd the data covariance 

matrix, and 𝜆𝜆−1 a Lagrange multiplier. The inversion requires iterative approach to overcome non-

linearity in the inverse problem. There are two stage to reach the goal of inversion (Phase I and 

Phase II). The targeted normalize root mean square (RMS) misfit to the data is defined as 

�𝐂𝐂d−1(𝐝𝐝 − 𝐅𝐅[𝐦𝐦])� /N. During Phase I, the inversion finds the minimum norm model subject to 

this RMS by iterative approach. 

 After reaching the target misfit, the next stage keeps the misfit at the desired level while 

varying 𝜆𝜆 to achieve the model with smallest norm (Phase II) and the targeted misfit.  Reducing 

the model norm is performed by ‖(𝐦𝐦−𝐦𝐦0)𝐂𝐂m−1(𝐦𝐦−𝐦𝐦0)‖. 

The inversion primarily depends on forward modeling for computing model responses and 

sensitivities. The observed data used in the inversion is the full impedance tensor including both 

real and imaginary parts and vertical magnetic transfer function, tipper. The forward model steps 
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solve the second order Maxwell’s equations for the electric field (equation 2.15, Chapter 2) with a 

staggered grid finite difference numerical approach. The magnetic field components are then 

computed from Faraday’s law ∇ × 𝐄𝐄 = 𝑖𝑖𝑖𝑖𝜇𝜇𝐇𝐇  and then interpolated to the observation locations. 

The response impedance tensor is calculated from the combination of horizontal electric field and 

magnetic field. The tipper data is computed as for the horizontal magnetic components by taking 

curl of the electric field in Faraday’s law then the result is interpolated to observation locations 

(cell centers). The model covariance matrix Cm defines the estimated magnitude and smoothness 

of resistive variation relative to the base model. The 1-D diffusion equations is calculated. The 

decorrelation scale for the diffusion equation in all directions changed by space with length scale 

proportional to �(4𝛿𝛿𝛿𝛿) of the local grid resolution. δ is a real number between 0 and 1 and τ is an 

integer number that indicates time step. Both numbers show the smoothing parameters of the 

model length scale. Large number of 𝛿𝛿 and 𝛿𝛿 yield a smoother model but requires more CPU time.  

Both parameters are user defined parameters and control the characteristic of model covariance 

(Cm).. 

I set a minimum mesh in the center calculated as 800 meters for horizontal direction and 30 

meters for vertical direction (at sea level until 150 meter bsl only). The highest point in the vertical 

direction is 1400 meter above sea level that was by divided by vertical mesh with size of 100 meter 

until the altitude 900 meter above sea level. Then the mesh size is changed to 50 meters in the 

lower altitude area, 30 meters at sea level and gradually increases size to accommodate a deeper 

level. The total calculated area is 600 km x 600 km x 116 km.  The total number of cells is 68 x 

68 x 65 in the XYZ direction (Figure 3.2). For the initial half-space resistivity, I set 100 Ωm for 

land, 0.25 Ωm for sea and 108 Ωm for air. 
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Figure 3.2. The mesh configuration and sites for 3-D inversion in this study. The sites are marked as solid 

black circles. I used 70 MT sites that included sites installed by Triahadini et al. (2019) and Hashimoto et 

al. (2020) and also Amakusa island sites. 

 

In addition to the survey sites in 2019-2020, I also used eight sites from the densely spaced 

MT stations in the western flank of Unzen volcano (Triahadini et al., 2019), four sites around the 

Heisei-shinzan and the Fugendake (Hashimoto et al., 2020), and three sites in Amakusa island. In 

total, I used 70 sites for the inversion. I inverted full impedance and tipper of 15 periods (0.01 – 

3276 s). I excluded the diagonal component of impedance and tipper data for the period < 0.4 s.  

Since the inversion model inherits a non-uniqueness problem, I performed the inversions with 

varying parameters. The varying parameters are the initial resistivity for land, smoothing 

parameters 𝛿𝛿, and error floor for the impedance tensor and tipper. On the next chapter, I show the 

3-D resistivity model obtained from τ = 10, δx = 0.1, δy=0.1, δy=0.1 with error floor 10 % for 
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impedance and tipper. The optimal resistivity model was obtained after 8 iterations and had RMS 

1.50 from initial RMS 5.22. I confirmed that the main features of the resistivity structures discussed 

in the next sections were common among the models I tested. 
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CHAPTER IV 

RESULT 

The sounding curves of apparent resistivity and phases of observed data and calculated 

responses generally show that the inverted response can explain the observed data (Figure S2 

Supplementary materials). The apparent resistivity calculated from sum of square of impedance 

(Rung-Arunwan et al., 2016) of observed data and calculated responses are presented in Figure 

4.1a and also show good consistency between inversion response to observed data. In the phase 

tensor map, the colors represent the magnitude (in degree) of Φ2 (�Φ𝐼𝐼𝑚𝑚𝑥𝑥Φ𝐼𝐼𝑖𝑖𝑚𝑚)  which is a 

geometric mean of principal axes of phase tensor. It is an indicator of resistivity changes with 

depth (e.g. Hill et al., 2009). If Φ2 > 45˚ (red color), it represents that the resistivity increases with 

depth and vice versa (Figure 4.1b). The directions of response induction vectors generally show 

consistencies with observed induction vector (Figure 4.1a). The directions of induction vectors in 

the period 25.6 s are varied that indicate the absence of high conduction with particular geoelectric 

strikes.  As the period increased, the vectors tend to point to the WSW direction (direction to 

Tachibana bay). In addition, the  Φ2 in the shorter periods are generally larger than  45o, with 

almost circular shapes (Φ𝐼𝐼𝑚𝑚𝑥𝑥 ≅  Φ𝐼𝐼𝑖𝑖𝑚𝑚) at most sites (Figure 4.1b). These are the signature of low 

resistivity zone is widespread in the shallow level. In the longer periods, the Φ2 magnitudes are 

below 45o and deviate from the circular shape (Φ𝐼𝐼𝑚𝑚𝑥𝑥 >  Φ𝐼𝐼𝑖𝑖𝑚𝑚)  at most sites. These features are 

an indication of resistivity increase with the depth and the presence of 3-D structures. 
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Figure 4.1 a) Apparent resistivity and corresponding periods calculated from sum of square of impedances 

(Rung-Arunwan, 2016). The vectors correspond to Tipper using Parkinson criterion. It is noted that the 

Tipper were included in the inversion for period > 0.4s. b) The phase tensor (Caldwell et al., 2004) 

representation between observed data (upper panel) and calculated responses (lower panel). The color fills 

show the magnitude of 𝛷𝛷2(�Φ𝑚𝑚𝑚𝑚𝑚𝑚Φ𝑚𝑚𝑖𝑖𝑚𝑚) . On both figures, the sites that contain outliers are excluded. 
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Figure 4.2 Horizontal view of resistivity structures beneath Shimabara Peninsula. Each figure corresponds 

to specific depth. Earthquakes (Umakoshi et al., 2001) in depth range are plotted as dots. The location of 

hotsprings are denoted as white stars while Fugendake is represented by white triangle. The faults in 

Shimabara Peninsula are plotted as white lines at the two top-left figures. Three resistivity anomalies are 

written as C1, C2, and R1. Pressure sources of Kohno et al (2008) are marked as red circles. 
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Figure 4.3. Vertical profiles of resistivity model in EW direction. A-A’ : along Chijiwa Fault, B-B’ : across 

summit Fugendake, C-C’: along southern boundary of Unzen graben. Hypocenters from the 1990-1995 

eruption (Umakoshi et al., 2001) are plotted as black circles. Pressure sources (Kohno et al., 2008) are 

marked as red circles. 

 

Figures 4.2 and 4.3 shows the horizontal and vertical slices of the optimal resistivity structure. 

Around the depth of 1-3 km b.s.l, the low resistivity zones are mostly concentrated near faults 

region (Figure 4.2). Especially in the northern (Chijiwa Fault) and southern boundary of Unzen 
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graben. The low resistivity anomaly beneath Chijiwa fault was previously detected by Triahadini 

et al. (2019), and was confirmed also in the new model. The low resistivity zones extend in 

particular places in Shimabara Peninsula which are not detected by previous MT observations. To 

the western coast of Shimabara Peninsula, the low resistivity zone extends into > 5 km bsl dipping 

to WSW, this zone is called C1. Beneath Fugendake, the low resistivity is detected until 5 km 

below sea level and extended to ENE of Shimabara City. I call this zone C2, and it dips into > 5 

km beneath sea level beneath Ariake sea in the NE direction. Beneath the conductive zones, the 

high resistivity zone starts from 1.5 km in the center of Shimabara peninsula and expands to wider 

region in the deeper part. This zone is called R1.  

I confirmed the robustness of the three anomalies by performing a sensitivity test. C1 and C2 

were replaced by blocks with resistivity range 100-1000 Ωm (Figure S4, S5). Meanwhile, in the 

R1 region, the resistivity was modified to range 1-50 Ωm (Figure S3). Replacing those regions and 

running forward modeling increased the RMS of modified models. It indicates that the model 

needs C1-C2 and R1 as low resistivity and high resistivity zones. The details of the various 

sensitivity tests are shown in the Supplementary material. I also applied forward calculation for 

deducing the possible range of R1. When R1 was replaced by resistivity 300-10000 Ωm, the RMS 

was not increased, indicated that R1 can explain the resistivity values of 300-10000 Ωm. Assessing 

the resistivity range for C1 and C2 by the same procedures inferred that a single resistivity value 

could not explain C1–C2 (e.g., 10 Ωm in the whole area).  The inversions with varying parameters 

(smoothing parameters, error floor, initial resistivity of half-space) also generally produced similar 

C1, C2, and R1 structures. The dimensions of C1, C2, and R1 from the inversions with various 

parameters differ due to the smoothing of structures but support that the three anomalies are robust. 

The optimal model was selected based on the model that has smoother structures, minimum 
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artefacts and stable RMS changes after forth iteration. Thus, the following discussion part in 

general is suitable for the shape differences in the anomalies. The detail of varying inversion, 

sensitivity tests, and forward modeling is explained in the supplementary materials. 

 

Figure 4.4 Sensitivity test in C1 (upper part) by modifying the resistivity as 1000 Ωm, C2 (middle part) by 

modifying the resistivity as 1000 Ωm and R1 (lower part) by modifying the resistivity as 1 Ωm. The forward 

modeling for the three structures raised the RMS compared to the original model. 
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CHAPTER V 

DISCUSSION 

 

In this section, I would like to focus in the interpretation of > 1 km below sea level of Shimabara 

Peninsula. Details for structure in near surface level and beneath Fugendake and Heisei-shinzan 

lava domes are not included in the discussion. 

5.1. High Resistive zone R1 

The resistivity model shows a high resistive zone about 3 km west of Fugendake, at a depth 

around 1.5 km b.s.l (top of R1).  The top of R1 spatially correlates with the location of several 

eroded peaks from the Older Unzen stage (> 200 ka) (Hoshizumi et al., 1999). It was thought that 

a high resistive zone is interpreted as solidified magma (e.g., Aizawa et al., 2014; Bedrosian et al., 

2018; Matsushima et al., 2020). The top of R1 coincides with the high-velocity zone reported by 

Nishi (2002) and Miyano et al. (submitted) (Figure 5.1, dashed black line in Figure 5.3). Thus, I 

propose this zone as solidified magma intrusion from the Older Unzen stage. 

 R1 continues into the deeper part and broader area of the Shimabara Peninsula (Figure 4.2, 

4.3, 5.1, 5.3).  Figs. 5.1 and 5.3 shows the comparison between resistivity structure of this work 

and Vp structure (Miyano et al., submitted). At this depth, a low P-wave velocity zone (low Vp 

zone) exists beneath the central part of the Shimabara Peninsula at a depth > 3 km bsl (Miyano et 

al., submitted) (Fig. 5.1 and 5.3). Miyano et al. (submitted) interpreted LVZ beneath Shimabara 

Peninsula as a highly crystallized mush zone. In contrast, Yuasa et al. (2020) indicated that the 

southern part of the Shimabara Peninsula is a low seismicity zone that is possibly explained by the 

high-strength plutonic rock. In this study case, I argue that the broad high resistivity zone, R1, 
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cannot be solely interpreted as solidified magma or plutonic rock. We suggest that crystal mush 

zone with few percent of the melt can exist. In many cases, a low-velocity zone beneath volcanoes 

is interpreted as a high-temperature zone that may contain few percent of partial melt (e.g., 

Koulakov et al., 2016; Flinders and Shen, 2017; Widiyantoro et al., 2018; Wespestad et al., 2019; 

Yukutake et al., 2021). Quantitative melt fraction determination from velocity anomaly will 

suggest a few percent of melt beneath the volcano. However, in the Unzen tomography, the melt 

fraction of LVZ is yet calculated.  

In the region containing melt or fluids, low resistivity and low-velocity zone are expected to be 

detected (Hyndman et al., 1993; Vanyan et al., 2001). However, recent high resolution image 

resistivity and velocity structure show that the locations of low resistivity and low velocity are not 

perfectly overlapped. For example, in Laguna del Maule, LVZ partially coincides with a broad 

low resistivity zone, which the latter is explained by existence of a larger melt fraction than what 

expected from LVZ (e.g., Cordell et al., 2020). In addition, the LVZ in Newberry volcano 

correlated with low resistivity zone (Bowlez-Martinez and Schlutz, 2019). The result of this study 

unexpectedly image broad resistive zone that correlates with broad LVZ beneath Shimabara 

Peninsula that was interpreted as highly crystallized mush zone (Miyano et al., submitted). Thus, 

I attempted to test the interpretation of highly crystallized mush zone provided by LVZ (Figure 

5.1 and 5.3).  

First, I calculated the possible amount of melt in R1 from the result of this work to testify the 

interpretation of the low-velocity zone (Figure 5.2). Mafic enclaves analysis of Unzen eruptive 

products and melt inclusions from 1990-1995 eruption suggest that andesitic magma was stored in 

a low crystallinity region before eruption with an initial temperature 945±30 ℃ at pressure 400 
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MPa and water content 4%. The temperature then increased to 1010±35 ℃ as the water content 

dropped to 2 % wt (Botcharnikov et al., 2008).  The andesite magma mixed with more felsic 

magma with an estimated temperature of 730-765℃ , water content 5.1-7.2% wt at pressure 

condition 250 and 140 MPa that indicated shallower storage condition (Nishimura et al., 2005). 

The dacite magma of Unzen contains a rhyolite melt composition (Nakada and Motomura, 1999). 

Hence, I used empirical equations (Guo et al., 2016; Guo et al., 2017) to calculate andesitic melt 

and rhyolite melt resistivity as function of water content, pressure, and temperature, with water 

content, strongly affects decreasing resistivity. The conductivity calculated from these equations 

are 0.18 S/m (5.55 Ωm) for andesitic melt and 0.74 S/m (1.35Ωm) for rhyolite melt. The higher 

percentage of water causes the lower resistivity for rhyolite melt. Since resistivity structure imaged 

by MT represents the bulk resistivity rather than a single phase, thus I assumed that the melts here 

act as the conductive phase stored in the solid host rock.  

I adopted Waff (1974) equation (equation 5.1) that relates bulk conductivity as a function of 

the porosity and the resistivity of the conductive phase stored in a good porosity network. 

𝜎𝜎𝑏𝑏𝑏𝑏𝑏𝑏𝑘𝑘 =
𝜎𝜎𝐶𝐶 +(𝜎𝜎𝑆𝑆 −𝜎𝜎𝐶𝐶 )(1−23𝐹𝐹)

1+�𝐹𝐹3�(𝜎𝜎𝑆𝑆 
𝜎𝜎𝐶𝐶 

−1)
                                                                                           (5.1) 

𝜎𝜎𝐶𝐶  is conductivity of melt (S/m), 𝜎𝜎𝑠𝑠 is conductivity of crystal/solid matrix (S/m) and F is melt 

fraction. Then, I considered the possible range of resistivity for the R1 region, which is 300-10000 

Ωm. I selected 10000 Ωm as the resistivity of the igneous host rock which serves as the solid 

matrix.  The estimated melt fraction < 5% for andesitic melt and < 2 % for rhyolitic melt are 

possible to explain the bulk resistivity of R1 (Figure 5.2). Calculation of melt fraction from the 

velocity of Miyano et al. (submitted) yields ≤ 4 % melt fraction in the low velocity region (see 

Supplementary material section). However, this value is a rough estimation considering some 
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uncertainties in the velocity structure. Such a few melt fractions, especially for rhyolitic 

composition, imply that a highly crystallized mush zone is located beneath Shimabara Peninsula 

(Figure 5.3, Figure 5.4) 

At the depth 3-6 km bsl, the tomography model shows low Vp zone and moderate Vs that 

Miyano et al. (submitted) interpreted this area as a volatile-rich/gas-rich zone (Figure 5.3). The 

volatile component is gas species contained in silicate melt.  By progressing crystallization, the 

amount of released volatiles may increase (Shinohara, 2007). In agreement with an explanation of 

velocity, I propose R1 at the depth 3-6 km as a volatile-rich zone with a high amount of gas.  

In the trans-crustal magma system, the evolved magma chamber will be located at the upper 

level of the mush zone (Cashman et al., 2017). Three of four pressure sources reported by Kohno 

et al. (2008) are located at the margin of R1. Pressure sources may indicate volume changes in the 

active magma chamber and degassing-related events (Pritchard and Simons, 2004; Segall, 2018). 

Regarding to the interpretation of highly crystallized mush, the positions of the pressure sources 

show that the active chamber (relatively mobile and rich in the melt) is located at the upper part of 

the mush zone. The magma movement in the trans-crustal magma system was generalized to move 

vertically from the center of mush region. From the result, I remark that the pathway magma from 

the 1990-1995 eruption shows preferred oblique movement at the upper boundary of highly 

crystallized mush zone (Figure 5.4). 
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Figure 5.1. Comparison between seismic P-wave velocity of tomography (Miyano et al., submitted) and 

resistivity structure in horizontal view for depth 1 km bsl, 6 km bsl and 11 km bsl beneath Shimabara 

Peninsula.  



50 
 

 

Figure 5.2. Melt fraction estimation (Waff, 1974) in R1 using melt inclusion data (Nishimura et al., 2005; 

Botcharnikov et al., 2008). The possible range for melt fraction in R1 for andesitic and rhyolite melt is 

below 5 % and it is denoted by arrow at below the curve.  

 

The small size melt-rich magma chamber at the depth of pressure sources was not detected 

by the MT data. Laboratory analysis of Unzen erupted samples presented that the magma chamber 

remains active from 1663, 1792, and later incorporated into the last 1990-1995 eruption 

(Nakamura, 1995). In addition, Sugimoto et al. (2005) proposed a continuous plumbing system 

beneath Shimabara Peninsula throughout the formation of the Unzen volcano based on mafic 

inclusions and whole rock elements analysis of Unzen volcanic rocks. However, my finding 

demonstrates that beneath the Unzen volcano, a highly crystallized mush zone exists with a small 

amount < 5 % of melt fraction. If the mobile/eruptive magma chamber exists at a depth of pressure 

sources, the size might be too small to be detected by MT method since MT cannot detect 1 km3 

magma chamber at 5 km depth.  
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Figure 5.3. Comparison of a resistivity profile and P-wave velocity perturbations based on the seismic 

tomography of Miyano et al. (submitted) across the summit Fugendake (red triangle). Pressure sources are 

from Kohno et al. (2008) and Nishi et al. (1999). Dots indicate earthquakes used in the seismic 

tomography inversion. The location of Shimabara Peninsula is indicated by the horizontal gray line at the 

top center of each profile. Dashed black lines indicate areas of high resistivity and high velocity, 

interpreted as solidified magma. White dashed lines mark the boundary between a volatile/gas-rich zone 

and a highly crystallized mush zone. 
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          5.2. Low resistivity zone at shallow level 

A relatively thin 1-2 km low resistivity zone spreading in the shallow level of Shimabara 

Peninsula can be interpreted as a fluid-rich and hydrothermal alteration/clay cap zone. Smectite is 

a conductive clay mineral that the only stable below 200o C and above that temperature, the mineral 

can be changed to a less conductive clay mineral (Ussher et al., 2000). Smectite is thought to exist 

beneath active volcanoes in Japan, and it is associated with low resistivity zone (e.g., Tsukamoto 

et al., 2018; Yoshimura et al., 2018; Tseng et al. 2020; Gresse et al., 2021). I agree with the 

possibility that the smectite clay layer exists in the 1-2 km beneath Shimabara Peninsula. It is 

supported by the drilling USDP4 that encountered conduit zone that was cooled rapidly to < 200o 

C due to hydrothermal fluids circulation, suggesting that alteration and cooling occurred shortly 

after magma injection and eruption, respectively (Nakada et al., 2005; Sakuma et al., 2008; Tretner 

et al., 2008). The conclusion for hydrothermal clay cap and fluids rich zone agrees with previous 

MT detection of low resistivity zones in the near-surface level to 2 km beneath Shimabara 

Peninsula. The interpretation of these low resistivity zones is an aquifer, hydrothermal fluids rich 

layer, or hydrothermal alteration/clay (Kagiyama et al., 1999; Srigutomo et al., 2008; Komori et 

al., 2013; Triahadini et al., 2019; Hashimoto et al., 2020).   

5.2.1 C1 and C2 

It is common that deep low resistivity zones beneath the volcanoes were explained by 

magmatic/hydrothermal fluids or partial melt. The pathway for the magma migration was also 

imaged as a low resistivity zone (e.g., Aizawa et al., 2014; Hill et al., 2015; Hata et al., 2016; 

Comeau et al., 2016; Cordell et al., 2018; Matsushima et al., 2020). These low resistivity zones 

could partially overlap with low velocity zones. The interpretation of low resistivity zone as 

magmatic fluid/melt was also supported by deformation sources and or the earthquakes clustered 

in the upper edge of the low resistivity zones (e.g. Aizawa et al., 2014; Hata et al., 2016; Comeau 
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et al., 2016). The increasing pore pressure due to escaped volatiles or fluids and failure of rock 

wall by magma injection can induce earthquakes. However, the earthquakes and pressure sources 

of the 1990-1995 eruption (Umakoshi et al., 2001) are not located at the top of C1 or C2, but 

located at the bottom of C1 and C2 (Figure 4.3). Melt inclusions analysis from erupted samples 

estimated the storage locations of andesitic and dacitic magma roughly at the depth range of 

pressure source beneath Tachibana bay ~15 km bsl and western Shimabara at 6-7 km bsl, 

respectively. These depth ranges are below C1 (Nishimura et al., 2005; Botcharnikov et al., 2008) 

and at the upper part of R1.  Because of the discrepancies of depth between the suggested magma 

chambers and the low resistivity zones, I excluded partial melt as the candidate for interpretation 

of C1 and C2. Several candidates for C1 and C2, such as saline fluid/brine and graphite, are 

considered. 

I noted that in the central parts of C1 and C2 are low seismicity which is possibly due to high 

temperature > 400 ͦ C or ductile/plastic zone (Fournier, 1999).  The deformation sources and 

seismicity of the 1990-1995 eruption that marked magma migration are located at the boundary 

between C1 and R1. These facts imply that the boundary between C1 and R1 has relatively higher 

permeability than the center.  Thus, I think it is possible that brine with a temperature higher than 

400 ͦ C causes low resistivity of C1 and C2 (Figure 5.3). 

I argue that brine in interconnected pores with temperature above 400 ͦ C probably exists in 

the C1. From low resistivity zones detected in several volcanoes, Afanasyev et al. (2018) 

performed numerical modelling to assess the evaluation of H2O-NaCl fluids system under 

volcanoes. Fluids discharged from a cooling magma body into overlying rocks via permeable 

pathway likely form a brine lens in any magmatic system that composed of water saturated igneous 

rocks with temperature ~670 ͦ C or above and with high content of salinity. The brine lenses can 
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persist for more than 250 kyr after degassing ceased hence low resistivity zones (< 1 Ωm) can be 

imaged under dormant volcanoes. Moreover, crustal fluids are commonly conductive due to the 

enrichment of chloride and bicarbonate salts (Nesbitt, 1993, Sinmyo and Keppler, 2016). Sinmyo 

and Keppler (2017) predicted that not more than 1 % wt aqueous fluids with 5 % NaCl  in 

continuous films/pores will produce resistivity by < 1Ωm at temperature ≤ 400 ℃ . This scenario 

seems applicable in Unzen since crystallization process in the mush region might release saline 

fluids.  The released volatiles with high salinity are then incorporated into the crustal fluids causing 

sodium enrichment. 

On Figure 4.2, it is seen that the hotsprings in Shimabara Peninsula (Obama, Unzen, 

Shimabara, and one buried hot springs) are not directly above the low resistivity zone but in the 

edge the low resistivity zone. The hot springs is thought to receive fluids supply from high 

permeability low resistivity zone (e.g., Tsukamoto et al., 2018; Matsushima et al., 2020). However, 

judging from the fact that hot springs in Shimabara Peninsula that are situated on the edge of low 

resistivity zones, it indicates that the high permeability path is not equally distributed in all parts 

of low resistivity zone but concentrated on in the edge of the low resistivity zone. This permeability 

distribution concept has been proposed by Aizawa et al. (2021) to explain the distribution of low 

resistivity zone in Kuju Volcanoes. It is worth noting that although Shimabara Hotspring has the 

lowest temperature than the other hot springs in Shimabara, however the ratio of 3He/4He (an 

indicator of magmatic gas incorporation) is the highest (Kita et al., 1993; Morikawa et al., 2008). 

The location of the Shimabara hotspring at the perimeter of C2 may indicate brine influence from 

C2. 

Graphite is the reduced form of carbon, and it is a highly conductive material (10-4-10-5 Ωm 

at 500 ͦ C) that a small amount (< 0.1 %) of graphite will drastically reduce bulk resistivity (Duba 
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and Shankland, 1992; Hyndman et al., 1993). Graphite can also become the fault lubricant leading 

to faults creeping (Oohashi et al., 2012; Kuo et al., 2018). To form graphitization in a volcanic 

setting requires unusually high carbon content of magmas and the absence of degassing (Luque et 

al., 2012), which are unlikely for the Unzen case where the magma was highly degassed. Luque et 

al. (2012) also mentioned that dissolved carbon-bearing aqueous fluids could induce graphitization.  

Considering the highly crystallized mush zone mentioned in the previous section, it is possible that 

the cooling or solidification process of magma intrusion beneath Shimabara Peninsula could 

release carbon-bearing material that induced graphitization. Bedrosian et al. (2018) proposed a low 

resistivity zone enclosing batholith as the metasedimentary rocks contain graphite where a small 

batch of magma is occasionally transported through the low resistivity zone.  

Fluids and graphite filling interconnected porosity networks can co-exist and cause a low 

resistivity zone (Figure 5.4). I calculated brine and/or graphite percentage that can co-exist in the 

interconnected pores in C1 and C2 by using the same equation for melt calculation in R1 (Waff, 

1974). Assuming resistivity of pure brine is 0.01 Ωm (Nesbitt, 1993) and 10-4 Ωm for graphite that 

are stored in the 104 Ωm solid host rock, it is resulted that minimum 3% of brine is necessary for 

bulk resistivity 1 Ωm and more percentage of brine for lower resistivity. Graphite ~0.1 % 

adequately explains bulk resistivity < 1 Ωm. Although there are no outcrops or evidence of graphite 

found in the vicinity of Shimabara Peninsula, I cannot deny a possibility that very few percent of 

graphite will exist at C1 and C2. Thick deposits of volcanic materials are likely to cover the 

evidence of graphite.   
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Figure 5.4 Conceptual model of magma transport and subsurface structure beneath Unzen volcano, 

Shimabara Peninsula. At the top of volatile/gas rich zone, solidified intrusion is modeled. The boundary 

between volatile/gas rich zone and highly crystallized mush zone is marked as grey dashed line. 
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CHAPTER VI 

CONCLUSION 

I successfully imaged, for the first 3-D resistivity structures to a depth of 20 km beneath 

Unzen volcano and Shimabara Peninsula based om broadband Magnetotelluric observations. The 

model developed from this study shows a thin near-surface low resistivity zone near the faults zone 

of Unzen graben and beneath Unzen volcano. The low resistivity zone is inferred to reflect 

hydrothermal fluids/alteration and/or clay-rich cap zone. The other low resistivity zones are 

extended into 7.5 km beneath the western end of Shimabara Peninsula and 7.5 km beneath the 

Unzen volcano to 10 km to the east, under the Ariake sea. Given that the low-resistivity zone do 

not coincide with deformation sources and earthquakes location related to magma movement of 

the most recent eruption, I argue that the low-resistivity zone does not reflect the presence of partial 

melt. However, the zone might be characterized by brine/saline fluids-rich zone and/or minor 

graphitization. 

The model also shows a broad high resistivity zone (> 100 Ωm) beneath most of the part of 

Shimabara Peninsula that surprisingly coincides with a zone of low P-wave velocities at depths of 

3 km-6 km depth (Miyano et al., submitted). It is estimated that the high-resistivity zone contains 

< 5 % melt. Consequently, the upper part of the resistive zone is interpreted as a gas/volatile-rich 

zone and the lower part as a highly crystallized mush zone containing < 5 % melt.  Given the 

absence of a low resistivity zone in the inferred location of the magma chamber, I argue that the 

active magma chambers are of a smaller dimension than the MT resolution. The earthquakes and 

deformation sources relating to the most recent eruption in 1990-1995 (Umakoshi et al., 2001; 

Kohno et al., 2008) are located along the boundary between the low-resistivity anomaly in the 

western end of Shimabara and the deep high-resistivity body. It is proposed that during the last 
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eruption the magma along this boundary, where fracturing has created a high permeability zone. 

The present results provide evidence of magma movement along the upper boundary of the highly 

crystallized mush zone.  
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Supplementary Materials 

 

A. Sounding curves of the sites 

 

Figure S1. a) Sites location and names in Shimabara Peninsula and Amakusa area that were used 
in the calculation. b) Sites that are located in the summit of Unzen and the flank area and are 
enclosed by green rectangle in a). 
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Figure S2. Sounding curves of all inverted MT stations in Shimabara Peninsula. Apparent resistivity and 

phase from four impedances components are plotted. In the corresponding periods used in the inversion, 

the poor quality data are excluded in the calculation. The legend of the symbols are written in the figure. 
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B. Senstivity test of the anomalies 
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Figure S3. Sensitivity test for resistivity anomaly R1. In the area R1, the resistivity value larger than 55 

Ωm was modified by lower resistivities, such as 1 Ωm and forward model was run. a) The modified area 

in horizontal view, b) The modified area in A-A’ vertical profile, c) Sounding curves from selected sites 

(the sites location are presented as white rectangle in a),  with the apparent resistivity and phase from 

modified model are as dashed lines. The legend for the symbols and lines in sounding curves refer to FS1. 

Modification R1 to 1 Ωm increased the RMS to 2.07 from the original model 1.50. d) The A-A’ profile 

with area below 8 km to 20 km bsl was modified by low resistivity. For this case, the RMS increased to 

1.57. Replacing the same area by 50 Ωm also increased the RMS to 1.53 that shows lower constraint in 

those depth than in the shallower depth.   e) Sounding curves of same sites as part c). The sensitivity test 

result indicates that R1 is needed by the original model. 
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Figure S4. Sensitivity test for resistivity anomaly C1. In the area C1, the resistivity value smaller than 50 

Ωm was modified by higher resistivities, such as 1000 Ωm and forward model was run. a) The modified 

area in horizontal view, b) The modified area in A-A’ vertical profile, c) Sounding curves from selected 

sites (the sites location are presented as white rectangle in a),  with the apparent resistivity and phase from 

modified model are as dashed lines. The legend for the symbols and lines in sounding curves refer to FS1. 

From modification of C1 to 1000 Ωm, the RMS is increased to 1.65 from the original model 1.50. 

Replacing C1 by 100 Ωm also increased the RMS to 1.61. The sensitivity test result indicates that C1 is 

needed by the original model. 
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Figure S5. Sensitivity test for resistivity anomaly C2. In the area C2, the resistivity value smaller than 50 
Ωm was modified by high resistivity, such as 1000 Ωm and forward model was run. a) The modified area 
in horizontal view, b) The modified area in A-A’ (E-W direction) vertical profile, c) Sounding curves 
from selected sites (the sites location are presented as white rectangle in a),  with the apparent resistivity 
and phase from modified model are as dashed lines. The legend for the symbols and lines in sounding 
curves refer to FS1. From modification of C2 to 1000 Ωm, the RMS is increased to 1.68 from original 
model 1.50. Replacing C2 by 100 Ωm also increased the RMS to 1.74. The sensitivity test result indicates 
that C2 is needed by the original model. 
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C. Inversion with varying parametes 

 

Table S1. Varying inversion parameter 
 (Model 1 is the final model that are discussed in this study) 

Model/Figure 
Number 

Smoothing parameter Intital half 
space 
resistivity Ωm 

Error 
floor % 

Final RMS  

Model 1/ FS6/ τ 10, δx 0.1, δy 0.1, δz 0.1 100 10 1.50 
Model 2/FS7 τ 10, δx 0.1, δy 0.1, δz 0.1 100 5 2.01 
Model 3/FS8 τ 10, δx 0.1, δy 0.1, δz 0.1 100 15 1.27 
Model 4/FS9 τ 5, δx 0.1, δy 0.1, δz 0.1 100 10 1.46 
Model 5/ FS10 τ 15, δx 0.1, δy 0.1, δz 0.1 100 10 1.71 
Model 6/F11 τ 10, δx 0.1, δy 0.1, δz 0.1 10 10 1.63 
Model 7/F12 τ 10, δx 0.1, δy 0.1, δz 0.1 500 10 1,70 

 

 

 

 

Figure S6. Inversion result using Model 1 parameters as explained in the table S1 (Final model used in 
this study). a) Resistivity structure in horizontal view., b) resistivity structures in vertical view 
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Figure S7. Inversion result using Model 2 parameters as explained in the table S1. a) Resistivity structure 
in horizontal view., b) resistivity structures in vertical view 

 

Figure S8. Inversion result using Model 3 parameters as explained in the table S1. a) Resistivity structure 
in horizontal view., b) resistivity structures in vertical view 
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Figure S9. Inversion result using Model 4 parameters as explained in the table S1. a) Resistivity structure 
in horizontal view., b) resistivity structures in vertical view 

 

 

Figure S10. Inversion result using Model 5 parameters as explained in the table S1. a) Resistivity 

structure in horizontal view., b) resistivity structures in vertical view 
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Figure S11. Inversion result using Model 6 parameters as explained in the table S1. a) Resistivity 
structure in horizontal view., b) resistivity structures in vertical view 

 

 

Figure S12. Inversion result using Model 7 parameters as explained in the table S1. a) Resistivity 
structure in horizontal view., b) resistivity structures in vertical view 
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D. Calculation of melt fraction using seismic tomography result of Miyano et al. 

(Submitted) 

 Using equation of Dvorkin (2008) (equation 5.2), I tried to calculate melt fraction from Vs 

structure of Miyano et al. (submitted). The bulk S-wave velocity is influenced by the densities of 

fluids and the host rock and fluid percentage. 

𝑉𝑉𝑆𝑆 = (1 − ∅)2𝑉𝑉𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑘𝑘�
(1−∅)𝜌𝜌𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

(1−∅)𝜌𝜌𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟+∅𝜌𝜌𝑓𝑓𝑓𝑓𝑓𝑓𝑖𝑖𝑓𝑓
      (5.2) 

𝑉𝑉𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑘𝑘 is the Vs for the host rock, 𝜌𝜌𝑆𝑆𝑆𝑆𝑆𝑆𝑘𝑘 is the density of the rock, 𝜌𝜌𝑓𝑓𝑏𝑏𝑏𝑏𝑖𝑖𝑓𝑓is  density of fluid 

(kg/m3). I used the slowest absolute Vs from tomography in the area >6 km bsl, that 3.25 km/s. I 

also used 3.5 km/s for 𝑉𝑉𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑘𝑘 , 2400 and 2300 kg/m3 for 𝜌𝜌𝑓𝑓𝑏𝑏𝑏𝑏𝑖𝑖𝑓𝑓  (andesitic and dacitic melt 

respectively) and 2750 kg/m3 for 𝜌𝜌𝑆𝑆𝑆𝑆𝑆𝑆𝑘𝑘 (e.g. Comeau et al., 2016; Ichiki et al., 2021). The possible 

melt fraction if derived from Vs result is ≤ 3%, yield very low melt percentage and under similar 

melt percentage range calculated from R1. However, this result is a very rough estimation since 

the uncertainties of observed Vs and other parameters of Miyano et al. (submitted).  

Liquid compressibility and pore geometry affect Vp/Vs. According to Takei (2002), volume 

fraction of liquid and the aspect ratio can be deduced from the reduction rate of Vp and Vs resulted 

from seismic tomography. Yukutake et al (2021) implemented the method of Takei (2002) to 

estimate the melt fraction of low velocity zone beneath Hakone volcano and yield ~3-4 % of melt 

volume in the Hakone volcano. I use this same approach to calculate melt fraction based on 

tomography result. The reduction rate of velocity as written in Takei (2002) is 

𝑓𝑓 ln𝑉𝑉𝑠𝑠
𝑓𝑓 ln𝑉𝑉𝑉𝑉

= 1−𝑉𝑉𝑠𝑠/𝑉𝑉𝑠𝑠0

1−𝑉𝑉𝑉𝑉/𝑉𝑉𝑉𝑉0
         (5.3) 

According to the  result of Miyano et al (submitted) the region that has low Vp, Vs and higher 

Vp/Vs is located at the depth ~15 km. Using slowest absolute velocity for the same depth level, 
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gave the velocity values : Vs = 3.25 km/s, Vp = 5.75 km/s. The reference velocities at the depth 

𝑉𝑉𝑝𝑝0 and 𝑉𝑉𝑉𝑉0 are 95 % of the upper limit velocity at the same depth (Yukutake et al., 2021) and 

resulted 𝑉𝑉𝑝𝑝0 = 6.17 km/s and 𝑉𝑉𝑉𝑉0=3.56 km/s. The reduction rate of velocity calculated from 

equation (5.3) is 1.275. By using figure 5 of Takei (2002) the reduction rate of can be explained 

by water filled pores or melt filled pores with aspect ratio 0.02-0.04. In the relationship between 

aspect ratio and liquid volume fraction that is explained in Figure 5 a (Takei 2002), aspect ratio of 

0.03 and 0.04 for melt correlates with ~2% and ~4% of melt respectively. Hence, this calculation 

implies small amount of melt fraction in the low velocity region and support the interpretation of 

highly crystallized mush zone. 

 




























