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Abstract 

In 2018, a phreatic eruption occurred at Mt. Motoshirane, a pyroclastic cone group of the Kusatsu-Shirane Volcano 
in central Japan. The eruption was abrupt, and no signs of volcanic activity have been observed in recent years, in 
contrast to the other major pyroclastic cone group, Mt. Shirane, which hosts the active crater lake and has endured 
repeated phreatic eruptions. To understand the mechanism of the eruption at Mt. Motoshirane, information on the 
shallow hydrothermal system, which is thought to be the source region of phreatic eruptions, is required; however, 
few studies have been conducted on this particular cone group. In this study, we conducted an audio-frequency 
magnetotelluric survey in 2020 to reveal the shallow resistivity structure around the 2018 craters. A three-dimensional 
resistivity structure model showed generally two layers, with high resistivities at shallow depths overlain by low 
resistivities underneath. The boundary between the layers corresponded to the top boundary of the Neogene base-
ment rocks. These low resistivities were not found beneath the 2018 craters; therefore, part of the Neogene basement 
rocks could have been lost by the eruption beneath the 2018 craters. This is consistent with the geochemical study 
on the mineral assemblage of the erupted deposits, which suggested that the explosions reached the depth of the 
basement.
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Graphical Abstract

Introduction
In January 2018, a phreatic eruption occurred on Mt. 
Motoshirane, a main pyroclastic cone group of the 
Kusatsu-Shirane Volcano (KSV) in central Japan (Ogawa 
et  al. 2018). Mt. Motoshirane consists of multiple pyro-
clastic cones and the erupted cones are the youngest in 
the KSV (Ishizaki et  al. 2020). Although the volume of 
this eruption was as low as 2.4–3.4 × 104 t (Kametani 
et  al. 2021), the event was unexpected and sudden, and 
resulted in one death and eleven injuries. Analysis of the 
surrounding crustal deformation suggests that this erup-
tion was caused by the ascent of fluids through subverti-
cal cracks (Terada et al. 2021).

In the KSV, phreatic eruptions have occurred repeat-
edly in recent years at Mt. Shirane, another main pyro-
clastic cone group with an active crater lake, Yugama, 
which is 2 km north of Mt. Motoshirane (Fig. 1). Inten-
sive monitoring using geophysical and geochemical 
methods has been conducted around the Yugama Crater 
Lake (YCL). For example, since the 1980s, the chemical 
and isotopic compositions of fumarolic gases and lake 
water have been repeatedly analyzed (e.g., Ohba et  al. 
2000, 2008). High-precision measurements have been 
conducted with seismometers and tiltmeters installed 
in three boreholes close to the YCL since 2001 for geo-
physical monitoring (Mori et al. 2006). In contrast, since 

low volcanic activity and no surface activity around Mt. 
Motoshirane were observed, few studies have focused on 
this pyroclastic cone group, apart from several geological 
studies.

Phreatic eruptions often occur at shallow depths of the 
volcanic edifice and discharge rocks containing hydro-
thermally altered minerals (e.g., Browne and Lawless 
2001; Ohba and Kitade 2005). Therefore, it is essential 
to determine the distribution of fluid and/or the altered 
zone in the shallow part of the volcanic edifice for a bet-
ter understanding of the occurrence conditions of phre-
atic eruptions. Since electrical resistivity is a physical 
quantity that is sensitive to the presence of hydrothermal 
fluids and conductive clay minerals in the shallow subsur-
face, studies have been conducted to estimate the resis-
tivity structure around craters where phreatic eruptions 
have repeatedly occurred. A characteristic structure has 
been clarified from the results of these studies, in which 
a hydrothermal reservoir that stores pressurized fluids 
or gases is covered with a layer of altered rocks with low 
permeability that functions as a cap (e.g., Pellerin et  al. 
1996; Seki et al. 2016, 2021; Tsukamoto et al. 2018).

Several magnetotelluric (MT) studies have been con-
ducted to clarify the subsurface resistivity distribution 
of the KSV (Nurhasan et al. 2006; Matsunaga et al. 2020, 
2022; Tseng et  al. 2020). The underground structure 
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around the YCL has been well investigated, and the 
presence of the aforementioned cap structure has also 
been predicted (Tseng et  al. 2020). Matsunaga et  al. 
(2020) conducted a broadband MT survey in 2015–
2016 that focused on a survey line crossing Mt. Moto-
shirane from east to west to create a possible model of 
the three-dimensional (3-D) resistivity structure. Those 
authors found a low-resistivity region connecting Mt. 

Motoshirane to Mt. Shirane at a depth of approximately 
2  km and interpreted it as a reservoir that supplies flu-
ids to the two volcanic edifices. However, because data 
with frequencies above 300 Hz were not used and the site 
spacing was coarse, the resolution for the shallow under-
ground structure was low, and the detailed structure of 
the 2018 eruption site was not well-imaged. This lack of 
information on the shallow subsurface structure creates 

Fig. 1  a Location map of Kusatsu-Shirane Volcano, Japan. The red triangle represents the Kusatsu-Shirane Volcano. b Simplified geological map of 
Kusatsu-Shirane Volcano (KSV) (after Uto et al. 1983). The distribution of lava is colored by its eruptive stage. Neogene lava is the oldest. Pyroclastic 
cone includes volcaniclastic deposits of Motoshirane Pyroclastic Cone, Ainomine Pyroclastic Cone, and Shirane Pyroclastic Cone. Black triangles 
represent three pyroclastic cone groups. The white square indicates the area shown in Fig. 2. The solid square labeled Boring site indicates the 
location of the geothermal exploration borehole (Gunma Prefecture 1989)
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uncertainty as to whether the environment around Mt. 
Motoshirane is prone to phreatic eruptions.

In this study, to clarify the shallow hydrothermal sys-
tem of Mt. Motoshirane, we conducted an audio-fre-
quency magnetotelluric (AMT) survey that measured 
high-frequency electromagnetic data to estimate the 
shallow subsurface structure beneath the area around 
the craters of the 2018 eruption. Although the AMT sur-
vey was conducted approximately two and a half years 
after the eruption, the eruption was so small that we 
assumed that the hydrothermal system was not changed 
significantly by the eruption, except in the vicinity of the 
erupted craters.

Data
The AMT survey was conducted from September 10 
to 18, 2020, and the two locations where the data qual-
ity was poor were remeasured on October 27 and 28. 

Measurements were made at 30 locations around the cra-
ters of the 2018 eruption (Fig. 2). The distance between 
the observation sites was 100–300  m around the Kag-
amiike-kita crater to ensure a sufficient spatial resolution. 
At each observation site, the MTU-5C system (Phoenix 
Geophysics Ltd., Toronto, Canada) was used to measure 
three magnetic-field components (Hx, Hy, and Hz) and 
two electric-field components (Ex and Ey). The magnetic 
field was measured using induction coils (MTC-180), and 
the electric field with 20–30 m long dipoles in which both 
ends were grounded with non-polarizing Pb-PbCl2 elec-
trodes. At most sites, the data were recorded for more 
than 12 h including nighttime, but only for 3 h during the 
day at certain sites to improve spatial coverage.

To improve the signal-to-noise ratio of the data, we 
applied the remote reference technique to each for the 
datasets measured simultaneously (Gamble et  al. 1979; 
Gaubau et al. 1984) using multiple MTU-5C systems. A 

Fig. 2  Topographical map showing the survey area. Blue dots show the AMT sites. The three red triangles represent the craters of the 2018 eruption 
(MC = Main Crater, WC = West Crater, and SC = South Crater). Red dotted circles represent two pre-existing craters (Kagamiike-kita Crater and 
Kagamiike Crater) of Mt. Motoshirane. The black solid line indicates a national route
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reference site was installed southeast of the YCL for the 
additional measurements in October. At most sites where 
the data were retrieved overnight, nighttime measure-
ments from 20:00 to 05:00 were used for the analysis. The 
observed electromagnetic field time series data were con-
verted to the frequency domain, and the MT responses 
(impedance tensor and geomagnetic transfer function) 
were calculated at frequencies between 10,000 and 2 Hz 
using Empower software (Phoenix Geophysics Ltd.).

To identify a rough trend of the horizontal resistiv-
ity distribution, the apparent resistivity distribution 
was calculated using one of the rotational invariants 
of the impedance tensor. Figure  3 shows the apparent 
resistivity distributions for four typical frequencies that 

were calculated using the determinant of the real part 
of the impedance tensor Z ( det(ReZ) ) that is one of the 
rotational invariants. This quantity relatively accurately 
reflects the characteristics of the 3-D resistivity struc-
ture (Szarka and Menvielle 1997). As a general ten-
dency, high resistivity is found at high frequencies and 
low resistivity at low frequencies, but near the surface, 
the resistivity values are slightly lower on the northeast 
side of the survey area. At frequencies below 635  Hz, 
an independent resistivity region is found in the vicin-
ity of the Kagamiike-kita Crater, shown by one of the 
red dotted circles (Fig. 3). In addition, from the appar-
ent resistivity distributions at 45  Hz and 5.6  Hz, it is 
expected that the resistivities in the deep region around 

Fig. 3  Apparent resistivity distributions calculated using the rotational invariant det(ReZ) (the determinant of the real part of impedance Z ) for 
four representative frequencies (5200, 635, 45, and 5.6 Hz). Black dots show the AMT sites. The three red triangles represent the craters of the 2018 
eruption (MC, WC, and SC in Fig. 2). Red dotted circles represent the Kagamiike-kita Crater and the Kagamiike Crater
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the main crater of the 2018 eruption (MC in Fig. 2) are 
lower than those of the surroundings.

3‑D inversion
The Kagamiike-kita and Kagamiike pyroclastic cones, 
which were the targets of the AMT survey, have steep 
topography, as shown in Fig. 2; therefore, the 3-D inver-
sion code FEMTIC, utilizing an unstructured tetrahedral 
mesh that can incorporate the topographic undulation 

relatively accurately (Usui 2015; Usui et  al. 2017), was 
applied to estimate the subsurface resistivity structure. 
A smaller mesh size was used toward the ground surface 
and closer to the observation sites, while a coarser mesh 
was used away from the survey area. The smallest mesh 
size was approximately 10 m, which was used for most of 
the observation area. The calculation domain was 40 km 
(N–S) by 40 km (E–W) by 60 km (vertical), and centered 
on the Kagamiike-kita Crater (Fig. 4). Two types of digi-
tal elevation data were used to represent the topogra-
phy. The 10-m-mesh data of the Geospatial Information 
Authority of Japan were used for the area within 10 km 
from the center of the model, and the ETOPO-1 data 
(Amante and Eakins 2009) were incorporated for the area 
further outside. Seventeen of the measured frequencies 
were chosen to be approximately evenly spaced on the 
logarithmic axis and used for the calculation. All compo-
nents of the impedance tensor and geomagnetic transfer 
function (tipper) were used as the input data. The error 
floor was set at 5% for the impedance tensor and 10% for 
the tipper.

The following objective function was minimized for the 
calculation of the inversion (Usui 2015),

where φd(m) is the data misfit term, φm(mr) is the model 
roughness term, φc(mc) is the distortion term, and α2 and 
β2 are the hyperparameters. In this study, a suitable value 
of α2 was determined in the range of 0.1 to 10 under the 
L-curve criterion for β2 of 0.01, 0.1, and 1 (e.g., Usui et al. 
2017). For the models obtained by changing α2 , the data 
misfit was plotted against the model roughness, and the 
model that plotted nearest to the inflection point of the 
L-curve was adopted as optimal (Additional file  1: Fig. 
S1). The L-curves obtained for different β2 did not differ 
significantly, so the value of β2 was fixed at 1.0. The ini-
tial model was set to a uniform half-space of 100 Ωm and 
had an RMS misfit of 9.9. After performing the inversion, 
the RMS misfit of the optimal model was reduced to 1.41. 
The responses of the optimal model, which include the 
estimated distortion, are shown in Additional file 1: Fig. 
S2a–d along with the observed data.

The horizontal sections of the optimal 3-D resistiv-
ity structure model are shown in Fig.  5. Generally, the 
resistivity value is high near the ground surface, and the 

φ(m) = φd(m)+ α2φm(mr)+ β2φc(mc),

Fig. 4  Calculation domain (lower figure) and its enlargement around 
the survey area (upper figure). White dots represent the observation 
sites and navy blue lines indicate the unstructured tetrahedral mesh 
used in this study

Fig. 5  Horizontal sections of the optimal 3-D model for different five elevations (2000, 1800, 1600, 1400, and 1200 m). The topographic map is 
shown in the top left panel with the AMT sites (blue dots). The locations of the vertical east–west section shown in Figs. 6a, 7a, and 8 and the north–
south section shown in Fig. 9 are indicated by the green and orange lines. Red triangles represent the 2018 craters (MC, WC, and SC). Gray dots in 
each section represent the AMT sites. The resistive feature near the surface is labeled R1, the conductive features are labeled C1 and the relatively 
resistive region around C1 is labeled R2. The white dashed line represents the crack model proposed by Terada et al. (2021). Black dots represent 
volcanic tremors just before the 2018 eruption, as suggested by Yamada et al. (2021)

(See figure on next page.)
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Fig. 5  (See legend on previous page.)
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low-resistivity region increases with depth, which is con-
sistent with the tendency found in the apparent resistivity 
distribution (Fig. 3). The low-resistivity region is not uni-
formly distributed, indicating that the subsurface of Mt. 
Motoshirane has a heterogeneous structure.

To determine how well the optimal model explained 
the data, we compared the model responses with the 

observed data using the phase tensor (Caldwell et  al. 
2004) and induction arrow (Parkinson 1962) (in Addi-
tional file  1: Fig. S3). We observed a general agreement 
from high to low frequencies for both the phase ten-
sor ellipses and the induction arrows, although there 
was some discrepancy on the northeast side at high 

Fig. 6  Sensitivity test of the optimal 3-D resistivity structure model. a The east–west vertical cross-section through the Kagamiike-kita Crater of 
the optimal model is shown. The sensitivity of the region surrounded by the white solid line was tested. The size of the modified region was 0.5 km 
(N–S) by 0.6 km (E–W) by 0.4 km (vertical). b Sounding curves (apparent resistivity and phase) obtained from the optimal model (green), modified 
model (blue), and observed data (open circles with red error bars) at Site 17 directly above the modified region are shown
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frequencies. The obtained model appeared to well repre-
sent the observed data.

Figure  6a shows the east–west vertical cross-section 
through the Kagamiike-kita Crater of the optimal 3-D 
resistivity model. As described above, the 50–100  m 
thick surface layer showed high resistivity, and the low-
resistivity region extended below. In particular, a low-
resistivity layer of 10 Ωm or less was present at a depth of 
100–150 m on the eastern flank, and a moderately con-
ductive region of 20–30 Ωm was found beneath it. West 
of this moderately low-resistivity region, low resistivities 
of 10 Ωm or less were distributed subvertically. Since it 
is difficult to constrain the structure directly beneath the 
conductor and the subvertical structure by the electro-
magnetic sounding method, we analyzed whether these 
regions were sensitive.

First, the sensitivity of the moderately low-resistivity 
region beneath the conductor was tested (Fig.  6). The 
resistivity of the region surrounded by the white solid 
line in Fig.  6a was modified to 5 Ωm, and the forward 
calculation of the modified model was performed to 
investigate changes in the sounding curves and the RMS 
misfit value. In Fig.  6b, the frequency responses of the 
apparent resistivity and phase of the site located directly 
above the modified region (Site 17) are shown along with 
the observed data. The responses of the modified model 
deviated from those of the optimal model at frequencies 
below 100 Hz, particularly in the xy and yy components. 
The RMS misfit value increased from 1.41 to 1.54. There-
fore, this moderately low-resistivity region was consid-
ered to have sufficient sensitivity.

Next, the sensitivity of the subvertical conductor at 
altitudes of 1200–1700  m within the Kagamiike-kita 
pyroclastic cone was tested (Fig. 7). Similar to the previ-
ous test, the resistivities of the region surrounded by the 
white solid line in Fig. 7a were modified to 100 Ωm, and 
the sounding curves and RMS misfit value of the modi-
fied model were investigated. Comparing the sound-
ing curves of the modified model at Site 15 with those 
of the optimal model, clear deviations were observed at 
frequencies lower than 100 Hz for all components of the 
apparent resistivity, and slight changes also occurred in 
the phase curves. Since the RMS misfit value increased 
to 1.66, it was determined that this subvertical conductor 
also had sufficient sensitivity.

Discussion
In the optimal 3-D resistivity structure model, a highly 
resistive layer with a thickness of ~ 100  m near the sur-
face (R1 in Figs.  8, 9) and an underlying conductive 
layer (C1) were found. From the geological map of the 
KSV (Uto et al. 1983), the surface layer of Mt. Motoshi-
rane is composed of Quaternary lavas and pyroclastics, 

with Neogene lavas distributed beneath. These Neogene 
lavas are considered the basement rocks of the KSV that 
dip to the east, are exposed around the Manza area to 
the west, and are estimated to be distributed at an alti-
tude of ~ 2000 m around Mt. Motoshirane based on the 
geological study (Hayakawa 1983). According to the 
geothermal exploration borings approximately 2.9  km 
south of the Kagamiike-kita Crater, these Neogene lavas 
are hydrothermally altered and contain smectite, a type 
of clay mineral (Gunma Prefecture 1989). Smectite has 
swelling properties and is electrically conductive with 
hydrologically low permeability.

The conductive region C1 is distributed at altitudes of 
1800–1900 m or below (Figs. 8, 9). A low-resistivity layer 
with depths corresponding to C1 was widely found in 
the broadband MT survey around Mt. Motoshirane, and 
it was interpreted as altered Neogene lavas containing 
smectite (Matsunaga et  al. 2020, 2022). Based on these, 
C1 is suggested to be altered Neogene lavas that corre-
spond to the basement rocks of the KSV, and overlying 
R1 is interpreted as Quaternary lavas and pyroclastics. 
Therefore, the boundary between R1 and C1 could cor-
respond to the boundary with the basement rocks (white 
dashed line in Fig. 8).

In the vertical east–west cross-section of the model 
(Fig. 8), the top of the C1 conductor is not continuously 
distributed and disappears at two locations, as shown by 
the black dotted circles near the 2018 craters (MC and 
WC). Although the optimal 3-D model did not fit the 
high-frequency data at some sites as described above, 
we have confirmed that, assuming the continuous pres-
ence of C1 even within the regions of the black dotted 
circles, the modified model could not further explain 
the data (Additional file 1: Fig. S4). The X-ray diffraction 
(XRD) analysis of the volcanic ash sample ejected during 
the 2018 eruption suggested that the ejecta were derived 
from basement rocks, as the constituent minerals con-
tained pyrophyllite (Yaguchi et al. 2019). Thus, the lack of 
C1 beneath the 2018 craters likely indicates that part of 
C1 was broken by the phreatic eruption and ejected dur-
ing the eruption. C1 could be replaced with high resistivi-
ties because the rocks near the surface were brecciated 
by the eruption and non-conductive meteoric water has 
infiltrated into the ground. Evidence for this is that the 
Kagamiike Crater, which is close to one of the 2018 cra-
ters, had formed a crater lake that accumulated meteoric 
water, but the lake lost water and has not yet returned 
to its previous state. An electrically conductive and low-
permeability clay-rich layer (shallow C1 in this case) 
serves as the base for the infiltrated meteoric groundwa-
ter (e.g., Nurhsan et al. 2006; Aizawa et al. 2009; Kanda 
et al. 2010), thus having maintained the crater lake before 
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the eruption. Therefore, the explosions occurred in the 
shallow subsurface, 100–150 m from the ground surface.

In the Owakundani geothermal field of the Hakone 
Volcano, where a very small phreatic eruption occurred 
in 2015, XRD analysis of ejecta and cutting samples of 
a borehole suggested that the explosion occurred at a 
depth of 100  m or less from the surface (Mannen et  al. 

2019). Iwo-yama of the Kirishima Volcano also expe-
rienced a small phreatic eruption in 2018. The pressure 
source was estimated to be ~ 30 m from the surface based 
on the analysis of interferometric synthetic aperture 
radar (InSAR) data, and it is believed that the pressure 
source location is where the eruption occurred (Narita 
et al. 2020). Aizawa et al. (2022) recently suggested that 

Fig. 7  Sensitivity test of the optimal 3-D resistivity structure model. a The east–west vertical cross-section through the Kagamiike-kita Crater of the 
optimal model is shown. The sensitivity of the region surrounded by the white solid line was tested. The size of the modified region was 0.6 km (N-S) 
by 0.5 km (E-W) by 0.6 km (vertical). b Sounding curves (apparent resistivity and phase) obtained from the optimal model (green), modified model 
(blue), and observed data (open circles with red error bars) at Site 15 directly above the modified region are shown
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the explosion of Iwo-yama occurred at the zone of near-
surface groundwater (80–150  m depth) beneath the 
erupted vent by the direct liquid-to-gas phase transition. 
Based on these examples, it is reasonable to assume that 
Mt. Motoshirane’s explosions in 2018 occurred at a depth 
of 100–150 m.

In Fig. 8, the region of relatively high resistivity (R2) is 
surrounded by the conductive regions labeled C1. Pre-
vious studies have suggested the presence of hydrother-
mal fluids in the shallow subsurface of Mt. Motoshirane. 
Yamada et al. (2021) indicated fluid migration at altitudes 
of 1000–1500 m based on the analysis of volcanic tremors 
just prior to the 2018 eruption. Himematsu et al. (2020) 
also interpreted the crack explaining the local deforma-
tion estimated from the analysis of InSAR data before and 
after the eruption as a pathway of volcanic fluids. There-
fore, this region (R2) could correspond to a fluid reser-
voir. In this case, the altered C1 layer directly above acted 
as a cap layer. In Owakudani of the Hakone Volcano, a 
region of moderate resistivity considered a gas-rich zone 
was found beneath a thin low-resistivity layer, which 
was interpreted as a cap rock near the surface (Seki et al. 
2021). A similar cap structure may be formed beneath 
Mt. Motoshirane, but because only a low-temperature 
fumarole is present around the summit area (Katabuchi 

et al. 2002), the fluid reservoir is expected to be diluted 
with groundwater, causing a reduction in temperature.

Figure 9 shows a plot of the estimated source locations 
of the volcanic tremors from 3 min before to 30 s after the 
eruption (Yamada et al. 2021) on the north–south cross 
section of the resistivity structure (along the orange line 
in Fig. 5). Note that the discussion here assumes that the 
subsurface structure has not changed significantly due to 
the eruption, except to a depth of ~ 100 m in the vicinity 
of the erupted craters. Most tremors occur in the slightly 
higher resistivity region around the conductor (C1). The 
tremors before the eruption occurred at altitudes of 1000 
to 1500 m approximately 1 km north of the erupted cra-
ter (MC), but immediately after the eruption, they moved 
to a shallow area around the crater. A crack model esti-
mated from the tilt changes before and after the eruption 
(Terada et al. 2021) is also shown in Fig. 9. Terada et al. 
(2021) suggested that the opening of this crack due to the 
ascent of fluids from depth caused the phreatic eruption 
in 2018. The top of the crack reaches conductive region 
C1, and if such a fluid ascending path is established, it is 
assumed that the altered basement rock layer also con-
tains hydrothermal fluids. This supports the idea that R2 
shown in Figs.  8 and 9 (beneath the MC at altitudes of 
1500–1800  m) had formed a fluid reservoir. However, 

Fig. 8  East–west vertical cross-section across the Kagamiike-kita Crater of the optimal 3-D resistivity model. The red triangles represent the craters 
of the 2018 eruption (MC and WC). Labels indicating the resistivity features are the same as in Fig. 5. The white dashed line indicates the interpreted 
boundary of the basement rock. In the areas indicated by the black dotted circles, it is suggested that C1 beneath the surface resistive layer was 
missing due to the eruption. A possible fluid reservoir is indicated by R2



Page 12 of 15Honda et al. Earth, Planets and Space           (2023) 75:43 

our model was unable to explain deeper underground. To 
identify deeper fluid pathways, further observations over 
a wider area are necessary.

A schematic of the hydrothermal system related to 
the 2018 eruption is shown in Fig. 10. Prior to the 2018 
eruption, the shallow edifice of Mt. Motoshirane was 

Fig. 10  Schematic model of the shallow hydrothermal system of Mt. Motoshirane related to the 2018 eruption based on the E-W cross section of 
the 3-D resistivity structure shown in Fig. 8. The white dashed line represents the boundary of the basement rock. Black arrows show the movement 
of fluids. Gray dotted line represents the crack model proposed by Terada et al. (2021). Note that the crack model is approximately parallel to this 
resistivity cross-section

Fig. 9  Source locations of the volcanic tremors and a crack model related to the 2018 eruption shown on the north–south cross-section of the 3-D 
resistivity model. The red triangle represents the main crater of the 2018 eruption (MC). Black dots represent volcanic tremors just before the 2018 
eruption, as suggested by Yamada et al. (2021). The black line represents the crack model indicated by Terada et al. (2021)
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composed of Quaternary lavas with high resistivity near 
the surface (R1), altered Neogene lavas with low resistiv-
ity (C1), and a fluid reservoir with moderate resistivity 
(R2). This fluid reservoir is likely to be at a lower tem-
perature, but is affected by volcanic fluids to some extent. 
Immediately before the 2018 eruption, high-temperature 
hydrothermal fluids were transported to shallow levels 
through the pre-existing crack (Terada et al. 2021). In this 
shallow subsurface, there was a poorly permeable layer 
and the above-mentioned fluid reservoir underneath. 
The phreatic eruption likely occurred because of the 
rapid supply of hot hydrothermal fluids from depth to the 
reservoir, which destroyed part of the overlying altered 
layer. To verify this hypothesis, it is necessary to perform 
hydrothermal simulations based on the resistivity struc-
ture and examine the types of hydrothermal processes 
that occurred before the eruption.

Conclusions
We conducted an audio-frequency magnetotelluric sur-
vey in 2020 to clarify the resistivity structure of the shal-
low hydrothermal system of Mt. Motoshirane, which 
experienced a small phreatic eruption in 2018. The fol-
lowing results were obtained from the inferred three-
dimensional resistivity structure model.

1.	 The subsurface structure of Mt. Motoshirane basi-
cally has a two-layer structure composed of a high-
resistivity layer (R1) corresponding to the Quater-
nary lavas near the surface and low resistivities (C1) 
corresponding to the altered Neogene lavas below. 
The low-resistivity layer is interpreted to be the base-
ment rock of Kusatsu-Shirane Volcano.

2.	 The upper part of the basement rock, which is char-
acterized by a highly conductive zone, was not found 
beneath the 2018 craters. This is probably because 
part of the conductive basement rock was destroyed 
by the eruption, signifying the likely locations where 
the eruption occurred.

3.	 A moderate-resistivity region in the low-resistivity 
layer (R2) could be a fluid reservoir. The 2018 erup-
tion is considered to have occurred because of the 
rapid supply of high-temperature volcanic fluids to 
this region through the pre-existing crack immedi-
ately before the eruption.

We have estimated the mechanism behind the 2018 
eruption; nevertheless, there are still uncertainties 
regarding fluid flow within the volcano. Reproduction 
of the hydrothermal process before the eruption, based 
on the findings obtained in this study, will be an area for 
future research.
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green lines indicate model results. Fig. S3: Comparisons of the observed 
data with the optimal model for four representative frequencies (5200, 
635, 45, and 5.6 Hz). a Comparison by the phase tensor. Blue ellipses show 
the observed data, and green ellipses show the model responses. b Com-
parison by the induction arrows. Blue and green arrows represent the real 
component of the induction arrow calculated from the observed data and 
the model responses, respectively. Right blue and yellow arrows represent 
the imaginary component of the induction arrow calculated from the 
observed data and the model responses, respectively. Fig. S4: A test to 
confirm that the C1 conductor is not continuous. a The east-west vertical 
cross-section through the Kagamiike-kita Crater of the optimal model 
is shown. Only the resistivity blocks between 50 and 150 Ωm within the 
regions surrounded by the two white squares were modified to several 
resistivity values. The size of the modified region was 0.4 km (N–S) by 0.4 
km (E–W) by 0.1 km (vertical). b Sounding curves (apparent resistivity and 
phase) obtained from the model responses (colored lines) and observed 
data (open circles with red error bars) at Site 15 directly above the modi-
fied region are shown. The colored lines represent the optimal model 
(red), the model modified to 5 Ωm (green), the model modified to 10 
Ωm (blue), and the model modified to 1000 Ωm (orange). The RMS misfit 
values were 1.41 (red), 2.34 (green), 1.93 (blue), and 1.55 (orange).
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