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Abstract

Since August 2000, we have recorded the total intensity of the geomagnetic field at the summit area of
Kuchi-erabu-jima volcano, where phreatic eruptions have repeatedly occurred. A time series analysis has
shown that the variations in the geomagnetic field since 2001 have a strong relationship to an increase in
volcanic activity. These variations indicate thermal demagnetization of the subsurface around the presently
active crater. The demagnetization source for the early variations, until summer 2002, was estimated at
about 200 m below sea level. For the variations since 2003, the source was modeled on the basis of the
expansion of a uniformly magnetized ellipsoid. The modeling result showed that the source is located at
300 m above sea level beneath the crater. We carried out an audio-frequency magnetotelluric survey with
the aim of obtaining a relation between the demagnetization source and the shallow structure of the vol-
cano. A two-dimensional inversion applied to the data detected two good conductors, a shallow thin one
which is restricted to a region around the summit area, while the other extends over the edifice at depths
between 200 and 800 m. These conductors are regarded as clay-rich layers with low permeability, which
were assumed to be generated through hydrothermal alteration. The demagnetization source for the early
variations was possibly located at the lower part of the deep conductor and the source after 2003 lies be-
tween the two conductors, where groundwater is considered to be abundant. Based on these results, as well
as on seismological, geodetic, and geochemical information, we propose a heating process of the Kuchi-
erabu-jima volcano. In the initial stage, high-temperature volcanic gases supplied from the deep-seated
magma remained temporarily at the level around the lower part of the less permeable deep conductor since
the ascent path had not yet been established. Then, when the pathway developed as a result of repeated
earthquakes, it became possible for a massive flux of volcanic gases to ascend through the conductor. The
high- temperature gases reached the aquifer located above the conductor and the heat was efficiently trans-
ported to the surrounding rocks through the groundwater. As a consequence, an abrupt increase of the gas
flux and diffusion of the heat through the aquifer occurred and the high-temperature zone expanded. Since
the high-temperature zone is located beneath another conductor, which acts as caprock, we assume that the
energy of the phreatic explosion is accumulated there.

Key words: geomagnetic field, thermal demagnetization, electrical resistivity, phreatic explosion, volcanic
fluid

Preprint submitted to Journal of Volcanology and Geothermal Research January 24, 2010



1. Introduction1

The proper evaluation of volcanic activity is an essential problem related to the forecasting of eruptions2

and the mitigation of volcanic hazards. It can be relatively simple for volcanoes where magmatic eruptions3

are expected based on historical experience since anomalous phenomena such as swarms of volcano-tectonic4

earthquakes or notable inflation of the ground are observed in the process of ascent of magma and are iden-5

tified as precursors of eruptions (e.g. Ishihara, 1990; Voight et al., 1999; Nakada et al., 1999). However,6

conventional seismological or geodetic monitoring is generally insufficient in the case of volcanoes charac-7

terized by phreatic eruptions since the energy for the impending eruption is not large and can accumulate8

even without magma movement (Barberi et al., 1992). It is necessary to know the state of the hydrothermal9

system developed within such volcanoes in order to obtain a more detailed understanding of the area where10

phreatic eruptions are expected.11

Continuous observation of the total geomagnetic intensity is often employed for evaluation of volcanic12

activity due to its capability for revealing the condition of energy accumulation within active volcanoes. This13

method utilizes the characteristics of igneous rocks: the magnetization increases or decreases due to changes14

in the physical conditions, such as stress or temperature. Numerous attempts have been made to monitor15

the state of the crustal stress or the temperature within the volcano through the observation of geomagnetic16

fields at the surface, and volcanomagnetic variations related to the anomalous volcanic activities have been17

reported for a large number of volcanoes (e.g. Mount St. Helens by Johnston et al., 1981; Izu-Oshima18

volcano by Yukutake et al., 1990; Aso volcano by Tanaka, 1993; Merapi volcano by Zlotnicki and Bof,19

1998; Etna volcano by Del Negro et al., 2004; White Island volcano by Hurst et al., 2004).20

The reported volcanomagnetic variations occur on different timescales ranging between one day and a21

few years, and have different amplitudes ranging between several to over 100 nT. The timescale fluctua-22

tions depend on the speed of change of the physical conditions of the volcano and on the mechanism of23

generation of anomalous magnetic fields. The timescale is generally longer than that of other mechanisms24

if the mechanism is thermal remagnetization or demagnetization of igneous rocks. Furthermore, the am-25

plitude fluctuations strongly depend on the separation between the observation site and the source of the26

variations, although they also depend on the rock type. In general, large amplitudes are observed at vol-27

canoes composed of basaltic rocks compared to volcanoes composed of andesitic or dacitic rocks. Tanaka28

(1993) reported that a large amplitude of the variation (∼ 30 nT) was observed at Aso volcano by installing29

magnetic stations in the vicinity of the presently active crater.30

Kuchi-erabu-jima is a volcanic island located about 80 km south of Kyushu Island, in southwest Japan31

(Fig. 1(a)). After the oldest historical record of an eruption there, dating from 1841, phreatic or phreatomag-32

matic explosions have occurred repeatedly at intervals of several years to a few tens of years. During the33

1933-1934 eruption activity, a village located at the eastern foot of the volcano suffered serious damage34

from the volcanic bombs (Tanakadate, 1938). The latest explosion occurred in 1980 and volcanic activity35

ceased for more than 20 years after that.36

In recent years, however, an increase in the seismic activity was observed beneath the summit area, in37

1996 and 1999 (Yamamoto et al., 1997; Iguchi et al., 2001). It was assumed that these events marked the38

preparation process for the impending phreatic explosion. Temporary seismic observations were performed39

before past eruptions, although no clear precursory signals were reported (Iguchi et al., 2007). Since the40

volcano gave rise to repeated phreatic explosions, we planned a continuous geomagnetic observation aimed41
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at monitoring the underground thermal state. It was hypothesized that if the temperature of the area in-42

creased sufficiently to reduce the magnetization of the volcanic rocks, it might be possible to observe the43

changes in the total geomagnetic intensity at the surface.44

Furthermore, the area was studied on the basis of the subsurface structure. We aimed to reveal the45

electrical resistivity around the expected preparation area as well as to provide certain constraints on the46

involvement of the volcanic fluids for the accumulation of thermal energy.47

Kuchi-erabu-jima volcano lies in the central part of the island and consists of a stratovolcano complex48

whose massif is mainly composed of three volcanic edifices: Shin-dake, Furu-dake, and No-ike (Fig. 1(b)).49

Shin-dake and Furu-dake have presently active craters on their summit areas. Most of the igneous rocks in50

the island are composed of pyroxene andesite with SiO2 content of 54∼62 % (Matsumoto, 1960; Geshi and51

Kobayashi, 2006). All volcanic events for at least the past 200 years originated from the Shin-dake crater52

or from its surroundings. The diameter of Shin-dake is about 250 m and the depth to the bottom is about53

100 m. A NNE-SSW trending fissure with a length of about 700 m is observed at the eastern side of the54

crater. There are fumaroles with an outlet temperature of about 100◦C around the western to southern rim55

of this crater. Although there is no eruption record for Furu-dake, a magmatic eruption was inferred several56

hundred years ago (Geshi and Kobayashi, 2006). The Furu-dake crater also has intensive fumaroles with57

sublimates of sulfur around it. No-ike is the oldest of three volcanoes and is inactive, with no geothermal58

manifestation.59

2. Geomagnetic field data60

Three Overhauser magnetometers (GSM-19, GEM systems Inc., Toronto) were installed at the summit61

area of Kuchi-erabu-jima volcano in August 2000 and measurements with a sampling interval of 5 minutes62

have been conducted since then (A1, B1, and C1 in Fig. 1(c)). GSM-19 has a resolution of 0.01 nT with 0.263

nT absolute accuracy. Since the measured data are stored into internal memory, it is necessary to retrieve64

them on site once every several months. Only the hourly averaged values are sent via satellite telecommu-65

nication service (Orbcomm system) for monitoring purposes (Kanda et al., 2001). The distribution of the66

magnetometers was designed to effectively detect thermo-magnetic effects based on the assumption that the67

demagnetized area is located directly beneath the Shin-dake crater around the hypocenters of the volcanic68

earthquakes (Yamamoto et al., 1997). In addition, two proton-precession magnetometers (PM-215, Tierra69

Tecnica, Tokyo) have been obtaining data at intervals of 1 minute since May 2002 (P2 and P3 in Fig. 1(c)).70

These detectors were installed to obtain spatially detailed information regarding the volcanomagnetic vari-71

ations originating from Shin-dake. PM-215 had the same resolution as the other magnetometer and an72

accuracy of 0.1 nT. The data were stored on a flash memory card and was also telemetered through a cellu-73

lar phone or a radio communication system. All magnetometers and telemeters were powered by 12 V DC74

batteries continuously charged by solar panels.75

Figure 2 shows the daily means of the total intensity observed at five sites at Kuchi-erabu-jima volcano76

and at the Kanoya Magnetic Observatory (KNY) of the Japan Meteorological Agency (JMA) between77

August 2000 and January 2008. Since the observation was automatically operated on the remote island,78

there are gaps in the data due to power issues or machine failure at various times. In particular, as Kuchi-79

erabu-jima is located on the path of typhoons in the summer season, the magnetometer at A1 suffered serious80

damages several times. As a result, discontinuity occurred for the data acquired at A1 between December81

2002 and June 2003 due to this reason, although the continuity of the measurement was retained at other82

sites. The long-term trends at most sites, as well as those of KNY, appear to decrease, which indicates that83

regional-scale secular variations tend to decrease.84
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Figure 3 shows the simple differences of the total intensities at five sites at Kuchi-erabu-jima from those85

at KNY. It is clear that the tendencies in variations observed at sites located north of the Shin-dake crater86

are different from those observed south of the crater. The total intensities have increasing tendencies as87

compared to KNY at sites A1 and P2, which are located north of the crater, while it decreases at sites88

B1, C1, and P3, which are located south of the crater. In this regard, the variations shown in the three89

lower panels are particularly prominent. The total deviation after 2001 reached about 70 nT at C1. This90

variation pattern is expected when demagnetization occurs beneath and around the Shin-dake crater. The91

slow variations suggest that the cause of the demagnetization is a change in temperature within the volcano.92

3. Volcanomagnetic variations and their origin93

3.1. Estimation of volcanomagnetic variations94

The simple difference technique implicitly assumes that both the secular variations and the magnetic95

fields of external origin at Kuchi-erabu-jima are identical to those at KNY. Therefore, estimates of the96

variations may contain uncertainties. Volcanomagnetic variations are regarded as a component which varies97

slowly and locally due to the thermal processes dominating the inside parts of the volcano. We estimated98

the trend component for each site by using a time series analysis in which the magnetic field of external99

origin can be efficiently removed (Fujii and Kanda, 2008).100

A time series model used for estimating the trend component decomposes a fieldf (i) observed at time101

i into four components: trendt(i), periodic components(i) with a period ofJ, externally correlated compo-102

nentr(i), and observation noisew(i).103

f (i) = t(i) + s(i) + r(i) + w(i) (1)

The constraints applying to each component are as follows.104

t(i) − 2t(i − 1)+ t(i − 2) = u(i) (2)
J−1∑
j=0

s(i − j) = v(i) (3)

r(i) =
3∑

j=1

K∑
k=−L

[
A j(k)x j(i + k)

]
(4)

where u(i) and v(i) are uncertainties which obey Gaussian distributions with a mean of 0 and a varianceτ2t105

andτ2s, respectively. Furthermore,x j(i) is a given time series of thej-th reference. We commonly use three106

components of the geomagnetic field observed at a reference station, and the data recorded at KNY were107

used in this study.K andL denote the maximum number of data points at the reference station in the past108

and the future, respectively. Observation noisew(i) is also assumed as a Gaussian with a mean of 0 and a109

varianceτ2o. The above equations were represented as a state-space model and were solved by applying a110

Kalman filter algorithm (Fujii and Kanda, 2008). We fixedτ2t to 10−5 in order to obtain a smooth trend.111

RegardingJ, J = 12 was used for the hourly data in order to account for oceanic and ionospheric tides,112

and other hyper-parameters controlling the four components were determined as follows: the maximum113

likelihood estimate was adopted in order to determineτ2s andτ2o. The parameterτ2o represents the variance114

of the noise componentw(i), which is a measure of misfit between the observed and the estimated time115

series. The values forK andL were selected in such a way as to minimize AIC (Akaike, 1973).116
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We estimated each component of Eq. (1) for the hourly means of the observed 7.5-year-long data set for117

the period between August 2000 and January 2008. The estimated trend components for the five sites are118

shown in Fig. 4 and the optimal parameters for obtaining these trends are listed in Table 1. As the simple119

difference data suggests (Fig. 3), the characteristic trends of variations most likely related to the thermal120

demagnetization beneath and around the Shin-dake crater are obtained. Starting from around May 2001,121

the site A1, located at the northern side of the crater, shows a tendency of increase, while the trends at C1122

and B1, located on the southern side of the crater, tend to decrease. The same tendency can be observed123

for the variations at the two other stations at which the observation started in May 2002, where the site P2,124

located north of the crater, shows a tendency of increase, while the site P3, located south, shows a tendency125

of decrease.126

The variations at C1 and P3 appear to cease by early 2006, after which a tendency of slight increase is127

observed until August 2006. However, the trends at A1 and B1 also show similar trends, and the variations128

after 2006 are comparable for all sites. It is unclear whether these variations are caused by the remagneti-129

zation of rocks. The volcanomagnetic variations resume in August 2006, and rapid changes are seen at all130

sites except B1. These changes continue until the latter half of 2007 with slowing variation rates. The total131

decrease of the field is about 62 nT at C1 and 43 nT at P3 by January 2008.132

As an example, in Fig. 5 we show the misfit between the observed and the estimated time series (w(i)133

in Eq. (1)) for site C1. The residual in most periods is lower than± 3 nT for the hourly values and lower134

than± 1 nT for the nighttime means. Variations shown in Fig. 4 are considerably larger than this error135

level. Larger residuals are seen when the local noise was contaminated or when intensive magnetic storms136

occurred, although these are temporary phenomena. The trend itself is not affected by these disturbances.137

Larger residuals are also obtained for the first several hours of the data set, which is caused by the use of138

inaccurate initial values provided to the Kalman filter algorithm (Fujii and Kanda, 2008).139

3.2. Model of demagnetization source140

We modeled the magnetic source causing the volcanomagnetic variations presented in the previous141

section (Fig. 4) under the assumption that these variations are entirely due to the demagnetization of rocks.142

The total intensity changes over a given period of time were modeled by estimating an equivalent magnetic143

dipole. As shown in Fig. 4, four periods were selected (prd.1∼4) in consideration of the data gaps and the144

change in variation rates, where the position and the moment of the magnetic dipole, which were estimated145

in each period by a grid search, were taken as unknowns. The grids of the position were set with intervals of146

25 m around the Shin-dake crater, and those of the magnetic moment was set with every an exponent of 1.25147

Tm3, respectively. The direction of magnetization was assumed to be parallel to the current geomagnetic148

field at Kuchi-erabu-jima (inclination of 43◦ and declination of -6◦).149

Since there is a limited number of observation sites, a set of optimum parameters was estimated to mea-150

sure their diversity by applying a bootstrap method (e.g. Efron and Tibshirani, 1993). The brief description151

of the method we used is as follows. At first, model parameters that minimize the sum of the squared resid-152

uals at the observation sites are searched for by the grid search. Then, a resampled set of the residuals that153

is randomly drawn from the set of the residuals allowing duplication is added to the data set in order to154

create a synthetic data set (a bootstrap sample). The optimum parameters against the bootstrap sample are155

searched for again by the grid search. These procedures were repeated for 200 bootstrap samples.156

For prd.1, only the data of three observation sites are available, we imposed additional constraints on157

the expected changes at P2 and P3. As seen in Fig. 4, the magnitude of the geomagnetic changes at P2 and158

P3 does not exceed that at C1 throughout the record, and as a result we adopted the model which expected159

that changes at P2 and P3 did not exceed 1.25 times the magnitude of the changes at C1. The mean and160
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the standard deviation of each parameter estimated from 200 bootstrap samples in each period are shown in161

Table 2 and Fig. 6.162

The dipole source for prd.1 is located beneath the SSE rim of the Shin-dake crater at about 200 m below163

sea level (bsl). On the other hand, the source locations are estimated at almost the same position of about164

300 m above sea level (asl) beneath the Shin-dake crater from prd.2 to prd.4, although the magnitude of the165

magnetic moment is likely to increase gradually.166

It should be noted that the source location estimated in prd.1 has a larger uncertainty than those in the167

other periods because of a small number of the available observations and a data gap at B1. The estimated168

depth of the source in prd.1 depends on the magnetic changes observed at B1 that is a distant site from the169

crater. The B1 data has a gap between August and October 2001 (Fig. 4), which was caused by a mistuning170

of the magnetometer. Most of the magnetic change in prd.1 appears to have occurred during the gap. Since171

we confirmed that the sensor position did not change before and after the gap, we assumed that the obtained172

magnetic change at B1 is volcanic. In addition, the variation at each site may start at different timings during173

prd.1, which could imply that multiple sources contributed to the observed variations. For simplicity, we174

assume in Table 2 that the changes are caused by a single dipole source.175

If the dipole source is located at a sufficient distance, the magnetic moment is equivalent to the product176

of the volume of a uniformly demagnetized sphere multiplied by the magnetization change (∆J). On the177

other hand, in case of a short distance between the source and the observation site, the observed magnetic178

changes can not be explained by using the spherical demagnetization source since the shape of the source179

affects the resulting magnetic field. The dipole sources after prd.2 were inferred at the shallow place inside180

the observation network (Fig. 6), where the effect of the shape can be estimated from the data. If we assume181

a relatively simple shape, we can estimate the demagnetized volume and can also assume certain constraints182

regarding the magnetization changes.183

Next, we attempted to fit the total intensity changes from prd.2 to prd.4 observed at each site to the184

magnetic anomaly produced by a uniformly demagnetized triaxial ellipsoid (Clark et al., 1986; Sasai, 2006).185

Modeling by a triaxial ellipsoid was first introduced to interpret the volcanomagnetic changes observed186

at Taal volcano, the Philippines, by Zlotnicki et al. (2009). In this modeling, certain assumptions were187

additionally imposed in order to reduce the number of unknown parameters. The estimation results for the188

magnetic dipole sources imply that the demagnetized zone expanded at the same position after prd.2. The189

center of the ellipsoid was assumed to be the same throughout the three periods, and the axis lengths at the190

later period are larger than those in prd.2. To avoid complexity, each axial direction of the ellipsoid was set191

to the direction as a coordinate axis, and the parameters to be estimated were set as the coordinates of the192

center of the ellipsoid, its half-axis lengths, and the magnetization change during the period. The optimum193

parameters were estimated by a grid search, and are shown in Table 3. The grids of the position and the axis194

lengths were set with an interval of 20 m, and the magnetization change was 0.1 A/m in this calculation.195

In Fig. 6, the estimated demagnetized zones between prd.2 and prd.4 are shown with ellipses. Ellipsoidal196

demagnetized zones have an E-W trending shape whose center is located at 300 m asl beneath the Shin-dake197

crater. In prd.2, the lengths of the half-axis are 40 m in N-S direction, 80 m in E-W direction, and 140 m in198

vertical direction, which expand horizontally during prd.3 and prd.4 to 100 m along the N-S axis and 120199

m along the E-W axis, while the length along the vertical axis remains the same. The expected magnetic200

changes at the ends of prd.2 and prd.4 are shown in Fig. 7 together with the volcanomagnetic variations201

after prd.2.202

These results indicate that the demagnetization at the shallow part beneath the crater occurred in early203

2003 when the magnetic variations at sites C1 and P2 changed their variation rates prior to prd.2 (Fig. 4)204

and fumaroles appeared at the bottom of the crater. Although we do not have the measurement data of the205
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ground temperature, airborne thermal infrared images were repeatedly obtained (Iguchi, 2007). In the first206

measurement carried out in February 2001, geothermal anomaly was not recognized in the crater bottom207

(temperature below 20◦C). However, by the second measurement in March 2003, obvious geothermal208

anomaly inside the crater with the highest temperature of 38◦C was observed. If the demagnetization209

is caused by a sudden surge of heat, the expansion of the demagnetized area can be interpreted as the210

expansion of the high-temperature area beneath the area around the southern part of the Shin-dake crater,211

which is consistent with the observed surface phenomena, such as the increase in fumarolic activity or the212

expansion of the thermal anomaly around the crater.213

3.3. Rock magnetization and temperature dependence214

In the previous section, uniformly demagnetized ellipsoids with intensities of 1.8 and 1.9 A/m were used215

as a model causing the observed volcanomagnetic variations between prd.2 and prd.4. Since Kuchi-erabu-216

jima is an andesitic volcano, the magnetization intensity of volcanic rocks is considered to be low. Miki et217

al. (2002) measured the natural remanent magnetization (NRM) of ten rocks sampled from four lava flows218

and found that the mean intensities are between 1.4 and 13 A/m. Among these, only two rocks sampled219

from the lower lava flow showed 1.4-1.6 A/m, while others showed values larger than 6 A/m, indicating that220

the lava of Kuchi-erabu-jima is generally characterized by large NRM. However, the observed magnetic221

variations were not always caused by cold lava which has been magnetized at the surface of the ground.222

Utsugi et al. (2002) estimated the distribution of apparent magnetization from an aeromagnetic survey over223

Kuchi-erabu-jima and showed that the magnetizations were low (less than 2 A/m) around the summit area224

and high (about 5 A/m) at the flanks of the volcano.225

To examine the validity of the estimated changes in magnetization intensity, we measured the NRM226

and the magnetic susceptibility for eleven rocks ejected in recent eruptions. The rocks were collected at227

the summit area of Kuchi-erabu-jima volcano. All measurements were performed inside a magnetically228

shielded room where the remaining magnetic field was less than 50 nT (Miki, 1995). The averages for 3229

to 7 samples from each rock are summarized in Table 4, where the NRM is between 0.5 and 18 A/m, with230

a relative errors of less than 2%. Three of 11 rocks show large NRM values of more than 5 A/m, while231

the NRM for the others is less than 2 A/m. A number of rocks with weak NRM had partly hydrothermally232

altered components.233

The induced magnetizations were calculated from the measured susceptibilities assuming the present234

geomagnetic field intensity on Kuchi-erabu-jima as 46,000 nT. In a group of rocks with weak NRM, a235

number of rocks had comparable induced magnetization (Q = 0.4−1.3 in Table 4), while members of the236

other group had relatively small induced magnetization (Q = 4.3−12).237

Figure 8 shows the remaining magnetization of eleven rocks as a result of a stepwise thermal demagne-238

tization. The magnetization is normalized by the initial value for each rock measured at room temperature239

before the experiment. The magnetization of four rocks denoted with squares decreases by about 20% at240

120 ◦C and more than 80% at 400◦C, indicating that titano-magnetite is the dominant component. The241

NRM values of these rocks are small (0.6-1.2 A/m, shown in Table 2), which is insufficient for a magneti-242

zation change of about 2 A/m even if they are completely demagnetized. Three rocks denoted with circles243

have large NRM values of 5-18 A/m. Since the magnetization is almost completely lost at 590◦C, it is244

concluded that magnetite is dominant in these rocks and can be regarded as the predominant component for245

the estimated change in magnetization.246

It appears that the characteristics of the remaining four rocks (triangles and stars) are between those of247

the two rocks discussed above according to the content of the titanium component. However, it is clear that248

the features of the two rocks denoted with stars, whose remanent magnetization is still more than 10% at249
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590◦C, are different. It is hypothesized that these two rocks contain other components, such as maghemite250

or hematite, which have suffered a high-temperature oxidation at the time of eruption.251

If magnetite-rich rocks are heated to 500◦ C beneath the Shin-dake crater, a magnetization change of252

about 2 A/m would be easily obtained. In this case, rocks containing titano-magnetite lose most of their253

magnetization.254

4. Electrical resistivity structure255

We carried out an audio-frequency magneto-telluric (AMT) survey in November 2004. The objective256

of the survey was to obtain a relationship between the demagnetized area and the resistivity structure. As257

shown in Fig. 9, AMT data were collected at intervals of about 500 m. The data over the frequency range258

between 1 and 10,000 Hz were recorded for 11 hours at night by using three MTU-5A systems (Phoenix259

Geophysics Ltd.). A special site for remote reference was not installed, although multiple sites were used260

at the same time during the night, which allowed the researchers to reference each other.261

Since the impedance skews were less than 0.2 at all sites for all usable data, we assumed that the262

subsurface structure of this region is two-dimensional (Bahr, 1991) and estimated the strike direction. The263

inset of Fig. 9 shows the distribution of the strike estimates for frequency-dependent and site-dependent264

decompositions (Groom and Bailey, 1989). Most of the data was between N5◦E-S5◦W and N20◦E-S20◦W265

or between N85◦W-S85◦E and N70◦W-S70◦E due to the ambiguity of 90 degrees. The real induction arrows266

(Parkinson, 1962) at 97 Hz are also shown in Fig. 9. The arrows tend to point towards the summit area,267

suggesting that the presence of resistivity contrasts along the profile, and a conductive region is expected268

around the summit area. This feature is also seen at lower frequencies. Considering that the volcano has the269

summit craters aligned along the N-S direction, N13◦E was assumed as the strike direction in this study.270

A 2-D inversion (Ogawa and Uchida, 1996) was applied to the data set corresponding to the direction271

which is nearly perpendicular to the estimated strike direction (Fig. 9). Static shift was not corrected;272

instead, it was included as an inversion parameter. We used only the TM-mode apparent resistivity and273

phase data for the inversion. Since Kuchi-erabu-jima is an island surrounded by the sea, we also included274

the bathymetry in the model and fixed the resistivity of sea water to 0.33Ωm. The error floors for both275

the apparent resistivity and the phase were set to 10%. The final resistivity model with the root mean276

square (RMS) misfit of 0.95 is shown in Fig. 10, while the pseudo-sections of the observed data and the277

inverted results are shown in Fig. 11. Most of the features of the observed data can be explained by the278

inferred model. The inversion with no static shift was tested and the resultant resistivity structure showed a279

remarkable similarity to Fig. 10.280

The inferred model has the following characteristics. Since borehole data are unavailable for Kuchi-281

erabu-jima, we interpret the resistivity model on the basis of geologic information (Geshi and Kobayashi,282

2006, 2007). First, high resistivities greater than 1,000Ωm and several hundredsΩm are recognized near283

the surface of the WNW flank (R1 in Fig. 10) and the ESE flank (R2). These resistivities correspond to284

the permeable lava of Shin-dake and Furu-dake, respectively. The Shin-dake lava is distributed only on285

the western to northwestern side of the edifice and is composed of at least three flow units. Paleomagnetic286

studies have estimated the eruption date for these lava flows at about 900-1,100 years ago (Miki et al., 2002;287

Matsumoto et al., 2007), and the age of Furu-dake lava has been estimated in the range between 11,000288

and 3,000 years before present by using tephrochronology (Geshi and Kobayashi, 2006). The difference289

in resistivity values between the WNW and the ESE flanks is attributable to the degree of weathering or290

alteration.291

Two conductive regions can be recognized. One is a conductive layer near the surface beneath the292

summit area which extends to the flank of Furu-dake (HCa). The other is a thick layer over the edifice at293
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depths between 200 and 800 m (HCb). These conductive regions are likely to be related to the presence294

of conductive clay minerals, such as smectite, resulting from the hydrothermal alteration. Such altered295

materials have been detected in the volcanic ash of a phreatic eruption in 1980 (DPRI et al., 1981; Tomita et296

al., 1994) and even in the large volcanic bombs ejected by the phreatomagmatic eruption in 1966 (Aramaki,297

1969). HCa is formed due to the elevated temperature beneath the area around the active craters. Highly298

conductive layers regarded as the region containing conductive clay species have been found beneath a large299

number of other andesitic volcanoes (e.g. Nurhasan et al., 2006; Kanda et al., 2008).300

Next, the origin of HCb is considered. Geshi and Kobayashi (2006) estimated the evolution process of301

Shin-dake and Furu-dake as follows. Older Furu-dake started erupting at around its present center on the302

southern flank of No-ike about 13,000 years ago. A major sector collapse opened to the south occurred303

between 11,000 and 5,000 years ago at the summit area, after which Younger Furu-dake emerged to fill the304

collapsed edifice. After Furu-dake collapsed again to the northwest between 3,000 and 1,000 years ago,305

Shin-dake evolved from the exposed flank of Older Furu-dake. The remained rims of the slope failures are306

shown in Fig. 1 with gray lines. This geologic evidence suggests that this highly conductive layer (HCb)307

corresponds to the past edifices of Older Furu-dake and No-ike (Fig. 10), and forms structural boundaries308

between Shin-dake/ Younger Furu-dake and Older Furu-dake.309

Regarding the reason why the edifice of Older Furu-dake is conductive, we consider two possibilities.310

One is that the upper part of HCb in Fig. 10 is composed of the brecciated and altered clay-rich rocks311

produced in the two major sector collapses. A similar case was reported for the La Fournaise volcano,312

where a highly conductive basement was found at a depth of a few hundred meters, and has been interpreted313

as a layer of clay-rich brecciated rocks resulting from the landslides (Courteaud et al., 1997; Lénat et al.,314

2000). Another possibility is that the hydrothermally altered layer had already developed within Older315

Furu-dake before the collapses since hydrothermal processes often play an important role in volcanic sector316

collapses (Lopez and Williams, 1993).317

In Kuchi-erabu-jima, groundwater is abundant within the massif. As seepage of groundwater can be318

found at different places at the foot of the volcano, it is assumed that an aquifer is formed around the upper319

boundary of the conductive layer (HCb) since such a hydrothermally altered clay-rich layer is generally im-320

permeable and meteoric water is accumulated through permeable volcanoclastics near the center or through321

permeable lava on the flanks (R1, R2). In this case, it is assumed that the moderately conductive layer of322

less than several tensΩm immediately above the HCb layer acts as a saturated water table. Hirabayashi323

et al. (2002) pointed out that hot spring water sampled near the coast at the northern foot of the volcano is324

affected by hydrothermal fluids of magmatic origin since the composition of the water showed unusually325

high content of SO2−4 . The inferred demagnetized zone between prd.2 and prd.4 is located at the upper326

boundary of HCb, and the dipole source for prd.1 is around the bottom of HCb (Fig. 6). Hydrothermal327

fluids are likely to be related to the mechanism of the thermal demagnetization process.328

A somewhat resistive layer of less than 100Ωm is seen below HCb. We tested the sensitivity of the329

central part of this layer by changing the resistivity value to 1Ωm. As a result, most of the observed data330

were unaffected by this modification, and the consequent RMS misfit of 0.98 was slightly larger than that331

of the final model (Fig. 10). Therefore, we regard this resistive layer as less sensitive and do not discuss it332

in this study.333

5. Discussion334

Our results indicate that the demagnetization center after 2003 is located above the widely spread con-335

ductor (HCb in Fig. 10). We discuss the source location and the mechanism of demagnetization with336

seismological, geodetic, and geochemical data.337
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5.1. Seismological data338

Seismic activity has been monitored since 1991, when a seismometer was installed at the western flank339

of the volcano by the Disaster Prevention Research Institute (DPRI) of Kyoto University (DPRI, 1992). In340

recent years, high seismic activity at the summit area was observed in 1996 and 1999. Figure 12 shows341

the monthly number of volcanic earthquakes and the observed geomagnetic field variations at site C1 since342

August 2000. After the swarm activity in 1999, seismicity at Kuchi-erabu-jima has generally remained high.343

An episode of sudden increase of the number of earthquakes is repeatedly observed almost every year. Most344

of these earthquakes are high-frequency (HF) events with dominant frequencies higher than 5 Hz, although345

low-frequency (LF) events (1-4 Hz) or monochromatic (MC) events (1-30 Hz) also occur (Iguchi et al.,346

2001). The typical source mechanism of HF events is the normal-fault type with a WNW-ESE extension347

axis (Iguchi et al., 2001; Triastuty et al., 2009).348

A volcanomagnetic field variation starts around May 2001, when a rapid increase in the number of349

earthquakes is observed. In addition, changes in the variation rate are observed in early 2003, at the end of350

2004, and in the middle of 2006. Correspondingly, the temporal increase in seismic activity occurs nearly351

at the same time.352

The hypocenters of the HF events were located beneath the area around the Shin-dake crater at around353

sea level as inferred from a temporary observation in 1996 (Yamamoto et al., 1997), and shallower hypocen-354

ters (0-400 m asl) were inferred in 2001 (Iguchi et al., 2001). The foci of the LF events were also determined355

in the 1996 campaign at nearly the same locations as those of the HF events. These hypocenters are located356

above the demagnetization center for prd.1 and in the HCb, suggesting that HF earthquakes do not occur in357

high-temperature areas.358

Triastuty et al. (2009) located volcanic earthquakes occurred in 2006 by using the permanent seismic359

network around the Shin-dake crater established in 2002. They determined that the hypocenters of HF, LF,360

and MC events are located at depths shallower than 200 m asl, 400 m asl, and 300 m asl, respectively. The361

focal region of these earthquakes extends from the upper boundary of the highly conductive layer (HCb)362

to the bottom of the crater, penetrating the moderately conductive layer regarded as the aquifer as well as363

another highly conductive HCa layer. This distribution of the hypocenters corresponds to the upper margin364

of the ellipsoidal demagnetized zone, and, in particular, all LF events occur above this zone. This feature is365

similar to that of the hypocenters as obtained in 2001.366

During the elevated seismic activity starting in August 2006, the number of earthquakes from different367

types reached their respective peaks at different times in the order of MC, LF, HF. Iguchi et al. (2007)368

interpreted this sequence as follows. The number of MC events increased in August 2006 at the initial369

phase of the upward migration of volcanic fluids, after which the LF activity increased in October due to a370

high fluid flux. Finally, a large number of HF events occurred in November as a result of brittle failure of371

the rocks around the inflated pressure zone caused by fluid migration as the pressure was gradually released372

by gas emission through fumaroles. The obtained volcanomagnetic variations during prd.4 indicate that373

abrupt demagnetization started in August 2006. This evidence can be explained if we assume that fluids374

with large heat capacity are present around the demagnetized area. This is consistent with our interpretation375

that the aquifer is formed around the upper boundary of the conductive layer (HCb) inferred from the AMT376

survey. The high-temperature volcanic gases supplied from the deeper parts reach the aquifer and heat is377

transported rapidly to the surrounding rocks through the fluids. Simultaneously, the fluids continue rising378

toward the crater, causing MC and LF.379

5.2. Geodetic data380

Global Positioning System (GPS) surveys have been repeatedly conducted since 1996 and have detected381

the radial pattern of horizontal displacements around the Shin-dake crater, which indicates inflation within382
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the volcano (Iguchi et al., 2002). The inflation has been interpreted by using a point source model, and the383

position has been estimated at 100 m bsl 500 m east of the crater from the data sets obtained in 1995/96 and384

in 2000. We observed the elevated seismic activity in 1999, but the relation of this activity to the ground385

deformation is unclear because of the campaign observations. The depth of the inflation source almost386

coincides with that of the demagnetization source estimated during prd.1 (Table 2). If the two different387

sources are related each other, one possible interpretation is that the migrated volcanic gases reached the388

low permeable layer (HCb) and temporarily remained around the lower part of HCb, which caused the389

increase of pressure in that region.390

The ground deformation beneath the Shin-dake crater has been monitored by using a continuous GPS391

network since April 2004 (Saito and Iguchi, 2006, 2007). The outstanding extension of the baselines be-392

tween the summit and the flank stations indicating an inflation of the volcanic edifice was observed between393

January and May 2005 as well as between September 2006 and January 2007 in concordance with the high394

seismic activity (Fig. 12). The elevation of the inflation source was estimated at 250-300 m asl in 2005,395

assuming that the source was located beneath the center of the Shin-dake crater. The repeated surveys also396

detected a distinct inflation pattern from the data set obtained in February 2005, January 2006, and Decem-397

ber 2006/ February 2007. The location of the inflation sources was estimated to be beneath the Shin-dake398

crater at 200 m asl during 2005 and 370 m asl during 2006 (Iguchi et al., 2007). These sources are located399

in the ellipsoidal demagnetization zone, which supports the view of our model that pressure in the aquifer400

increased due to the continuous supply of high-temperature volcanic gases.401

The pressurized rocks can produce piezomagnetic variation (e.g. Sasai, 1991; Zlotnicki and Bof, 1998;402

Del Negro et al., 2004), although the piezomagnetic effect is generally small compared to the thermal effect.403

The expected variation pattern is opposite to the thermal demagnetization, although such variation (increase404

at sites located south of the source and decrease at sites located north) is not observed (Fig. 4).405

5.3. Geochemical data406

Next, geochemical studies of fumarolic gases should also be considered. Researchers at Tokyo Institute407

of Technology have repeatedly sampled and analyzed volcanic gases of the fumaroles located at the eastern408

(CR-E), southern (CR-S), and the western (CR-W) rims of the Shin-dake crater since 1992 (Hirabayashi et409

al., 2002, 2007). CR-E is located at the southern part of the fissure which erupted in 1980 and gradually410

declined in activity, making it impossible to obtain gas samples after 2004. Alternatively, the fumarolic411

activities of CR-S and CR-W have become dominant since 2003. It has been reported that SO2 and H2412

were included in the fumarolic gases in high concentration, and CO have also been detected from both413

fumaroles. These components are characteristic of high-temperature gas of magmatic origin, and sporadic414

increases in concentration of these components have been observed since 2005. Another important result415

from the chemical component analysis is that hydrogen chloride (HCl) has not been detected (Hirabayashi416

et al., 2007). This implies that degassed HCl (as well as SO2) is absorbed by groundwater as HCl is highly417

soluble in water and that the magma body is considered to be located further down below the aquifer.418

The outlet temperature has remained unchanged at about 100◦C since April 2003, while the apparent419

equilibrium temperature (AET) estimated from the chemical composition of fumarolic gases at CR-S and420

CR-E has shown very high values of 450-550◦C. AET is the equilibrium temperature of the reaction of421

SO2 / H2S and is one of the indicators of the subsurface thermal state (Ohba et al., 1994). These AET422

values are consistent with our estimated temperature of the demagnetized rocks. Hirabayashi et al. (2007)423

explained that the large difference between the outlet temperature and AET was caused by the rapid cooling424

of volcanic gases by groundwater, which is widely spread within the volcano. The presence of groundwater425

is implied by the results of our AMT survey.426
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5.4. Thermal demagnetization process427

Surface geothermal anomalies have been observed since February 2003 in concordance with high seis-428

micity (Iguchi, 2007). Fumaroles appeared at the northern side of the bottom of the crater, where eruptions429

occurred in 1933 (Tanakadate, 1938). Intense fumarolic activity has been observed around the crater since430

February 2005 (Fig. 12). All available data indicate that the thermal state of shallow subsurface around the431

Shin-dake crater is characterized by extremely high temperatures.432

A conceptual model of thermal demagnetization is shown in Fig. 13. As for the early source, we suggest433

the model as a possible mechanism because there are uncertain factors. High-temperature volcanic gases434

transport the heat from deep-seated magma. The heating process as inferred from this study is as follows.435

1. It is reasonable to consider that the high seismic activity in 1996 and 1999 was induced by the ascent of436

volcanic gases within the less permeable layer (HCb) since the hypocenters of the earthquakes in 1996437

were determined to be around sea level. The ascent path was rather narrow and had been maintained438

since the 1980 eruption due to the fact that fumarolic activity was intermittently observed.439

2. In spring 2001, the high-temperature gases which were unable to pass through HCb were accumulated440

around the lower part of HCb due to the increase of gas flux from deep magma, which caused the441

increase of pressure and the thermal demagnetization. In addition, a large number of earthquakes442

occurred around the upper part of HCb which expanded the path of the ascending volcanic gases.443

3. The pathway penetrating HCb emerged as a result of the repeated occurrence of earthquakes, thus444

allowing the ascent of larger fluxes of volcanic gases. The high-temperature gases reached the aquifer,445

which occupies an extensive region around the upper part of HCb (∼300 m asl). The heat of volcanic446

gases was efficiently transported to the surrounding rocks through the groundwater, which caused447

the observed geomagnetic field variations indicating abrupt thermal demagnetization. The part of448

the volcanic gases which was mixed with groundwater was discharged from the fumaroles and the449

remaining gas was spread aside through the aquifer.450

4. Rapid heating occurring as a result of the increase of the gas flux from the deep-seated magma, and451

the diffusion of heat through the groundwater was repeated. As a result, the high-temperature zone,452

which was determined as the demagnetized zone, was expanded, and inflation was repeated since HCa453

containing clay-rich materials located above the aquifer acts as a cap. The volcanic gases continued454

to ascend by expanding the pathway connected to the fumaroles, which was observed in the form of455

shallow earthquakes beneath the crater and intense fumarolic activity.456

6. Conclusions457

Changes in the total geomagnetic intensity have been detected at Kuchi-erabu-jima volcano since 2001.458

The variations are in good agreement with several characteristics of the inflated volcanic activity, such as459

high seismicity, ground deformation, and changes in the chemical composition of fumarolic gases. The460

volcanomagnetic variations are produced by demagnetization of rocks beneath the area around the Shin-461

dake crater, which is considered to be caused by the changes in the thermal state of the shallow subsurface.462

Modeling of the demagnetization sources revealed that the source was located about 200 m below sea level463

until 2002 and at about 300 m above sea level since 2003.464

We conducted an audio-frequency magnetotelluric survey to reveal the shallow resistivity structure be-465

neath the summit area and discovered two conductive layers which were interpreted as hydrothermally466

altered layers containing clay-rich minerals. Due to their low permeability, they act as caprock for the467

hydrothermal fluids from the deep magma and as bedrock for the infiltrating meteoric water. The esti-468

mated source of demagnetization until 2002 was located at the lower part of the deep conductor, where469
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high-temperature volcanic gases were temporarily accumulated since the low-permeability layer blocked470

the ascent. It is considered that after 2003, a large flux of high-temperature gases was able to penetrate471

the low-permeability conductive layer and to reach the aquifer, which was most likely formed around the472

upper boundary of the conductor. In addition, it was assumed that the heat was efficiently transported to473

the surrounding rocks through the groundwater in that region, and as a result thermal demagnetization was474

observed.475

The increase of the magmatic gas flux caused a repeated and extensive thermal demagnetization, as well476

as ground deformation. The thermal and mechanical energy accumulated beneath the shallow conductor.477

The accumulated energy was released by discharges of the volcanic gases through the fumaroles, thereby478

causing volcanic earthquakes of various kinds, and by diffusion through the aquifer, which occupies an ex-479

tensive region within the edifice. Although the stable path of volcanic gases to the ground surface around480

the Shin-dake crater was already established, if an even larger flux of volcanic gases is supplied, phreatic481

explosion might occur beneath the shallow capping layer. This study strongly suggests that the hydrother-482

mally altered low-permeability layers and the aquifer formed above these layers play an important role in483

accumulating and releasing the energy of phreatic explosions.484
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Figure 1: (a) Location of Kuchi-erabu-jima volcano and Kanoya Magnetic Observatory (KNY) of the Japan Meteorological Agency
(JMA). (b) Topographic map of Kuchi-erabu-jima. Contour interval is 50 m. Major craters are denoted with dotted circles and
lines. Gray solid (dashed) lines indicate (concealed) rims of slope failure of Furu-dake (Geshi and Kobayashi, 2006). (c) Detailed
map of the summit area. Gray circles show the locations of magnetic stations.
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Figure 2: Total geomagnetic intensities observed at five sites at Kuchi-erabu-jima volcano and at KNY. Daily means are shown.
Vertical scale for each panel is set to 150 nT with a grid interval of 30 nT.
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Figure 3: Simple differences of data observed at five stations with respect to those at KNY. Hourly averaged values were differenced
and nighttime means (00:00− 04:59 JST) are shown. Vertical scale for each panel is set to 80 nT with a grid interval of 20 nT.
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for the Kalman filter method. Green dots show those of nighttime means. Grid interval along the vertical axis is 2 nT.
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Table 1: Optimum parameters for estimated time series models.τ2t is fixed to 1.00×10−5.

site τ2o τ2s K L

A1 0.483 3.16×10−5 2 14

B1 0.597 1.78×10−4 2 14

C1 0.466 1.78×10−4 2 15

P2 0.652 3.16×10−6 2 6

P3 0.521 3.16×10−6 2 14

Table 2: Estimated location and moment of the magnetic dipole source for each period. Origin of the coordinate system is set at sea
level beneath the center of the Shin-dake crater. X, Y, and Z denote coordinates in meters in northward, eastward, and downward
directions, respectively. M indicates intensity of magnetic moment in units of Tm3. The error of each parameter shows the standard
deviation calculated with a bootstrap method.

period X Y Z M

prd.1 −110± 41.5 +33.6± 113 +187± 71.9 −1.2517.5±1.2

prd.2 −33.6± 41.1 −17.5± 52.2 −311± 89.3 −1.257.7±1.9

prd.3 −33.4± 36.0 −46.0± 32.3 −325± 91.9 −1.257.8±1.7

prd.4 +27.8± 44.2 −0.10± 36.4 −312± 46.1 −1.259.9±1.4

Table 3: Estimated parameters of uniformly magnetized ellipsoid, where a, b, and c denote the respective half-axis lengths in
northward, eastward, and downward directions in units of meters.∆J indicates magnetization intensity change in units of A/m, and
R is the residual calculated as

√∑
(obs. − cal.)2 whereobs. andcal. denote observed and calculated amounts of magnetic variation

at a given site, respectively. Center of the ellipsoid was estimated to be located at (0, -20, -300) throughout all periods (Fig. 6).

prd. a b c ∆J R
2 40 80 140 -1.8 1.37

2-4 100 120 140 -1.9 0.857
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Table 4: Natural remanent magnetization (NRM) and induced magnetization for 11 samples.n: number of specimens per rock
sample. Jr : NRM in units of A/m. err: relative error ofJr in percent.χ: volume susceptibility in 10−3 SI units. Ji : induced
magnetization in units of A/m, assuming ambient magnetic field intensity of 46,000 nT.Q: Koenigsberger ratio (Jr /Ji). Jt: total
magnetization in units of A/m. Rock type of all samples is andesite.

sample n Jr err χ Ji Q Jt

SD-2 7 17.89 0.38 41.3 1.51 11.8 19.4
SD-SW 4 6.44 0.79 1.52 0.56 11.5 6.99
SD-1 3 5.20 1.16 32.7 1.20 4.34 6.40
SD-4 6 1.45 0.90 34.4 1.26 1.15 2.71
FD-1 5 0.53 2.02 3.57 0.13 4.04 0.66
SD-W 4 1.93 1.14 2.14 0.78 2.46 2.72
SD-3 6 1.77 1.05 5.38 0.20 9.00 1.97
FD-2 4 1.27 1.36 27.5 1.01 1.26 2.27
SD-E 4 0.95 1.49 3.68 1.35 0.70 2.30
FD-21 4 0.74 1.39 19.2 0.70 1.04 1.44
SD-C1 6 0.61 1.19 43.6 1.60 0.38 2.20
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