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Abstract

volcanic unrest.

We aimed to perform three-dimensional imaging of the underlying geothermal system to a depth of 2 km using
magnetotellurics (MT) at around the Yugama crater, the Kusatsu-Shirane Volcano, Japan, which is known to have
frequent phreatic eruptions. We deployed 91 MT sites focusing around the peak area of 2 km x 2 km with typical
spacings of 200 m. The full tensor impedances and the magnetic transfer functions were inverted, using an unstruc-
tured tetrahedral finite element code to include the topographic effect. The final model showed (1) low-permeability
bell-shaped clay cap (C1) as the near-surface conductor, (2) brine reservoir as a deep conductor (C3) at a depth of

1.5 km from the surface, and (3) a vertical conductor (C2) connecting the deep conductor to the clay cap which
implies an established fluid path. The columnar high-seismicity distribution to the east of the C2 conductor implies
that the flushed vapor and magmatic gas was released from the brine reservoir by breaking the silica cap at the brit-
tle—ductile transition. The past magnetization/demagnetization sources and the inflation source of the 2014 unrest
are located just below the clay cap, consistent with the clay capped geothermal model underlain by brine reservoir.
The resistivity model showed the architecture of the magmatic—hydrothermal system, which can explain the episodic

Keywords: Phreatic eruption, Magnetotelluric method, Clay cap, Brine, Unrest

Introduction

The Kusatsu—Shirane volcano is an active andesitic—
dacitic quaternary volcano in Central Japan (Fig. 1a, b).
The activity of the volcano started at 0.5-0.6 Ma with
magmatic eruptions and pyroclastic flows. After a long
dormancy of 0.2-0.3 Ma, magmatic activity restarted
from 16 Ka and ended at 1.5 Ka (Terada 2018). The sub-
sequent historically known activities of the Kusatsu—Shi-
rane volcano since 1805 were phreatic eruptions around
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the peak of the volcano, especially near the Yugama cra-
ter (Yin Fig. 1c).

Phreatic eruptions are local-scale volcanic phenomena
that include explosions of confined volumes of gas and
steam, but exclude those directly involved with magma
(Stix and de Moor 2018). The cause of phreatic erup-
tions is related to the changes in transient pressure in the
subsurface hydrothermal systems, which is mainly due
to the intense temperature increase of shallow aquifers
(Kobayashi et al. 2018). A phreatic eruption has a com-
paratively small impact radius; however, the concentrated
gases can be emitted, which spread over a wide area
(e.g., Tazieff 1989), and the mechanical energy of erup-
tions can also provoke fatal ejecta near the crater (e.g.,
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Fig. 1 a Location of Kusatsu-Shirane Volcano, Japan. b Topography map of Kusatsu-Shirane Volcano with MT/AMT stations. The squares and
triangles denote the MT and AMT stations, respectively. The red circles and open curves show the crater rims of past eruptions. The purple closed
curves show the fumarole zones. The blue curves show the national road 292 as a location reference. SG, MS, and MZ denote the locations of
Sesshougawara fumarolic area, Mt. Motoshirane, and Manza hot spring field, respectively. The long orange line denotes a section in Additional file 2:
Figure S23. ¢ A peak area [the red rectangle in (b)] of Kusatsu-Shirane Volcano with MT/AMT stations. The symbols are the same as in (b). Moreover,
the black squares with red and with white edges denote the MT station with and without magnetic field data, respectively. KS denotes Mt. Shirane,

Kaneko et al. 2016) or large lahars (e.g., Herd 1986). It is
fundamentally important to know the geothermal system
underneath the volcano edifice to understand the phre-
atic eruption mechanism and to mitigate volcanic risks.
In this study, we used the magnetotelluric method (MT),
an electromagnetic field method, to image the subsurface
hydrothermal system in terms of the electrical resistivity,
which is sensitive to the distribution of fluids and low-
permeability clay cap (e.g., Aizawa et al. 2009; Heise et al.
2008).

The hydrothermal system of the Kusatsu—Shirane vol-
cano has been intensively studied by performing geo-
chemical analysis at the Yugama crater lake and the
surrounding fumaroles and hot springs (Sano et al. 1994;
Ohba et al. 2019). Ohba et al. (2019) showed a model of a
two-phase gas—liquid reservoir underlain by a magmatic

fluid reservoir based on the isotope ration of hydrogen
and oxygen in relation to recent volcanic unrest.

During the 1990s, which was an active decade in terms
of seismicity, peculiar seismic tremor events were moni-
tored, and underlying horizontal crack models with a
two-phase reservoir were proposed for the system under-
neath the Yugama crater (Nakano et al. 2003). How-
ever, the overall seismic image of the geothermal system
underneath the volcano remains unclear.

Temporal changes due to high-temperature fluid
migration were also detected by total magnetic intensity
monitoring around the Yugama crater during both active
and inactive periods from 1982 to 2012 (Takahashi and
Fujii 2014).

For imaging the overall geothermal system, Nurhasan
et al. (2006) carried out a 15 km long profiling of
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audio-magnetotellurics measurements and showed a
two-dimensional resistivity section across the volcano
down to a depth of 2 km along the orange line in Fig. 1b,
c. Recently, Matsunaga et al. (2020) carried out magneto-
telluric measurements 2 km to the south of the Kusatsu—
Shirane volcano and showed a three-dimensional
structure to a depth of 10 km with 1-2 km horizontal
resolutions. Those studies; however, lack detailed site
spacings and images of the geothermal system around
the active peak area around the Yugama crater. In this
study, we focus on the peak area of the Kusatsu—Shirane
volcano and will present a three-dimensional resistiv-
ity distribution from a densely sampled magnetotelluric
data.

Magnetotelluric data

We compiled a dataset consisting of magnetotelluric
(MT) and audio-magnetotelluric (AMT) data obtained
during 2001-2005. We have 91 sites in total (Fig. 1b, c).
See Additional file 1: Table S1 for details. Out of these,
41 sites used an MT system covering a frequency range
of 320 Hz—0.5 mHz. Most of them measured only telluric
fields onsite, simultaneously with another site with mag-
netic field measurements (Additional file 1: Table S1).
The remaining 50 sites used an AMT system covering a
frequency range of 10 kHz-0.1 Hz, which measured two
horizontal components of telluric fields and three com-
ponents of magnetic fields at the same locations. For the
MT data which had no magnetic fields (Additional file 1:
Table S1), the impedances were calculated using the tel-
luric fields at the site and magnetic fields at another site,
assuming that the magnetic fields have a smooth spatial
variation. For those impedances using the interstation
data (e.g. Marti et al. 2020), the different locations of
the telluric, and magnetic fields were considered in the
inverse modeling.

In this study, we focus on a 2 km x 2 km area (Fig. 1c)
and to a depth of few kilometers in the model interpreta-
tions; we also include the NW-SE profile AMT data by
Nurhasan et al. (2006) for modeling. We chose 12 fre-
quencies in a range from 320 Hz to 0.1 Hz, which equally
spaced in logarithm for inversion. This frequency range
could cover the available data in both the MT and AMT
measurements.

The observed data are summarized in Fig. 2a as phase
tensor ellipses (Caldwell et al. 2004) for 5 representative
frequencies. The distribution of ellipses directly shows
the directionality and dimensionality of the structure
without distortions due to the near-surface anomalies.
The ellipses were filled with tan™1(®;), where ®, is the
geometric mean of the diagonal components of the phase
tensor components (®pyax and Opjn). The Oy phase is a
rotational invariant and indicates the changes in electric
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conductivity with depth. The phases of higher and lower
than 45° respectively indicate the existence of more con-
ductive and more resistive bodies with increasing depth.
The real and imaginary parts of the induction vectors are
also plotted in Fig. 2a for the AMT sites, with Parkinson’s
convention by which the real vectors point to conductors.

We see more circular-shaped ellipses at higher fre-
quencies, which mean almost one-dimensional resistiv-
ity distribution at the near surface. At the frequencies
from 70 to 4.4 Hz, the high phase (~75°) spreads around
the Yugama crater lake (Y in Fig. 2a), and the phases
are higher to the east of the Yugama crater. These indi-
cate widespread shallow conductors. The induction vec-
tors point towards the central peak around Yugama lake,
which also includes topographic effects. At a frequency
of 1.1 Hz, the relatively high-phase area is shifted to the
north. The shapes of the ellipses are more circular near
the Yugama crater and become more E-W elongated at
sites away from the Yugama crater. This feature is an indi-
cation of the existence of another deep conductor under-
neath the Yugama. At a frequency of 0.3 Hz, all the sites
show consistent E-W elongated ellipses, which indicate
that the peak area has a deep conductor in the N-S strike
at depth.

Inverse modeling

We carried out 3-D inversion using impedance data and
magnetic transfer function data from 280 to 0.1 Hz. The
sites with AMT data utilized impedance data and mag-
netic transfer function data; Conversely, the sites with
MT data utilized only the impedance data (Additional
file 1: Table S1). The error floor of impedances was set
as 5% of ¥[Zxy*Zyx| (Usui 2015); The error floor of the
tipper was set to 0.05 (see Additional file 2: Text S1 for
details). As the undulation of the topography has a com-
parable scale to our target, we used a 3-D inversion code
developed by Usui (2015) and Usui et al. (2017), which
can incorporate the sharp topography using unstructured
tetrahedral meshes. It also allows the inclusion of local
galvanic distortions as parameters.

The initial model for the inversion was uniform earth
having 100 Qm resistivity with topography and 10° Qm
air. The Yugama crater lake water was modeled with
0.2 Qm resistivity after the water sample measurement
(Terada et al. 2018). The resistivity of the lake water and
air was fixed during the iterative calculation. The mod-
eled horizontal electric fields were calculated in such a
way that the electric fields were tangential to the ground
surface.

The inversion program FEMTIC minimizes the data
misfit along with the two constraints, namely the model
roughness and the norm of galvanic distortions. Thus,
there are two tradeoff hyper-parameters: a? for model
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Fig. 2 The phase tensor ellipses map with a the observed and b the calculated data from the final model. The phase tensor ellipses are filled by
tan~" &, where @, is the geometric mean of maximum and minimum of phase tensor. The blue and green arrows show the real and imaginary
parts of the induction vectors with Parkinson convention. The black curve, red triangle, and blue circle with Y denote the national road 292, the peak
of Mt. Kusatsu-Shirane and the Yugama crater lake, respectively

roughness and B2 for the norm of galvanic distortions.
We chose a value of 2=1 to adequately control the gal-
vanic distortion. For determining the best model, we
tested seven different values for a2 (100, 31.6, 10, 3.16,
1, 0.316, and 0.1) and found the best model with a’=1

using the L-curve method (Additional file 2: Figure S1).
With the preferred tradeoff parameters, the model con-
verged at the 20th iteration with the root-mean-square
(RMS) changes of less than 1% from that of the previ-
ous iteration. The RMS decreased from 32.5 to 1.24 from
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Fig.3 Depth slicesata 1800 m ASL, b 1400 m ASL, ¢ 1000 m ASL,d 500 m
ASL and e 0 m ASL from the 3-D resistivity inversion at the peak area of
Kusatsu-Shirane volcano. Seismic hypocenters are mapped as dots on each
map within 200 m tolerance in depth. The white, black, and gray dots denote
hypocenters for three periods before, during and after the 2014 unrest, namely
from August 2013 to February 2014, from March 2014 to May 2014, and from
June 2014 to February 2019.The white and black starts denote horizontal
locations of magnetizations and demagnetizations corresponding to volcanic
events from 1978 to 2012 after Takahashi & Fuijii (2014). The red circles and open
curves show the crater rims of past eruptions. The rectangle in (b) denotes the
fitting between the resistor R1 and the locations of historical eruptions. Major
fumaroles (F1 and F2) are shown by white closed curves
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the initial model to the final model. Comparisons of the
observed and calculated phase tensors are presented in
Fig. 2a, b for five representative frequencies. Both the
phase tensor ellipses and its tan~! (®,) phase value show
good agreement. The induction vectors also had a rea-
sonable fit. Additional file 1: Table S1 shows the locations
of the MT and AMT sites, and the Additional file 2: Fig-
ures S2—-16 show the comparison of observed and calcu-
lated responses for apparent resistivity, impedance phase,
and tipper for each site.

Results

The best-fit modeling results are shown as a set of depth
slices in Fig. 3. Here we describe the major features of the
model.

Figure 3a shows the resistivity distribution at 1800 m
above sea level (ASL), which is approximately 400 m
below the peak. The area to the east of the Yugama cra-
ter is covered with a widespread conductor (C1), which
is consistent with the high phase distribution at 70 to
17.5 Hz (Fig. 2). At 1400 m ASL (Fig. 3b), the conduc-
tor (C1) still exists but, the resistive anomalies R1 and R2
appear to the southeast and northwest of the area. The
C1 shows the semi-circular distribution, and inside the
circle, the resistor R1 appears in NE-SW directions and
breaking the circular distribution of C1 conductor in the
southwestern directions. Interestingly, R1 follows the dis-
tributions of the historical phreatic eruption zones from
1902 to 1942 (Terada 2018). At further depth, the cir-
cular distribution of C1 is disappearing towards 1000 m
ASL (Fig. 3c). The hypocenter of recent seismic activi-
ties (see Additional file 2: Text S2 for more details) and
magnetization/demagnetization sources (Takahashi and
Fujii 2014) are located at the north dge of the R1 resis-
tor. From 1400 to 1000 m ASL, a columnar conductor
(C2) is located at the western edge of the Yugama crater.
This conductive structure is a newly discovered feature,
different from the previous research (e.g., Nurhasan et al.
2006) that we named it C2. There is a seismicity swarm
associated with the C2 to the east. At 500 m ASL and
below (Figs. 3d, e), a deep conductor (C3) with a resistiv-
ity less than 1 Qm appears in the northwestern part of
the area. The Yugama crater is located at the edge of the
C3 conductor. The existence of the C3 conductor corre-
sponds to the high phase distribution to the north of the
Yugama crater at 1.1 Hz (Fig. 2a).

We can also summarize the characteristics of the
resistivity structure by sections (Fig. 4). Figure 4a
shows the depth slice at 1400 m ASL, which is the same
as Fig. 3b with locations for the EW (Fig. 4b) and NS
(Fig. 4c¢) sections. From Fig. 4b and c, the existence of
the two conductors is evident. One is the shallow con-
ductor (1-10 Qm) covering the eastern half of the peak
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Fig.4 a Depth slice at 1400 m ASL. The locations for W-E and S-N profiles for sections are shown by broken lines. b W-E and ¢ S-N sections. The
seismic hypocenters are mapped as dots on each map within 200 m tolerance normal to the sections. The white, black, and gray dots denote
hypocenters before, during and after the 2014 unrest, respectively. The shallow seismicity (black dots) going through the clay cap (C1) is evident
during 2014 unrest. The white and black stars denote the same as in Fig. 3. The blue X denote the point pressure d The 3-D view of the three major
conductors. The blue surface shows the topography. The dots denote seismicity as in (a—c). source locations for explaining the radial inflation of the
edifice during the 2014 unrest (Terada et al,, 2015). Two white masks with irregular shape in a denote the fumarole zone at the north of Yugama
crater lake. The white line in ¢ denotes the projection of fumarole zone F1 at 1400 m ASL

area (C1). It has a bell shape whose center is shifted
400 m to the east from the center of the Yugama cra-
ter (Y), as seen in the EW and NS resistivity sections.
The most active fumaroles in the northern edifice (F1
and F2) are located at the inner rim of the C1 conduc-
tor; however, these fumaroles do not show any other
deeper features. The other conductor (C3) is a deep one
located below 400 m ASL, which is beneath the Yugama
crater and extends to the northwest (see also Fig. 3e).
The Yugama crater is located at the edge of the C3. We
can also see the subvertical conductor C2 in Fig. 4b at
the western margin of the Yugama crater, which con-
nects the deep (C3) and the shallow bell-shape (C1)
conductors.

The resistive block (R1) starts to appear clearly at
1400 m (Fig. 4a). The shape of the R1 is elongated in the
NE-SW direction to the east of the Yugama crater (Y),
and the C1 conductor does not fully show an axially sym-
metrical structure. This feature means that the clay cap is
thin along with the R1 resistor.

Figure 4b section shows that the R1 resistor is cov-
ered by the clay cap (C1). We also see the resistive block
(R3) to the east at depth, which needs to exist in order
to explain the regional elongated phase tensor ellipse at
low frequencies around 0.3 Hz (Fig. 2). In the NS section
(Fig. 4c), we can also see the shallow bell-shaped con-
ductor (C1) above 1400 m ASL, and the deep conductor
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(C3) below 400 m ASL. The seismicity is located between
these deep and shallow conductors.

We tested the existence of C2 conductor, which con-
nects C1 and C3 to the west of the Yugama crater
(Additional file 2: Figure S17). The dotted block volume
(ModC2 in Additional file 2: Figure S17) was replaced by
100 Om and resistivity contrast between C2, R1 and R2
are lost. The test model (ModC2) disconnects the deep
conductor and the shallow bell-shaped conductor. The
final RMS increased from 1.20 to 1.38. The phase tensors
at 4.4 Hz clearly show a significantly worse fit at the sites
at the southwest of the Yugama crater (Y) (Additional
file 2: Figure S18c). This change in the phase tensor plot is
more evident than the sounding curves (Additional file 2:
Figures S19 and S20), but the deviation of apparent resis-
tivity is still distinguishable. Therefore, the existence of
C2 between the bell-shaped conductor (C1) and the deep
conductor (C3) was confirmed.

Next, we tested the existence of the C3 conductor
by replacing the resistivity in the dotted block volume
(ModC3 in Additional file 2: Figure S17) with 50 Qm.
The RMS increased from 1.20 to 1.34, and a significantly
worse fit is also seen in Additional file 2: Figure S18d at
1.1 Hz, where the calculated phase tensors from the test
model response show lower tan—1(®,) phases at the
northwest of Yugama crater than those observed (Addi-
tional file 2: Figure S18a). The response sounding curves
represent a significant divergence between the best final
model and test model (Additional file 2: Figures S21,
$22). Thus the existence of C3 is confirmed.

Discussion
Clay-cap conductor (C1) and inner resistor (R1)
The distribution of the shallow conductor (C1) was also
imaged previously by Nurhasan et al. (2006) and Mat-
sunaga et al. (2020) on the eastern slope of the volcano.
By reference to the drill hole data, they interpreted the
conductor as a layer containing clay (smectite), which
has low permeability as well as high electrical conductiv-
ity. In this paper, the distribution of the clay cap around
the Yugama crater was imaged in detail, and it was found
to be nearly bell shaped. These capping structures, the
hydrothermal alteration products, are commonly found
in geothermal areas (e.g., Heise et al. 2008; Yamaya et al.
2013; Seki et al. 2015; Pifa-Varas et al. 2018; Yoshimura
et al. 2018; Kanda et al. 2019). The bottom of the C1
smectite clay conductor is interpreted as the isotherm of
200 °C. The R1 resistor below C1 implies the smectite—
illite transformation above 200 °C (Ussher et al. 2000).
We can compare the distribution of C1 with seismic-
ity. The hypocenters were relocated using the best fitting
seismic velocity model with the seismic monitoring data,
including three borehole seismograms surrounding the
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Yugama crater within 500 m distances (See Additional
file 2: Text S2—-S4for details). As seen in the resistivity
sections (Fig. 4b, c), most of the hypocenters are located
below C1 conductor. This feature implies that the rising
fluids increase the pore pressures and induce the micro-
seismicity. However, the flow is inhibited by the low-per-
meability clay cap below the Yugama crater (Fig. 4b, c).
Few earthquakes occurred inside the clay cap (C1) during
the 2014 unrest. This may imply that fluids invaded into
the clay cap during the 2014 unrest and supplied volcanic
fluids into the crater lake Yugama.

Takahashi and Fujii (2014) analyzed the temporal
variations of total magnetic intensity data from 1982 to
2012 and inverted the corresponding magnetization and
demagnetization dipole locations to explain the tempo-
ral variation of temperature changes underneath the vol-
cano. The magnetization and demagnetization source
locations are also plotted in Fig. 4a, b by black and white
stars, respectively. In the sections, the black and white
stars are located near the R1 and C1 boundaries. This fea-
ture indicates that in the active period of the volcano, the
high-temperature fluid reaches the bottom of the low-
permeability clay cap (C1) and may partly intrude into
the clay cap during the past unrests.

Nakano et al. (2003) modeled the long-period volcanic
tremors during volcanic unrest (during the 1990s) at the
Kusatsu—Shirane volcano and inferred a horizontal crack
resonator which is located 300 m below Yugama crater.
This inferred resonator is also located consistently with
the demagnetization/magnetization sources, just below
the clay cap at the top of R1 resistor.

During the 2014 unrest, we observed the radial infla-
tion of the edifice by using three borehole tilt-meters
surrounding the Yugama crater, simultaneously with the
onset of increased seismicity (Terada et al. 2015). The
location of the causative point source of inflation is indi-
cated by the green “X” in Fig. 4a—c (Terada et al. 2015).
The inflation source is located just below the clay cap at
the northeastern edge of the Yugama crater. The inflation
source will be interpreted by a supply of high-pressure
volcanic hydrothermal fluid. Tsukamoto et al. (2018) also
show a similar high-pressure source at Kirishima vol-
cano, which lead the precursor of a phreatic eruption.

As seen in Fig. 3b, the resistive area of R1 starts to
spread horizontally inside the C1 conductor as the
radius of C1 increases with depth until the C1 becomes
less significant at 1000 m ASL. The resistor implies a
higher temperature zone where the smectite will become
unstable and be converted to illite, which is electrically
more resistive (Eberl 1978; Inoue et al. 1992). R1 is not
circularly distributed symmetrically with Yugama but
is elongated in the NE to SW direction. R1 follows the
distribution of the historical phreatic eruption craters
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of 1902, 1932, and 1942, whose shapes are sketched in
Figs. 3b and 4a (Terada, 2018). R1 breaks the circular
symmetry of C1 conductor. The past phreatic eruptions
may have destroyed the symmetric clay cap structure.

Brine conductor (C3)

A significant conductor (C3) with a resistivity less than
1 Om appears at 400 m ASL below the Yugama crater
and extends to the northwest (Fig. 3d, e and Fig. 4b, c).
The cutoft depth of microseismicity coincides with the
bottom of C2, and the top of C3 conductor corresponds
to brittle-ductile transition at around 400 °C. This con-
ductor will be interpreted as brine above 400 °C, which
will be separated from the magmatic fluids (Fournier
1999; Afanasyev et al. 2018). The top of the C3 fluids will
be self-sealed by silica (Saishu et al. 2014) or by halite
(Afanasyev et al. 2018), which can last for several hun-
dred thousand years. The seal on top of C3 will separate
the hydrostatic domain and underlying the lithostatic
domain. The episodic supply of magmatic fluids or gas
to C3 from below will increase the internal pressure of
C3. The part of the seal will break and released fluids will
increase the pore pressure in the overlying hydrostatic
domain and will induce microseismicity.

Such conductors below the seismogenic zones are
commonly found in volcanic regions and also under the
seismically active regions (e.g., Ogawa et al. 2001, 2014;
Wannamaker et al. 2009; Ichihara et al. 2014, 2016).

Vertical conductor (C2) connecting the brine (C3)

to the surface (C1)

We also found a vertical conductor (C2) that connects
the deep brine conductor (C3) to the clay cap rock con-
ductor (C1). It can be regarded as a part of the deep
extension of C1 conductor, but at 1000 m ASL, C1 con-
ductor almost disappears, but C2 exists. It is also con-
nected to the deeper conductor C3. Thus it is difficult to
interpret C2 as the extension of smectite clay cap (C1),
which must be Isss than 200 °C. This vertical conductor
appears at around 1000-1400 m ASL (Fig. 3b, c), which
is significantly deeper than C1 clay cap, and is associated
with the microseismic hypocenters.

The microseismic activities can be interpreted as the
fluid-induced swarm earthquakes when the overpres-
sured fluid was invading into the fracture in the structure
and diffusing, which is a typical feature in the volcanic
hydrothermal system (Yukutake et al. 2011). The fracture
in this structure can provide the fluid pathway and can
reduce the bulk resistivity, although the rock porosity is
decreased (e.g., Vidal et al. 2018). The vertical conduc-
tor C2 is interpreted as a conduit pathway of fluids from
the deep brine reservoir to the surface. Similar vertical
conductors connecting the deep reservoir to the surface
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were also suggested for other volcanoes (Seki et al. 2015;
Tsukamoto et al. 2018). The invaded and diffused fluid
made the structure seismogenic. When the volume of
upward-invaded fluid was significant, or the pressure
was relatively high, it induced the detectable microseis-
mic activity (in this study, the threshold magnitude was
—3.0).

Conversely, when the fluid diffused in the structure
with relatively lower volume and pressure, the micro-
seismic activity could be too small to be detected. This
difference could explain why the conductor C2 is not
fully overlapping with the swarm plot of microseismic
hypocenters in Fig. 4b. It also explains the occurrence of
shallow seismic activity during 2014 unrest, because the
volume of upward-released fluid increased then the fluid-
induced microseismic activity became detectable.

Figure 4d represents the 3-D cartoon of the hydrother-
mal system of Kusatsu—Shirane volcano. The clay cap
C1 located around the Yugama crater lake appeared in a
bell shape and overlying the microseismic hypocenters.
The microseismic hypocenters that indicated the major
fluid pathway invaded upward. The fluid-filled fractured
structure C2 is underlain by the clay cap C1. The brine
reservoir C3 provides the filling hydrothermal fluid.
The fluid released from this deep reservoir flow upward
through the pathway conduit C2 to the surface supported
the whole hydrothermal system of the Kusatsu—Shirane
volcano.

Figure 5 demonstrates the phase transition of the
released fluid using the diagram of Hutnak et al. (2009).
We utilized the depth of microseismic swarm to specu-
late the bottom of the fluid pathway in the brittle—duc-
tile transition zone (1400 m depth, 400 °C). We also
utilized the bottom of C1 clay cap (400 m depth, 200 °C)
(Fig. 5a). The phase transition between these two points
is represented in the H,0-CO, coexisting phase dia-
grams (Fig. 5b). We think that C2 is an established fluid
pathway from the brine. In contrast, the seismicity above
the bine may be induced by breaking the silica cap due
to the over-pressure caused by an episodic large flux of
magmatic gas, such as CO,. This interpretation follows
the porphyry model of Blundy et al. (2015). When the
silica cap is broken, the pressure will be decreased from
lithostatic to hydrostatic and brine will be first vaporized
(Weatherley and Henley, 2013). In a hydrostatic domain,
the phase of fluid will transit from pure vapor to liquid—
gas-mixed fluid during upward migration. The sudden
increase in liquid—gas-mixed fluid underlain by the clay
cap C1 can lead the phreatic eruption. Therefore, the
resistivity of the fluid pathway conduit C2 and its sur-
rounding space should be monitored for predicting the
phreatic eruption in the future.
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Fig. 5 a Simplified W-E resistivity section in Fig. 4b. The rectangles
on the terrain denote the observation sites. The white and black

stars and the green X" symbols are the same as in Fig. 4. The swarm
dots with bigger and with smaller circles denote the hypocenters of
microseismic events during 2014 unrest, and out of this active period,
respectively. b Pressure—temperature projection of hydrothermal fluid
phase diagram for H,0 and CO, (after Hutnak et al. 2009). Two curves
which end with solid circles denote the liquid—vapor coexistence
curves of pure CO, and pure H,O with their critical points (CP). C2
may be an established fluid path from the supercritical fluid. In
contrast, if episodic large gas flux breaks the silica cap, breakage of
the silica cap may flush the fluid upward in the hydrostatic domain

Conclusions

The magmatic hydrothermal system of Kusatsu-Shi-
rane volcano was imaged by the three-dimensional
magnetotelluric modeling. The final model showed the
low-permeability clay cap as near-surface conductor
(C1) and the brine reservoir as a deep conductor (C3) at
a depth of 1.4 km from the surface. The magnetization/
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demagnetization sources of the past unrests and the
inflation point source of the 2014 unrest are located
just below the clay cap (C1). This evidence supports
that C1 works as the cap structure of the hydrothermal
system.

The resistor (R1) underneath the clay cap (C1) runs in
NE-SW directions and destroys the radial symmetry of
the clay cap, which suggests that the past phreatic erup-
tions may have broken part of the clay cap. The fluid path
from the C3 reservoir to the surface was imaged by a ver-
tical conductor (C2). In contrast, the episodic magmatic
gas flux may break the silica cap over the brine reservoir
and vapor and the magmatic gas will be flushed into the
hydrostatic domain and will induce seismicity during
migration to the bottom of the clay cap.

The resistivity model provides the comprehension of
the dynamics of the magmatic hydrothermal system
beneath Kusatsu—Shirane volcano.
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