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Three sub-Plinian eruptions took place on 26-27 January 2011 at Shinmoe-dake volcano in the Kirishima vol-
canic group, Japan. During this event, GPS and tiltmeters detected syn-eruptive ground subsidence approximately
7 km to the WNW of the volcano. Starting in March 2011, we conducted broad-band magnetotelluric (MT) mea-
surements at a site located 5 km NNW of the volcano, beneath which the Shinmoe-dake magma plumbing system
may exist. In addition, temperature monitoring of fumaroles and hot-springs near the MT site was initiated in
July 2011. Our MT data record changes in apparent resistivity of approximately +5%, along with a £1° phase
change in the off-diagonal component of the impedance tensor (Z,, and Z,,). Using 1-D inversion, we infer
that these slight changes in resistivity took place at relatively shallow depths of only a few hundred meters, at the
transition between a near-surface resistive layer and an underlying conductive layer. Resistivity changes observed
since March 2012 are correlated with the observed temperature increases around the MT monitoring site. These
observations suggest the existence beneath the MT site of pathways which enable volatile escape.
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1. Introduction

The Kirishima volcanic group, situated at the southern
end of Kyushu Island, Japan, consists of more than 20 Qua-
ternary volcanic cones that occur in a ~20 x 20 km area
(Fig. 1). Historical eruptions have occurred at three volca-
noes from this group: Iwo-Yama, Ohachi, and Shinmoe-
dake. Since the 1923 eruption of the Ohachi volcano,
all other eruptions (i.e., the 1959, 1962, 1991, 2010, and
2011 eruptions) occurred at Shinmoe-dake volcano, with
the 2011 eruptions being the largest on record over the past
290 years (i.e., since a similar-scale eruption in 1717). The
2011 event started with a series of small eruptions on 19
and 22 January, followed by three sub-Plinian eruptions on
26-27 January and the subsequent emergence of lava within
the crater. Synchronous with these events, global position-
ing system (GPS) instruments and tiltmeters detected sig-
nificant ground subsidence in an area approximately 7 km
WNW of Shinmoe-dake (Fig. 1), at an estimated source
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depth of ~10 km (Nakao et al., 2011; Ueda et al., 2013;
Kozono et al., 2013). The estimated volume of this defla-
tion is consistent (within one order of magnitude) with the
erupted dense rock equivalent (0.021-0.027 km?; Nakada
et al., 2013). These observations suggest that a magma
chamber exists approximately 7 km WNW of Shinmoe-
dake volcano, connected by a subsurface plumbing system
to the Shinmoe-dake crater prior to the 2011 eruptions. In
February 2011, the style of eruption of this volcano has
switched from sub-Plinian to Vulcanian, during which a
400-kg volcanic bomb was ejected as far as 3.2 km from the
vent. Due to the dangerous nature of these eruptions, peo-
ple were prohibited from entering within a 4-km radius of
the Shinmoe-dake crater. This eruptive activity then gradu-
ally subsided, and the latest eruption as of this writing (on 7
September 2011) comprised only an ash emission. After the
sub-Plinian eruptions, GPS instruments initially detected a
continuous inflation event occurring at approximately the
same location as the previously documented syn-eruptive
deflation event, although this late-stage inflation has subse-
quently ceased in late 2011 (Nakao et al., 2012).
Pre-eruptive activity also occurred. For example, GPS
data indicate that ground inflation had commenced as early
as February 2010 (Nakao et al., 2011). The source of these
pre- and post-eruptive inflations is identical to the source re-
gion of the syn-eruptive deflation (7 km WNW of Shinmoe-
dake and at a depth of 10 km). However, no significant
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Fig. 1. The MT monitoring site at Kirishima volcanic group. The topo-
graphic contour interval is 200 m. The square shows the location of the
MT site, some 400 m north of Iwo-Yama volcano; crosses with name
labels (SRT, ASY, and SNY) indicate the location of temperature mea-
surement sites, and the dashed circle indicates the possible location of
the deformation source (Nakao et al., 2011; Ueda et al., 2013; Kozono
et al., 2013). The dark shaded area and the arrow indicate the possi-
ble location of a deep conductive body and inferred magma movements
during the 2011 Shinmoe-dake eruptions, respectively (Aizawa et al.,
submitted).

seismic activity or ground deformation occurred between
22 and 26 January, meaning that the timing, magnitude, and
location of the three sub-Plinian eruptions on 26-27 January
was almost entirely unexpected. Only studies carried out on
the erupted material itself suggested the possibility of any
impending large magmatic eruptions. In particular, Suzuki
et al. (2013) analyzed the volcanic ash erupted on 19 Jan-
uary, and found that it contains 8% juvenile micro-pumice
in particle number, which indicates that magma must have
reached at a relatively shallow level beneath the Shinmoe-
dake crater at that time. On the days of the sub-Plinian
eruptions, subtle changes in strain were detected several
hours prior to each eruption by a vault-housed extensometer
deployed approximately 18 km NW of the Shinmoe-dake
crater (Yamazaki et al., submitted).

To understand the current state of Shinmoe-dake volcano
and to forecast the next large-scale magmatic eruption, we
deployed a number of scientific instruments at distances of
3-10 km from this volcano (Fig. 1) to monitor and mea-
sure changes in temperature, and at one station (situated 5
km away) installed equipment to measure electrical resis-
tivity. In this paper, we present the results of that moni-
toring study, and report on observed temporal variations in
electrical resistivity and temperature that occurred after the
2011 sub-Plinian eruptions. Although the imaging of sub-
surface magma transport is usually quite difficult due to the
relatively small volumes of magma involved, some previ-
ous seismic studies have indicated that abundant (and ob-
servable) structural changes are common in the rocks sur-
rounding the magma conduit. A number of different causes
for these structural changes have been proposed, including
changes in local stress fields, crack opening/fracture propa-
gation, and/or volatile degassing (Miller and Savage, 2001;
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Patane et al., 2006; Brenguier et al., 2008).

2. Methods
Setup

2.1 Magnetotelluric monitoring

The magnetotelluric (MT) method uses the natural elec-
tromagnetic field variation to image subsurface resistivity
structure, and usually involves measuring two horizontal
electric field components (E, and E,) and three magnetic
field components (B,, By, and B;) at the Earth’s surface,
where the subscripts x and y indicate the N-S and E-W di-
rections, respectively. From time series data, the impedance
tensor Z and geomagnetic transfer functions 7 are calcu-
lated in the frequency domain as

(Ex(f>> _ (Z”(f) ny(f)) (Bx<f >> 0
E,(f) Zy () Zyy () \By(f))’

Bx(f))
By(f))

B. is the geomagnetic field in the vertical direction.
Impedance tensors and geomagnetic transfer functions are
complex numbers to calculate mathematically and are gen-
erally referred to as MT response functions. Each compo-
nent of the impedance tensor is usually expressed as an ap-
parent resistivity p, (ohm-m) and phase ¢ (degree), as fol-
lows:

of Observation and Instrumental

and
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where i, j denotes either x or y. The impedances (Z;;)
in Egs. (3) and (4) are based on units of mV/km and nT,
respectively. In the case of homogeneous half-space, Z,,
and Z,, = 0, Z,, = Z,,, and the apparent resistivity is
equal to resistivity in the ground.

Using the real part of the geomagnetic transfer function,
the induction vector is graphically represented in the xy
plane as

(—=Real(T:(f)), —Real(Ty(f))). &)

This representation is frequently used to evaluate the di-
mensionality (D) of the subsurface resistivity structure, be-
cause it tends to point to the relatively conductive material
in the vicinity of the measurement site. In the 1-D case (the
resistivity changes only in the vertical direction) the induc-
tion vector becomes (0, 0).

The MT method is useful for investigating static re-
sistivity structures and temporal variations in these struc-
tures; however, in practice, this technique is mainly used
to investigate static structures. The resistivity structure is
deduced by the inversion of impedances and/or geomag-
netic transfer functions. The higher-frequency data corre-
spond to shallower resistivity structure, whereas the lower-
frequency data correspond to deeper resistivity structure.
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Because the MT method can be used to conduct deep (a
few hundred kilometers) sounding without preparing an ar-
tificial electric source, this method has been widely ap-
plied in studies aimed at imaging the various scales of re-
sistivity structure. In particular, we have already used the
MT method to evaluate the large-scale subsurface resistiv-
ity structure present within the seismogenic zone beneath
the Japanese Archipelago Island Arc system (Ogawa et al.,
2001; Uyeshima et al., 2005; Yoshimura et al., 2009), and
to evaluate the smaller-scale (shallow) resistivity structure
beneath a number of historically active Japanese volcanoes
(Ogawa et al., 1998; Hase et al., 2005; Aizawa et al., 2009b;
Kanda er al., 2010).

MT monitoring studies are relatively underused com-
pared with the other techniques that can be employed to sur-
vey resistivity structures. Resistivity monitoring generally
involves the measuring of DC electric currents, as under-
taken near the active craters of Izu-Oshima and Miyakejima
volcanoes, Japan (Yukutake et al., 1990; Utada, 2003; Zlot-
nicki et al., 2003). More recent long-term MT monitoring
has been used to determine whether precursory resistivity
changes occur prior to earthquakes in the area around Ru-
apehu volcano (Hanekop and Simpson, 2006), and in Cali-
fornia (Kappler et al., 2010). MT methods have also been
used to monitor fluid movements beneath Sakurajima vol-
cano in Japan (Aizawa et al., 2011) and during geothermal
exploration in Australia (Peacock et al., 2012).

In the present study, an MT monitoring site was estab-
lished 5 km NNW of the Shinmoe-dake crater in March of
2011 (Fig. 1). This site is located 400 m NE of the Iwo-
Yama volcano, which has a historical record of phreatic
eruptions. Prior to 1990, a fumarolic area spanning about
500 x 500 m also developed on Iwo-Yama, although there is
currently no fumarolic activity near this volcano. At the MT
site, geomagnetic fields (B, By, and B.) and Earth currents
(E, and E,) were recorded using a Metronix ADUO7 sys-
tem. The sampling frequencies were 32 Hz (00:00-23:50
UT) and 1024 Hz (17:00-19:00 UT). Non-polarized Pb-
PbCl, electrodes were placed at intervals of 40 m in the
N-S direction and 35 m in the E-W direction. The contact
resistance between the soil and a given electrode was main-
tained at <6,000 ohm-m, but £, channel values drifted to
>10,000 ohm-m up to December 2011. This drift resulted
in drifting of impedance phases to around 80-320 Hz; these
values were corrected immediately by changing electrodes
in December 2011, and the apparent resistivity across all
frequency ranges was not influenced by this changing of
electrodes. The electrical power supply was maintained by
a series of solar panels (80 W each x six panels), a charging
controller, and a number of deep-cycle batteries (105 Ah
each x six batteries). Approximately every two months, we
visited the MT observation site to maintain the MT appara-
tus, replacing the electrodes if necessary and collecting the
digital time series data that had been recorded.

2.2 Temperature monitoring

For temperature monitoring in this study, the thermis-
tor sensors and data loggers (TandD TR-5420 and TR-52i,
respectively) were deployed at the surface of three sep-
arate geothermal zones (labeled SRT, ASY, and SNY in
Fig. 1), and the temperature measurements commenced in
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June 2011. The temperature resolution of the data log-
ger is 0.1°C. Measurement site SRT (Shiratori Jigoku) is
situated at an altitude of 820 m, where numerous high-
temperature fumaroles and boiling hot-springs exist in an
area measuring approximately 200 x 200 m. At this site,
the sensor was set into one of the open holes, which was
observed to spout out vapor with a hissing sound. Measure-
ment site ASY (Ebino-kogen Asiyu) is situated at an alti-
tude of 1190 m, and is within 1.3 km of the MT monitoring
site and Iwo-Yama volcano. At this hydrothermally active
site, low-temperature hot-spring water is drawn up from a
depth of 60 m, and then used as a footbath for tourists; the
ASY site represents an unconfined rather than an artesian
well. At a distance of 30 m from this footbath, there ex-
ists a small outpouring of hot-spring water and gas bubbles
at the surface due to fracturing of the casing pipe, and it is
within this surface outpouring that the temperature monitor-
ing sensor was placed at the ASY site. Site SNY (Shinyu)
is located at an altitude of 920 m, at a place where a broad
(300 x 300 m) zone of fumarolic and hot-spring activity
exists. At this site, the sensor was inserted into one of the
fumaroles. All temperature monitoring data in this study
were recorded every 10 minutes. During our excursions to
the MT site about once every two months, we also visited
these three temperature-monitoring sites to maintain the ap-
paratus and to collect the digital time series data that had
been recorded.

3. Data
3.1 MT response function

Although there are no electrical power lines near the
MT monitoring site, artificial 60-Hz noise (and associated
odd-order overtones at 180, 300, and 420 Hz) originating
from distant commercial power lines is still observed in the
recorded power spectra of all five measured components
(Ex, Ey, By, By, and B;). Due to these different frequency
noises, the quality of the MT response functions is not good
in frequency ranges of >60 Hz. To reduce these noises, we
applied a notch filter to the time series. A Fourier trans-
form was applied to the raw data, the result of which was
then transformed to a frequency domain. In this step, the
amplitudes of the 60 Hz odd-order overtones were reduced
to 1/100 of their initial values, with a notch width of 0.1
Hz. Finally, the time series data were recovered by apply-
ing an inverse Fourier transform. By applying this comb-
like notch filter, the quality of MT response functions was
significantly improved, especially at frequencies near 60 Hz
and at odd-order overtones.

The MT response functions in this study are calculated
using the robust estimation code (Chave and Thomson,
2004). At high frequencies (above 0.1 Hz), we also em-
ployed remote-reference processing (Gamble et al., 1979)
using MT data recorded at Sakurajima volcano (50 km
south of Kirishima), where an identical apparatus measures
the MT data at that location, based on the same time sched-
ule as our MT apparatus. In the low-frequency range be-
low 0.1 Hz, the geomagnetic data recorded at the Kakioka
Geomagnetic Observatory of Japan Meteorological Agency
(located 1000 km ENE of Kirishima) were used for remote-
reference processing, primarily as the lower-frequency data
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Fig. 2. Sounding curves of the MT monitoring site. In the calculation, all data for the observation period are used. Errors, which are shown vertical

bars, are smaller than symbols.

obtained at proximal stations were of poorer quality than
the data obtained at the magnetic observatory. Using these
procedures, we obtained the daily MT response functions
across a broad frequency range of 320-0.001 Hz.

Figure 2 shows the resultant sounding curves for the MT
monitoring site, obtained by stacking the daily impedances,
as shown in Fig. 3. The lowest-quality 10% of the data, as
defined using the size of error bars on the data, was removed
to improve interpretation quality; only the remaining 90%
higher-quality data were stacked. Uncertainties within the
stacked data were evaluated by an error propagation equa-
tion by assuming that the errors in the daily impedance were
independent. At frequencies above 1 Hz, the apparent re-
sistivity of Z,, is approximately the same as that of Z,,,
but these values gradually diverge from one another as fre-
quencies decrease progressively below 1 Hz. The apparent
resistivities of Z,, and Z,, are minor in comparison with
the apparent resistivities of Z,, and Z,,, except at lower
frequencies where these values converge with those for Z,,
and Z,,. These results indicate that the overall resistivity
structure can be approximated as 1-D at shallow regions
beneath the MT site, but gradually shows 3-D features at
deeper levels. The mean values of off-diagonal components
(yellow and green circles in Fig. 2) are discussed in Sec-
tion 4.

Figure 3 shows two representative examples (i.e., for the
off-diagonal components Z,, and Z,) of the observed tem-
poral variations of apparent resistivity and phase measure-
ments at the MT site, each of which displays five selected
(i.e., representative) subsets of data that were measured at
specific frequencies of 20, 1.25, 0.16, 0.04, and 0.01 Hz.
The data for the diagonal components (Z,, and Z,,) are not
shown in Fig. 3 because their amplitudes are (for the most
part) minor in comparison with those for the off-diagonal
data (see Fig. 2), but also because these data-points have rel-
atively large associated error bars. It is clear from Fig. 3 that
the quality of the impedance data is better for the higher-
frequency datasets than for the lower, and this is because

the cumulative number of stacked responses increases with
increasing frequency. The poorest-quality data corresponds
to about 0.16 Hz, which is known as a dead band where nat-
ural electromagnetic signals are relatively weak. Figure 3
also shows that the measurement of Z,, data was poorly
conducted in October—December 2011 and in March 2012
due to electrode problems. Neglecting the small-scale (i.e.,
short-duration) fluctuations in the data, we observe no ma-
jor changes in apparent resistivity or phase measurements
throughout the entire duration of our MT monitoring study.
These remarkably stable impedances indicate that the over-
all resistivity structure beneath the MT site remained sta-
tionary throughout this period. However, upon closer in-
spection, the 20 and 1.25 Hz data show small progressive
changes in apparent resistivity and phase measurement.

Figure 4 shows a representative example of the tempo-
ral variations of amplitude and orientation observed for the
induction vector. These results show that throughout the ob-
servation period, these amplitudes remained small and sta-
ble, which indicates that the resistivity structure beneath the
MT site can be approximated as a first-order 1-D structure
during this entire interval of time. We note, however, that in
the data from December 2011, the 20 Hz data show a small
step-like variation, but the absolute cause or significance of
this pattern is unclear.
3.2 Temperature

Figure 5 shows the temporal evolution of the tempera-
ture data collected during our monitoring study, with each
data-point representing a single 1-day average. For compar-
ison, precipitation data and eruption activity for the region
are also shown. At the SRT and SNY sites, the instrument
sensors were not perfectly inserted into the open fumarole
holes from July to November 2011, resulting in a high de-
gree of fluctuation in these data. These sensors were ad-
justed, placed in a more secure location within the fumarole
hole, and rocks were placed to fix the sensor cable on 30
November 2011.

It is clear that increased rainfall leads to an instantaneous
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decrease in recorded temperature, based on correlations of
daily trends in precipitation and raw temperature data (not
shown). However, the one-day time-averaged data in Fig. 5
reveal that the long-term temperature trends actually re-
main quite stable against a few days of rainfall. For exam-
ple, the temperature decrease linked with typhoon rainfall
in September 2011 soon recovered several days later. The
temporal variations in temperature recorded in this study
also show significant contrasts between fumarole versus
hot-spring settings, whereby the high-temperature fuma-
role data (sites SRT and SNY) show relatively punctuated
fluctuations, while the low-temperature hot-spring data (site
ASY) show more gradual variations.

4. Analysis
4.1 1-D inversion of the MT data

Images of subsurface resistivity structure are estimated
by the inversion of MT response functions, and in the
present case (i.e., deployment of a single MT site), 1-D in-
version is the most practical approach. Therefore, in this
study we used the >0.01 Hz apparent resistivity data (and
corresponding phase data) to generate a first-order, 1-D ap-
proximation of the subsurface resistivity structure beneath
the MT site. The data at frequencies below 0.01 Hz were
excluded from the inversion because the apparent resistivity
of the diagonal component exceeds that of Z,, and shows
3-D features; in addition, geomagnetic transfer functions
were not used in the inversion due to the assumption of 1-D
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structure.

The apparent resistivity and phase values were calculated
from the arithmetic average (Z,, — Z,,)/2, and then used
as input for the 1-D inversion. Although the determinant
(\/ Zyyx Ly, — Zyy, * Zy,) of the impedance tensor is also
commonly used in this type of 1-D analysis, this approach
was not used during this study, primarily as calculated val-
ues had significant scatter at frequencies of <1 Hz, due to
relatively poor estimations of Z,, and Z,, values. It should
be noted that there is no significant difference between the
arithmetic average and determinant values at <1 Hz, pri-
marily as Z,, and Z,, values are very small within this
frequency range (Fig. 2). We also applied the Occam ap-
proach (Constable et al., 1987), which adapts the smoothest
model according to the target root mean square (RMS) mis-

fit, which is usually set at 1.0. The initial inversion model
uses a half-space with a resistivity of 100 ohm-m, and we
used 16 frequencies in the inversion: 320, 160, 80, 32, 20,
8, 5,25, 1.25, 0.63, 0.31, 0.16, 0.08, 0.04, 0.02 and 0.01
Hz. We assigned error bars of £5% to each impedance
value, which corresponds to £0.0217 in log apparent resis-
tivity and +1.43 degree in phase, with the exception of the
8 and 20 Hz data (which were assigned smaller error bars of
+2.5%, as they approximately coincide with the 1st and 3rd
harmonics of the Schumann resonance) and the 80-320 Hz
phase data (which were assigned larger error bars of £20%
due to increased contact resistance that sometimes caused
the data to drift and fluctuate). Figure 6 shows the results
of this 1-D inversion using the MT impedance data shown
in Fig. 2. In this 1-D inversion, the final RMS approaches
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Fig. 7. Apparent resistivity and phase variations in the frequency of 20 Hz at the MT monitoring site. Thick green line indicates moving average with a

time window of 2 weeks.

values of less than 1.0. cies that correspond to the 1st and 3rd harmonics of the

To elucidate temporal variations in resistivity structure, Schumann resonance, respectively. Because there is sig-
we attempted to invert the daily impedance. Figure 7 shows nificant scatter in the arithmetic averages of impedance, the
the variation in daily impedance at 8 and 20 Hz frequen- results of the 1-D inversion are also scattered. To address
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Fig. 8. Temporal variations in the smoothed apparent resistivity and phase shown in a color pseudo-section. For simplicity, only (Z.y — Zy,)/2 is
shown. Upper panel shows change in apparent resistivity (%) while the lower panel shows change in phase (°); both are deviations from the average
values of each frequency. The phase jump in December 2011 at 80-320 Hz is due to a change in electrodes; a detailed explanation is provided in the

main text.

(@)

(b)

(d)

Fig. 9. Temporal changes in resistivity structure within the study area compared with variations in temperature and precipitation. (a) Temperature
variation at the ASY site, 2 km WSW of the MT monitoring sites (Fig. 5). (b) Temporal change in the resistivity structure estimated using a 1D
Occam inversion; small and large green circles indicate results derived from smoothed 1 day and 1 month average data, respectively. Note that scatter
associated with the 1 month average for November 2011 was caused by electrode problems, resulting in unreliable data. (c) Resistivity changes
monitored by percentage deviation from the average value for each depth. (d) Timing of precipitation and volcanic eruptions in the study area; the
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this problem, we smoothed the data before carrying out the
inversions, which first involved removing the outliers (be-
yond £10%) from the stacked impedance data (Fig. 2) at
each frequency. This procedure essentially requires the as-
sumption that impedance does not show any real temporal
variations beyond £10%. It should be noted that the per-
centage of outliers varies from approximately 1% at higher
frequencies to around 50% at the lower frequencies, and
reaches up to 90% at dead band values around 0.16 Hz. Sec-
ond, a moving average with a time window of two weeks
was applied to the daily impedance data. As a result, the
smoothed data show approximately 5% apparent resistiv-
ity changes and a £1 degree phase change. This two-step
procedure was applied to all frequencies, resulting in sig-
nificant smoothing of the data, but even with this screen-
ing method the data corresponding to the dead band (0.31,
0.16, 0.08, and 0.04 Hz) were still scattered. Therefore,
we assigned large error bars of £50% to these dead-band
data. The variation in smoothed daily impedance across
the entire range of frequencies is shown as a color pseudo-
section in Fig. 8; for simplicity, only (Z,, — Z,,)/2 values
are shown. The upper panel in this figure shows the change
in apparent resistivity (in %), and the lower panel shows
phase changes (in degrees). As noted in Subsection 2.1,
the contact resistance between the soil and one electrode
drifted to values of over 10,000 ohm-m; this drift in con-
tact resistance was recovered by changing the electrodes in
December 2011. Figure 8 shows that contact resistance has
a significant phase effect at frequencies of 80-320 Hz, al-
though the apparent resistivity across these frequencies was
much less influenced. In addition, an apparent resistivity
pseudo-section shows a negative correlation between tem-
poral variations at higher frequencies (above 10 Hz) and
lower frequencies (below 10 Hz).

By using the smoothed impedances, we were able to
compute a stable convergence of each inversion to a target
RMS of 1.0. Figure 9 shows the observed temporal varia-
tion of 1-D resistivity structure estimated in this study. To
allow for direct comparisons, the temperature variations at
site ASY (1.3 km from the MT monitoring site), and pre-
cipitation data for the region are shown alongside these 1-
D resistivity structure data. Because 1-D inversion of the
dead-band data is not plausible according to the two-step
smoothing procedure outlined above, we also performed
each inversion by using the data averaged over each one-
month period, from which we confirmed the similarity of
both results. The estimated resistivity changes are approxi-
mately +5%, and the polarity differs between depths of 100
and 400 m (Fig. 9).

4.2 Assessing the significance of MT impedance varia-
tions

The fact that observed impedance and inferred resistiv-
ity variations are quite small means that evaluation of the
causes of the temporal changes in impedance and inferred
resistivity needs to be carefully undertaken. An initial as-
sessment suggests that rainfall is the most likely cause of
the resistivity changes; for instance, the 8 Hz data shown
in Fig. 7 clearly indicate that Z,, and Z,, apparent resis-
tivity values diverged during the rainy season in June 2011
and 2012, although with no corresponding phase changes
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(Fig. 7). These observations suggest that heavy and long-
term rainfall caused local disturbances in surficial resistivity
structures around the MT site with no corresponding tempo-
ral change in geomagnetic transfer functions (Fig. 4); these
functions should theoretically not change during these sorts
of local distortions. We also observe that rainfall-related
impedance disturbances disappear when average impedance
values are used (Fig. 7).

Aside from rainfall, the actual change in temperature it-
self may affect the output of the measurement system, re-
sulting in artificial variations of MT response functions. In
particular, it is known that the induction coils in our MT
monitoring instruments are sensitive to changes in the tem-
perature of their surrounding environment, because the per-
meability of the core material varies systematically with
changes in temperature. In comparison, Fig. 7 also shows
temporal surface temperature variations, both in the MT
logger and at a depth of 30 cm; note that the induction coils
were installed at a depth of approximately 30 cm. It is im-
mediately apparent that both sets of temperature data ex-
hibit the same overall seasonal variability of approximately
+10°C. Here, we know that the output reading from the
induction coil can vary by a value of 0.09%/1°C (at most),
such that the observed artificial temperature increase results
in a slight decrease in apparent resistivity. This tempera-
ture response corresponds to a value of +1.8%/+10°C of
the apparent resistivity change (Eqgs. (1) and (3)). Although
this estimate is equal to the observed temporal variations
in impedance data (within one order of magnitude), both
the polarity and the periods of time during which the peak
variations of impedance occur (green curved lines in the
2nd and 4th plots from the top in Fig. 7) do not correlate
well with the temperature monitoring curves (top in Fig. 7).
Therefore, we conclude that such artifacts in the data, pos-
sibly relating to the effects of temperature change on the
instruments, do not appear to have had significant effect on
our data.

4.3 Limitations of the 1-D inversion analysis

In our 1-D inversion of subsurface resistivity structure,
the largest uncertainties in the model arise due to the sim-
ple assumptions that must be made. The most significant
issue in this regard is the assumption of a ‘1-D’ structure.
Figure 2 shows that our 1-D approximation breaks down
in the deeper levels of the model (corresponding to the low-
frequency data in Fig. 2). Furthermore, the data recorded on
the induction vector (Fig. 4) show that temporal resistivity
changes can occur not just beneath the site, but farther from
the site. To address these issues, multi-site MT monitoring
(Peacock et al., 2012) and 3-D modeling are necessary, es-
pecially with regards to evaluating variations in resistivity
structure at great depth.

Another important uncertainty arises from the inversion
algorithm itself. Since we applied the Occam approach
(Constable et al., 1987), the results we obtained (Figs. 6
and 8) represent the smoothest available model among all
possible candidates. Note that either a sharp contrast in
resistivity or a sharp change in resistivity can explain our
data. For example, the real subsurface geological structure
may comprise three layers (resistive-conductive-resistive)
rather than the smooth structure portrayed in Fig. 6. In
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Fig. 10. Schematic view of interpretation of resistivity and temperature change. Mixing of deep volatile and shallow groundwater causes the resistivity
change at shallow level. Dashed and solid arrows indicate rapid and slow fluid movement, respectively.

that particular case, the amplitude of the deduced temporal
resistivity change may increase.

5. Discussion
5.1 Interpretation of background resistivity structure
Because the main characteristics of the inferred resistiv-
ity structure remained stable throughout the entire obser-
vation period (Fig. 9), it is possible to make meaningful
geological interpretations of this resistivity structure. The
inversion results (Figs. 6 and 9) reveal that at a depth of
around 400 m, a conductive layer appears to be sandwiched
between two resistive layers. The sounding curves (Fig. 2)
indicate that the conductive layer corresponds to impedance
around 1 Hz, where the apparent resistivity reaches a mini-
mum. The resistivity of the conductive layer (a few ohm-m)
is difficult to explain by the presence of water alone, as this
would require an unrealistic porosity of greater than 30%,
as estimated from Archie’s law and assuming that the resis-
tivity of the water in this area is identical to that of seawater
(0.3 ohm-m). This suggests that this area must contain a
large amount of conductive clay minerals, such as smec-
tite, and that these clays are contributing to the low resis-
tivity of this particular layer. Indeed, the results of explo-
ration drilling during geothermal energy exploration some
6 km SW of our MT site (Uchida and Sasaki, 2006) identi-
fied a prominent smectite layer that causes a low-resistivity
(conductive) zone beneath the Kirishima volcanoes. The
fact that smectite breaks down at temperatures above 200°C
(e.g., Ussher et al., 2000; Nurhasan et al., 2006; Uchida and
Sasaki, 2006) means a high-temperature (~200°C) zone is
likely to be present in the subsurface of the study area at a
depth of >1 km, most probably beneath the MT site.
Conductive clay layers usually exhibit relatively low per-
meability (e.g., Jones and Dumas, 1993; Nurhasan et al.,
2006; Aizawa et al., 2009a; Yamaya et al., 2009; Kanda
et al., 2010). In particular, the top of such a clay layer
can be sealed (i.e., impermeable), such that in the subsur-
face, any shallow, cold groundwater do not become well-
mixed with deep, hot hydrothermal waters (Aizawa et al.,
2009a). Although hot-spring waters are known to exist at
a depth of 60 m near our MT site, the temperature of this
water is actually quite low (~38°C), which provides one
indication that the conductive layer that we modeled ap-

pears to act as a low-permeability layer. Drilling log data,
obtained from drilling some 400 m west of ASY in 1988,
are available to a depth of 350 m (Kagiyama et al., 1994)
and indicate that temperatures are highest (60°C) at 100 m
depth and gradually decrease to 36°C at a depth of 350 m,
suggesting that the shallow hot-spring water did not signif-
icantly mix with any deeper hydrothermal waters. How-
ever, since a prominent fumarolic area existed on Iwo-Yama
volcano before 1990, high-permeability fracture zones may
exist locally within this putative clayey low-permeability
layer. Therefore, the relatively low temperature (~38°C)
of the hot-spring waters at site ASY may be interpreted as
evidence of the mixing of shallow, cold groundwater with
small amounts of hot hydrothermal water originating from
depth (Fig. 10).

5.2 Resistivity changes

Previous studies have shown that significant changes in
subsurface resistivity may occur in association with large
volcanic eruptions (Yukutake et al., 1990; Zlotnicki et al.,
2003). In contrast, since the start of our monitoring study
of temporal variations in subsurface resistivity structure and
temperature, Shinmoe-dake volcano has gradually ceased
activity and the observed MT impedance changes have only
been very slight (£5%). However, based upon these data,
we now suggest that significant changes in subsurface re-
sistivity structure will occur prior to the next sub-Plinian
eruption of this volcano. The geological scenario that we
envisage is described as follows: 1) magma degassing oc-
curs in association with the drop in pressure during ascent
of the magma from deeper levels; 2) the resultant degassed
volatiles reach shallow crustal levels faster than the ascend-
ing magma, to eventually become trapped near the surface
by a shallow, low-permeability layer; (3) as a result, signifi-
cant changes in resistivity structure occur in the subsurface
(near the shallow conductive layer) before the next eruption
ensues.

Although the above scenario may seem to be somewhat
loosely constrained, there are two other independent studies
that provide additional support for these hypotheses. The
first arises from the fact that our MT site is located near
Iwo-Yama volcano. Although fumaroles are not presently
found at Iwo-Yama volcano, a fumarolic area existed there
in 1990. At that time, *He / 4He ratios were determined for
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these fumarolic gases, yielding a value of 7.8 Ra (1 Ra cor-
responds to the atmospheric >He/*He ratio), which demon-
strates that magmatic gases were being supplied to the Iwo-
Yama fumaroles (Sato et al., 1999). In another study on
Kirishima volcanic group (Aizawa et al., submitted), the 3-
D resistivity structure was modeled to a depth of 20 km,
indicating the presence of a sub-vertical conductive zone
connecting a deep-seated conductive body (at a depth of
10 km) to a shallow conductive layer near the Iwo-Yama
volcano (Fig. 1). This structure seems to suggest the exis-
tence of a volcanic fluid pathway between a deep subsurface
magma chamber and Iwo-Yama volcano. In summary, we
suggest that our MT monitoring site is located where deep-
seated magmatic volatiles may be preferentially channeled
to the surface.

The existence of such a volatiles pathway in the study
area is also hinted at by the observed temporal variations
in resistivity. Although the amplitudes are quite small, the
resistivity changes recorded since March 2012 are the most
remarkable in our data, both in terms of the observed MT
impedance variations (Figs. 7-8) and the changes in in-
verted resistivity structure (Fig. 9). Notably, these changes
appear to be synchronous with the temperature changes ob-
served near the MT site (Fig. 9). In March of 2012, we
observed concomitant temperature increases at two of the
sites (ASY and SNY). At the ASY site, temperature was
observed to gradually increase in March, lasting until late
June. In contrast, at the SNY site, the temperature was sud-
denly observed to exceed the boiling point of water (97°C
at the altitude of this site), and then gradually subside back
to normal temperature levels. Significant rainfall was not
observed at the time when these two temperature increases
occurred at these sites. A more plausible interpretation
of these observed temperature variations is that heat was
transferred to these sites from deeper levels in the crust via
volatiles. Faults and fracture networks are considered to be
viable geological structures along which possible volatile
pathways might occur in the subsurface (Uchida and Sasaki,
2006).

The MT inversion of the present study suggests that
at shallow levels, resistivity structure changed at around
March 2012, and accordingly, we interpret these changes
in resistivity to be the result of the upward migration of
volatiles, which may originated from magma degassing.
For example, the £5% resistivity change in Fig. 8 can be
explained by a coincident £2.5°C to £5°C temperature
change (e.g., Ussher et al., 2000), which is within an order
of magnitude of the observations made at SNY. Further-
more, degassed volatiles can supply ions to groundwater,
thereby reducing its resistivity, meaning that the resistiv-
ity decrease at a depth of 0.4 km during March 2012 can
quantitatively be explained by an increase in volatile sup-
ply to the groundwater in this area. However, it is diffi-
cult to explain the observed increase in resistivity during
March 2012 at a depth of 0.1 km; this depth roughly cor-
responds to the depth of low-temperature hot-spring waters
in the site ASY area (Fig. 6). One possibility is that an
increased supply of volatiles induced a widening of frac-
tures in the low-permeability seal in this area, resulting in a
depletion of shallow low-temperature groundwater. Alter-
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natively, an increase in gas bubbles within the groundwater
in this area may have caused a significant increase in bulk
resistivity (Wang et al., 2010).

Because the timing of onset of the observed temperature
increases was similar between sites ASY and SNY, we sug-
gest that the volatiles inferred to have been introduced to
both of these regions simultaneously, might have originated
from a single, deep-seated volatile source (Fig. 9). The ob-
served difference in duration of these temperature increases
is explained as follows. At site ASY, an underground hot-
spring exists at a depth of 60 m, below which the low-
permeability clay layer exists, and we know that there are
no fumaroles at the surface. Therefore, any volatiles present
in that region are likely to be stored mostly at depth, and to
have subsequently migrated gradually into shallow regions.
In contrast, a high-temperature (~97°C) fumarolic zone ex-
ists at site SNY. Therefore, volatiles supplied to this site
could escape to the surface, resulting in the observed sudden
drop in the rate of temperature increase. Because the dis-
tance between the SNY and ASY sites is approximately 5
km, their volatile source could be located at relatively deep
levels in the crust.

6. Conclusions

We conducted a MT and temperature monitoring study in
a region NW of Shinmoe-dake volcano. From these data,
we have come to the following conclusions. 1) By 1-D
inversion, we have successfully inferred that slight (+5%)
temporal variations in resistivity structure took place during
the observation period. 2) We observed simultaneous tem-
poral changes in resistivity and temperature. These obser-
vations suggest that volatiles are occasionally re-supplied to
the shallower parts of the subsurface near the MT monitor-
ing site, which is situated 2 km from a region where ground
deformation has been observed.

The limitations of this MT monitoring mostly arise from
the fact that we were only able to deploy 1 station, and
it seems clear from our data that the subsurface resis-
tivity structure at this site becomes increasingly three-
dimensional at deeper levels. Furthermore, the temporal
variations in MT response function suggest that resistivity
changes may have occurred not only beneath the site, but
also farther from the site. Ultimately, multi-site MT mon-
itoring and the development of 3-D modeling in this area
will be necessary to further explore the resistivity changes
that take place in the future, especially at much deeper lev-
els in the subsurface.
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