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Abstract
Subvolcanic hydrothermal systems can lead to hydrothermal eruptions as well as unrest phenomena without an
eruptive event. Historical eruptions and recent unrest events, including ground inflation, demagnetization, and a
gradual decrease in the plume height, at Mt. Tokachidake, central Hokkaido, Japan, are related to such a subvolcanic
hydrothermal system. This study investigates the three-dimensional (3-D) resistivity structure of Mt. Tokachidake to
image its subvolcanic hydrothermal system. A 3-D inversion of the magnetotelluric data, acquired at 22 sites around
the crater area, was performed while accounting for the topography. Our resistivity model was characterized by a
high-resistivity layer at a shallow depth (50–100 m) and two conductors near the active crater and dormant crater.
The high-resistivity layer was interpreted to be composed of dense lava, which acts as a caprock surrounding the
conductor. The high conductivity beneath the active crater can be explained by the presence of hydrothermal fluid
in fractured or leached zones within the low-permeability lava layer, as the sources of ground inflation and demagnetization were identified within the conductive zone immediately beneath the resistive layer. The resistivity structure
was used to estimate the volume of hydrothermal fluid within the pore space. The minimum volume of hydrothermal
fluid beneath the active crater that can explain the resistivity structure was estimated to be 3 × 106 m3. This estimate
is comparable to the water volume that was associated with the long runout and highly fluidized lahar in 1926. The
resistivity structure and volume of hydrothermal fluid presented in this study can be used as a reference for further
numerical simulations, which aim to reveal the mechanisms of recent unrest events and assess the risk of hazards,
such as lahar.
Keywords: Mt. Tokachidake, Resistivity structure, Three-dimensional inversion, Volcanic hydrothermal system
Introduction
Mt. Tokachidake belongs to the Tokachidake volcanic
group, which comprises several volcanic edifices located
in central Hokkaido, Japan (Fig. 1). Based on petrological studies, the activity of the Tokachidake volcanic group
can be divided into older (1.0–0.5 Ma), middle (300–
70 ka), and younger stages (since 60–50 ka) (Ishizuka
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et al. 2010). Massive dense lava flows, collectively known
as the Tairagatake lava (Ta lava), sourced from Mt. Tairagatake in the middle stage, are widely distributed around
Mt. Tokachidake. Volcanic activities during the younger
stage in the Holocene resulted in the Ground, Suribachi,
Kitamuki, Central, and 62 other craters on the northwestern side of the summit of Mt. Tokachidake.
Major historical eruptions of Mt. Tokachidake
occurred in 1926, 1962, and 1988–1989 (Katsui et al.
1990). These events have all been linked to the hydrothermal system beneath Mt. Tokachidake (Katsui et al. 1963,
1990; Uesawa 2014). The 1926 eruption was initiated
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Fig. 1 Topographic map of the study area and computational mesh of the central part used in the three‑dimensional (3-D) resistivity inversion. a
Maps showing the location of Mt. Tokachidake (inset) and local topography (red relief image map). b Topography of the area around the core region
of the computational domain and spatial distribution of the magnetotelluric measurement sites used in this study. The contour interval is 50 m.
The black circles, red stars, green diamonds, blue inverted triangles, and black crosses indicate the 2009, 2014, 2015, and 2016 audio-frequency
magnetotelluric (AMT) observations, as well as the 2016 WMT observations, respectively. c Surface mesh around the core region
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from the Central crater cone, and culminated in the sector collapse of the cone (now known as the Taisho crater)
and the subsequent Taisho lahar that killed 144 people at
the foot of the volcano (Tada and Tsuya 1927; Committee
for Prevention of the Natural Disaster of Hokkaido 1971).
Uesawa (2014) suggested that hydrothermal fluids played
a significant role in the long runout and highly fluidized
nature of the lahar.
The subvolcanic hydrothermal system also plays a key
role in the most recent unrest event at Mt. Tokachidake.
Fumarolic activity at the 62–2 and Taisho craters, along
with elevated seismicity in the shallow edifice of Mt.
Tokachidake, has continued since the 1988–1989 eruption. Subsequently, since 2000, there has been a gradual
decrease in the plume height and temperature of the
62–2 crater. Intermittent localized ground deformation
indicates inflation at a rate of 1
 04 m3/year in a shallow
area (several hundred meters deep) beneath the 62–2 crater (Regional Volcanic Observation and Warning Center,
Sapporo Regional Headquarters, Japan Meteorological
Agency (RVOWC, SRH, JMA) 2018). Annual magnetic
total field measurement campaigns, which began in 2008,
have revealed continuous demagnetization, indicative
of heating at a shallow depth of approximately 150 m
beneath the crater (Hashimoto et al. 2010). Based on
numerical simulations, Tanaka et al. (2017) showed that
conduit obstruction, which reduces the permeability, can
explain such an unrest episode accompanying demagnetization and inflation, as well as the gradual cooling
of fumaroles and declining plume emissions. Moreover,
they found that a shallow caprock may be a key structure
that controls the time and spatial scales of the ground
deformation and magnetic field changes. Takahashi and
Yahata (2018), from a geological perspective, pointed out
that the dense and less porous Ta lava with a thickness of
500 m, behaves as a caprock.
Based on these findings, characterizing the structure
of the hydrothermal system is therefore important, i.e.,
locating the spatial extent of fluid-rich zones and the
overlying caprock, to better understand the processes
responsible for the most recent unrest phenomena and
evaluate the risks of hydrothermal eruptions and lahars.
As the electrical resistivity is sensitive to temperature,
as well as the presence of saline water and certain altered
minerals, such as smectite, resistivity is commonly used
to investigate the structure of a volcanic hydrothermal
system. Several studies on other volcanoes have recently
interpreted volcanic activities based on monitoring data
in relation to subsurface resistivity structures (Seki et al.
2016; Tsukamoto et al. 2018; Yoshimura et al. 2018).
Yamaya et al. (2010) and Takahashi et al. (2017) have
also described the resistivity structure of the shallow
hydrothermal system at Mt. Tokachidake. Yamaya et al.
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(2010) imaged the shallow resistivity structure beneath
the active crater area through a trial-and-error 3-D forward model incorporating the topography based on
audio-frequency magnetotelluric (AMT) data obtained at
five sites. They reported a highly conductive zone below
the 62–2 crater. However, the horizontal boundary, as
well as the lower limit of the conductor, remains poorly
constrained owing to the sparsely distributed and small
number of measurement points. Takahashi et al. (2017)
later improved the resistivity structure via a 3-D inversion with 17 additional sites. However, their model did
not account for the topography. The resistivity of rock
is many orders of magnitude lower than that of the air.
Therefore, topographic highs act as relative conducting
bodies compared with the surrounding air space, which
can result in a distortion of the induction vectors (Parkinson 1962) surrounding topographic undulations. Such
a topographic effect should be incorporated into magnetotelluric (MT) modeling for volcanoes with steep topography (Nam et al. 2007).
In this study, we delineate the shallow hydrothermal system of Mt. Tokachidake based on 3-D resistivity
inversion modeling incorporating the topography. The
resistivity structure is used to interpret geophysical monitoring data, as well as to estimate the volume of hydrothermal fluid beneath the craters. This information can
contribute to a better understanding of the subsurface
processes’ mechanisms, forecasts of the volcanic activity
sequences, and assessments of possible hazards, such as
syn-eruptive spouted type lahar.

Magnetotelluric data acquisition
AMT surveys were conducted at 22 sites around the
active craters of Mt. Tokachidake in 2009, 2014, 2015, and
2016. Yamaya et al. (2010) used the data acquired in 2009
for their forward modeling. Furthermore, Takahashi et al.
(2017) used all of the data for inversion in their modeling.
In this study, we selected the AMT datasets obtained
from 19 sites (Fig. 1b, c) after excluding bad data points
and subsets overlapping with the results of the wideband
MT (WMT) survey described below. Two components
of the horizontal electric field and three components of
the magnetic field were measured using the MTU-5A
system (Phoenix Geophysics Ltd.). Remote reference
processing (Gamble et al. 1979) was applied to reduce
local noise using the reference data obtained approximately 3 km northwest of the survey area. Impedance
responses in the frequency range of 10 400–0.35 Hz were
calculated from the time series data through frequency
analysis using the SSMT2000 software (Phoenix Geophysics Ltd.). The WMT data points were also included
for three sites (Fig. 1b, c), acquired in 2016, to constrain
the deeper part of the hydrothermal system. In the WMT
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surveys, ADU-07e instruments (Metronix Geophysics
Ltd.) were utilized to record the same five components in
the time series as the AMT surveys. Similar to the Phoenix system, the remote reference processing was applied
to the data sampled at 32 and 1024 Hz using the reference data set acquired at a continuous recording station
(located approximately 600 km from the target area) provided by GERD Co. Ltd. The data set sampled at 3.2 kHz
was applied to the cross-reference processing of the data
series recorded on the same day at two sites. Impedance
responses in the frequency range of 12 288–0.000488 Hz
were calculated from the time series data through frequency analysis using the BIRRP code (Chave and Thomson 2004).
As data acquired in four different years were used in
this study, verifying possible changes in the subsurface
structure over these time periods was necessary. For this
reason, the surveys were performed repeatedly in different years at two sites, i.e., at E03 (AMT surveys operated
in 2009, 2014, 2015, and 2016) and C07 (AMT and WMT
surveys operated in 2009 and 2016). No significant differences were observed among the data series acquired
during each survey at E03 and C07. Therefore, all data
were inverted together, assuming an absence of changes
in the resistivity structure that could be detected by the
MT method. In the following inversion process, the bestquality data acquired in 2014 and the WMT data were
selected as the datasets for E03 and C07, respectively.

3‑D inversion
3-D inversion was performed using the ModEM software
(Egbert and Kelbert 2012) to construct a suitable resistivity model considering the topography. The computational
domain (20 × 20 × 35 km: NS, EW, UD) was gridded in
rectangular coordinates; the smallest horizontal mesh
size was 40 m for the central target area while the smallest vertical mesh size for the upper part was 10 m. The
grid increased in size toward the model borders, resulting in a mesh of 44 × 46 × 90 blocks. The topography was
replicated using the 10-m mesh digital elevation model
developed by the Geospatial Information Authority of
Japan. For blocks corresponding to air, a fixed resistivity
of 106 Ωm was utilized. Figure 1b, c shows the plan view
and 3-D model of the grid surrounding the central part
of the computational area, respectively. The observation

Page 4 of 11

sites were relocated by up to 40 m to the center of the
block, closest to their original positions, to avoid any
instability caused by the boundary between the ground
and air blocks. Both the real and imaginary parts of the
impedance tensors at 19 AMT sites (13 frequencies
between 900 and 0.7 Hz) and three WMT sites (14 frequencies between 256 and 0.03 Hz) were inverted. Error
floors of 5 and 10% were used for the off-diagonal and
diagonal components, respectively, to avoid overweighting during the inversion process.
The inversion performed in this study consisted of
two-steps. The first inversion was conducted using the
initial model with a uniform resistivity value for land. In
the second inversion, the initial model was derived from
the results of the first inversion. We reset the damping
parameter (Eq. 1 in Egbert and Kelbert 2012) at the start
of the second inversion to avoid falling into local minima. The inversions for the resistivity values of the first
initial model were conducted and the best initial value
(100 Ωm) was determined from the minimum normalized root mean square (nRMS, Egbert and Kelbert 2012)
of the final model. As a result, the nRMS value decreased
from 37.4 to 2.07 after 129 iterations of the first and second inversions.

Results
Figure 2 shows cross-sectional views of the final model.
The obtained resistivity structure exhibits the following characteristics. (1) The shallowest part (50–200 m
thickness from the ground surface) indicates a relatively
high resistivity of 200–1000 Ωm (panels (a)–(f )). (2) An
underlying conductive zone (C1, 10–20 Ωm) exists from
the ground surface to a depth of 700 m (1000 m a.s.l).
The center of C1 appears immediately beneath the 62–2
crater, but the conductive zone extends northward up to
Taisho crater. The ceil of C1 partially touches the ground
surface at these craters (panels (b), (f ), and (g)–(i)). (3)
Another conductive center (C2, < 20 Ωm) is located at a
distance of ~ 300 m northeast of the 62–2 crater. The C2
conductive zone lies beneath the Ground crater and has
approximately the same dimension as C1. C2, unlike C1,
is accompanied by a relatively thick (100–150 m) cover
of a surface resistive layer, especially at the Ground crater (panels (c)–(e), (g), and (h)). Comparing the resistivity structure obtained in this study with that in Takahashi

(See figure on next page.)
Fig. 2 Vertical and horizontal cross-sections of the three‑dimensional (3-D) resistivity structure. a–c Vertical cross-sections of the study area in
the N–S direction at EW =  − 250, 0, and 250 m, respectively. d–f Vertical cross-sections of the study area in the E–W direction at NS =  − 250, 0,
and 250 m, respectively. The inverted white triangles indicate the audio-frequency magnetotelluric (AMT)/wideband magnetotelluric (WMT)
measurement sites located within ± 50 m of each profile. See Fig. 1 for the profile locations and AMT/WMT sites. g–j Horizontal cross-sections of
the study area at 1600, 1500, 1400, and 1200 m a.s.l. (above sea level), respectively. The symbols indicating the observation sites are the same as in
Fig. 1b. k Spatial visualization of the resistivity structure beneath the active craters
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et al (2017), there are the following differences: (1) in the
resistivity structure obtained in this study, C1 extends
to a shallower area and is imaged with lower resistivity
value; (2) C2, which was only vaguely imaged in Takahashi et al. (2017), is imaged as the other low resistivity
structure.
Figure 3 compares the apparent resistivities and phases
at the selected sites calculated from the field data and
inverted final model (Additional file 1: Figure S1 presents comparisons of the responses at other sites). The
field data and inverted model exhibit good agreements in
terms of these responses.
Additional file 1: Figures S2 and S3 show the results
of the sensitivity checks in the vertical direction for C1
and C2. Additional file 1: Tables S1 and S2 list the results
of the sensitivity checks in the horizontal direction for
C1 and C2. Although it is possible to measure the sensitivity by a sensitivity matrix (Schwalenberg et al. 2002;
Usui 2015), we determined the sensitivity by observing
the changes in the nRMS while varying the resistivity in
and around the conductors. The sensitivity in the vertical direction was measured by changing the resistivity in
each conductor dividing it into three parts. We divided
the regions in the following way. (1) As shown in Fig. 2,
C1 and C2 have their resistivity peaks on each. Therefore, we divided the two in the middle. (2) The external
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boundary of the two conductors was assumed as 30 Ωm.
(3) Layers were divided so that the thickness of regions 1
and 2 was to be approximately 200 m. Additional file 1:
Figures S2 and S3 show the region where the resistivity is changed and the results of the nRMS calculations
for the sensitivity checks of the conductors C1 and C2,
respectively. Note that each part was changed including
deeper parts, that is, when we changed the resistivity of
Region 1, we also changed that of Regions 2 and 3. While
the nRMS values are sensitive to the resistivity changes
in Regions 1 and 2, the sensitivity for the region below
1,450 m a.s.l. (above sea level) (region 3 in Additional
file 1: Figure S1) is considered low. Therefore, the existence of a part of the C1 conductor above 1,450 m a.s.l.
(regions 1 and 2 in Additional file 1: Figure S2) can be
established based on high sensitivity. Similarly, the sensitivity check suggested the existence of a part of the C2
conductor above 1,200 m a.s.l. (regions 1 and 2 in Additional file 1: Figure S3), which can be established based
on the high sensitivity.
The corresponding resistivity change was assumed to
be negligible if the change in nRMS was less than 0.1;
hence, the resistivity range can be characterized by ± 20
and ± 50% as imaged by the final model in Regions 1
and 2 of the C1 conductor and − 20 to + 40% and from
− 40 to + 100% in Regions 1 and 2 for the C2 conductor,

Fig. 3 Apparent resistivity and impedance phase determined via observations (symbols) and calculations (solid lines). Apparent resistivities (upper
panel) and impedance phases (lower panel) obtained for the five sites in the study area are shown. The off-diagonal components, ZXY and ZYX, are
shown in red and blue, respectively. The diagonal components, ZXX and ZYY, are shown in green, and pink, respectively
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respectively. As the typical resistivity of the two conductors in the final model was 10–20 Ωm, the resistivity
range of C1, determined by considering the sensitivity
(± 50%), was 5–30 Ωm. In a similar manner, the resistivity range of C2, determined by considering the sensitivity (− 40 to + 100%), was 5–40 Ωm. The sensitivity in the
horizontal direction for the conductors was measured
by changing the horizontal boundary of the shallow part
(regions 1 and 2 in Additional file 1: Figures S2 and S3)
in C1 and C2. Specifically, the change in the nRMS was
observed by shifting the boundary of the conductors
through several grids to the east, west, south, and north.
The boundary was determined based on 30 Ωm from
the result of the sensitivity check described above. The
boundary shift was performed by replacing the resistivity of the adjacent cell to the boundary with the resistivity of the cell considered as the boundary. The sensitivity
check in the horizontal direction of conductor C1 (Additional file 1: Table S1) showed that the shift in the boundary to the north, east, and west direction caused a larger
change than the threshold (0.1) in the nRMS, whereas the
expansion of one grid to the south caused a small change.
Therefore, conductor C1 was well constrained in the
north, east, and west, and had an uncertainty of one cell
(40 m) to the south. The sensitivity check in the horizontal direction of conductor C2 (Additional file 1: Table S2)
showed small changes in the nRMS for all directions.
Therefore, conductor C2 had an uncertainty of 3–5 cells
(150–250 m) in all directions.

Discussion
Relationship between resistivity model and volcanic
activity

Here, we discuss a possible physical entity for conductor C1 beneath the 62–2 crater imaged by 3-D inversion.
Figure 4 shows the locations of the inflation and demagnetization sources, as well as the micro-earthquake hypocenters on the cross-sections of our resistivity model.
The inflation sources, based on GNSS campaigns, are
determined by the dashed ellipses in Fig. 4 (RVOWC,
SRH, JMA 2018). Although their locations slightly vary
with time, they are located within the conductive zone.
The demagnetization source, identified exclusively based
on changes observed between 2008 and 2009, is located
in the shallow part of C1 at an altitude of approximately
1600 m. Seismicity is low inside this conductive zone
and is concentrated in the deep area. These spatial correspondence between the deformation/demagnetization
sources and the conductor imply that the low resistivity
of C1 (5–30 Ωm) represents pores or fracture filled with
thermal water. We consider that the voids are partly interconnected, otherwise the bulk resistivity must be much
higher because isolated conductive fluids in a resistive
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Fig. 4 Vertical cross-section of the three‑dimensional (3-D)
resistivity structure with the corresponding sources of geophysical
phenomena. a Cross-section of the study area in the E–W direction at
NS =  − 250 m. b Cross-section of the study area in the N–S direction
at EW = 0 m. The hypocenters located within ± 250 m of each
profile are denoted by black dots. The cross symbol indicates the
demagnetization source, as identified by Hashimoto et al. (2010). The
region enclosed by the black dashed line denotes the area including
the ground inflation source located by the Regional Volcanic
Observation and Warning Center, Sapporo Regional Headquarters,
JMA (2018)

matrix cannot significantly contribute to enhancing the
electrical connectivity. Another possible candidate that
can explain the low resistivity is surface conduction due
to clay minerals, such as smectite (Takakura 2009). However, according to microscopic observations and altered
mineral assemblages in rock samples reported in Takahashi and Yahata (2018), the hydrothermal environment
beneath the active craters of Mt. Tokachidake can be
characterized as a high-temperature magmatic-hydrothermal type accompanied by the intense leaching of
minerals other than silica due to the percolation of sulfuric acid thermal water. As the altered products are mainly
composed of sulfates (Takahashi and Yahata 2018), clay
minerals, such as smectite, are unlikely to occur in conductor C1. Therefore, the low resistivity of C1 is most
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likely caused by the presence of interconnected thermal
water rather than clay minerals. Although it is difficult
to interpret C2 due to the lack of information from other
observations, as the resistivity of C2 is almost identical to
that of C1, C2 may also contain hydrothermal fluid.
We then interpreted the relationship between the resistivity structure beneath the active craters and recent volcanic activity. A shallow caprock is a key structure for
controlling the spatial and time scales of ground deformation and thermal demagnetization as shown by the
numerical simulations in Tanaka et al. (2017). The Ta
lava geologically corresponds to such a caprock layer
(Takahashi and Yahata 2018). The resistivity model presented in this study supports this interpretation. In our
resistivity model, the C1 conductive zone, suggestive of
interconnected pores filled with high-salinity thermal
water, is covered with the superficial high-resistivity
layer. We speculate that this layer corresponds to the Ta
lava because it is characterized by a high density and low
porosity (Takahashi and Yahata 2018). Conductor C1 can
then be interpreted as a hydrothermal leaching zone in
the middle part of the Ta lava. Leaching of minerals may
increase the pores filled with the hydrothermal water and
result in the reduction of the bulk resistivity. Such a physically/geologically interpreted resistivity model can also
be useful as a reference and/or constraint for the electrical and hydrological properties of the modeled space in
future numerical hydrothermal flow simulation studies.
Such a simulation study can more precisely investigate
the behavior of the hydrothermal fluid in leached zones
surrounded by a low-permeability host rock and the
resulting ground deformation and demagnetization.
Assessment of hydrothermal fluid volume

The porosity of the leached zones provides useful information to assess a fluid volume in a subvolcanic hydrothermal system. Our resistivity model can be used to
estimate the porosity of these zones. Porosity is related to
the electrical conductivity based on an empirical formula
reported in Archie (1942). Hashin and Shtrikman (1962)
gives a theoretical basis for determining the upper and
lower bounds of macroscopic parameters for mixtures
of different materials using variational principles. Waff
(1974) presents explicit representations for the electrical conductivity (i.e., the reciprocal of the resistivity). In
this study, we estimated the porosity distribution based
on the HSc model (the upper bound of the conductivity proposed by Hashin and Shtrikman 1962), where the
pore-fluid is assumed to be perfectly interconnected.
Assuming that the pore is filled with only a liquid phase,
the HSc model provides the minimum pore volume to
explain the bulk resistivity. The volume fraction of the
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liquid (i.e., porosity) in the HSc model can be expressed
as follows:

χ=

3σw (σeff − σr )
,
(2σw + σeff )(σw − σr )

(1)

where σ represents the conductivity. The subscripts w, r,
and eff indicate the liquid, rock (soil), and effective (i.e.,
bulk) conductivities, respectively. Here, σeff refers to our
resistivity model. Although we do not have direct measurements of σr, we assumed a sufficiently small value of
10–6 S/m for solid rock because this value does not significantly affect the porosity calculation. The resistivity
of the liquid was assumed to be 1.2 Ω m based on the
resistivity of thermal water sampled at the crater area of
Mt. Tokachidake (Takahashi et al. 2017). Figure 5a shows
the porosity distribution converted from our resistivity
model through this calculation. The region of relatively
high porosity (mostly 10–20%) was found beneath the
62–2 crater and Ground crater, corresponding to the high
conductivities in C1 and C2. This result appears to be
smaller than the laboratory measurements by Takahashi
and Yahata (2018), in which the effective porosity of the
hydrothermally altered rocks sampled at Mt. Tokachidake range from 10 to 70%, predominantly from 30 to
40%. We speculate that the difference between our estimations and the laboratory measurements results from
our assumptions that the intergranular liquid has a uniform resistivity and the pore space is entirely filled with
a liquid phase. Figure 5b shows the porosity distribution
when the resistivity of the liquid was assumed to be 2.0 Ω
m. The estimated porosity of the region beneath the 62–2
crater and Ground crater become larger and close to the
measurement of the rock samples. In contrast, although
the porosity must be, in principle, less than 100%, the
porosity beneath Taisho crater locally exceeds the limit.
This is a direct result from the very low bulk resistivity
of this particular component in our resistivity model. The
empirical equation (Sen and Goode 1992) shows that a
1.2 Ω m value for saline water at 100 ºC becomes 0.7 Ω m
at 200 ºC. Assuming that the resistivity of the liquid phase
is 0.7 Ω m (Fig. 5c), the porosity beneath Taisho crater
does not exceed the limit (i.e., 1.0). However, the porosity
beneath the 62–2 crater and Ground crater becomes too
low and contradicts the sample measurements. Therefore, a more appropriate analysis requires the spatial distribution of the gas fraction and the liquid resistivity due
to the temperature and salinity of the liquid.
The calculated porosity distribution allows the estimation of the minimum volume of hydrothermal fluid that
can explain the estimated resistivity structure. Assuming
that hydrothermal fluids (1.2 Ω m) exist within the conductor C1, the volume of hydrothermal fluid is estimated
to be 5 × 106 m3. Considering the uncertainty (± 50%) of
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Fig. 5 Spatial visualization of the porosity beneath the active craters. a The porosity distribution calculated with the fluid resistivity 1.2 Ωm. b The
porosity distribution calculated with the fluid resistivity 2.0 Ωm. c The porosity distribution calculated with the fluid resistivity 0.7 Ωm

the resistivity value based on the sensitivity check, the
minimum volume of hydrothermal fluid is 3 × 106 m3.
As the bulk volume of the region where the porosity is
larger than 0.7 is less than 5 × 104 m3, the porosity of the
region was replaced with 0.7 based on the observations
in Takahashi and Yahata (2018). In a similar manner, the
minimum volume of hydrothermal fluid that can explain
the estimated resistivity of conductor C2 was estimated
as 8 × 105 m3. Uesawa (2014) suggests the involvement
of hydrothermal fluid (> 1 × 106 m3) as a possible catalyst
for the long runout and highly fluidized characteristics of
the 1926 Taisho lahar. Although what percentage of the
hydrothermal fluid beneath the craters was involved with

the lahar remains a point of uncertainty, our estimation
is comparable to the water volume proposed by Uesawa
(2014). Therefore, we speculate that a similar sector collapse in the future, if it occurs, could yield the expulsion
of a substantial amount of thermal water from the subvolcanic system, similar to the 1926 Taisho lahar.

Conclusions
3-D resistivity inversion, incorporating topography, was
performed for the region beneath the active craters at
Mt. Tokachidake. Our resistivity model was characterized by a high-resistivity layer covering a shallow depth
and two distinct conductive zones located beneath the
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currently active and dormant craters. Based on the geometrical relation between the source, as estimated from
other geophysical monitoring studies, and the conductive zone, we suggested that these areas likely contain the
hydrothermal fluid while the high-resistivity layer covering the C1 conductive zone plays the role of a caprock.
The resistivity model can be used for the estimation of
the hydrothermal fluid volume based on porosity estimations, although the estimation has a large uncertainty
arising from the possible choice of the resistivity of porefluid. Assuming that hydrothermal fluids exist within
the conductors, the minimum fluid volume within C1
and C2 was estimated as 3 × 106 and 8 × 105 m3, respectively. These volumes are comparable to the water volume involved in the 1926 Taisho lahar. The resistivity
structure and volume of hydrothermal fluid presented in
this study can be used as a reference for further numerical simulations, which aim to reveal the mechanisms of
recent unrest events and assess the risk of hazards, such
as lahar.

Funding
This study was partially performed under a Priority Research project of the
Hokkaido Research Organization.

Abbreviations
AMT: Audio-frequency magnetotelluric; WMT: Wideband magnetotelluric.

Received: 17 March 2021 Accepted: 16 August 2021

Availability of data and materials
The data that support the findings of this study are available upon request
from the corresponding author.

Declarations
Ethics approval and consent to participate
Not applicable.
Consent for publication
Not applicable.
Competing interests
The authors declare that they have no competing interests.
Author details
1
Institute of Seismology and Volcanology, Faculty of Science, Hokkaido
University, N 10 W8, Sapporo 060‑0810, Japan. 2 Renewable Energy Research
Center, Fukushima Renewable Energy Research Institute, AIST, Machiikedai
2‑2‑9, Koriyama 963‑0298, Japan. 3 Research Institute of Energy, Environment and Geology, Hokkaido Research Organization, N19 W12, Kita‑Ku,
Sapporo 060‑0819, Japan. 4 Volcanic Fluid Research Center, Tokyo Institute
of Technology, Ookayama 2‑12‑2, Meguro‑Ku, Tokyo 152‑8551, Japan.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s40623-021-01502-4.
Additional file 1: Figure S1. Apparent resistivity and impedance phase
determined by observations and calculations. Figures S2 and S3. Results
of the sensitivity test in the vertical direction for conductors C1 and C2,
respectively. Tables S1 and S2. Results of the sensitivity test in the horizontal direction for conductors C1 and C2, respectively.
Acknowledgements
We thank the Earthquake Research Institute joint usage and Akita University
for lending the MT equipment. We acknowledge the following people who
helped with data acquisition at Mt. Tokachidake. Fujio Akita, Yuji Endo, Kaoru
Marutani, Tagiru Ogino, Takahiro Suzuki, Yasuyuki Kakihara, Yusuke Morino,
Ken’ichi Koshimizu, Yoshihiro Kase, Daisuke Oka, Kazuto Ohmori, Hitoshi
Yamade, and Tsugumi Shirosaki from the Hokkaido Research Organization;
Mao Okuda, Kotaro Kanno, Midori Hayakawa, Masahito Takata, and Mitsuyoshi Iwata from Hokkaido University; and Tsuyoshi Michishita, Jun Fujimatsu,
Hiroaki Nagayama, Masaki Hashimoto, and Wataru Mishima from JMA. The red
relief imaging map used in this study was produced by the DEM visualization
method developed by Asia Air Survey CO., Ltd., which is patent protected
(Japanese Patent No. 3670274 and No. 4272146), but can be used in academic
situation. The locations of the hypocenters were provided by the JMA. Most
figures were prepared using the Generic Mapping Tools software (Wessel and
Smith 1998). We are grateful to two anonymous referees for helpful comments
and suggestions that greatly improved the manuscript. We really appreciate
James Hickey handling the manuscript.
Authors’ contributions
All authors contributed to the preparation of the manuscript. RT performed
the inversions and drafted the manuscript with support from TH. YY and
MT were in charge of AMT acquisition, data analysis, and discussion. TH, NO,
RT, and MT supported AMT acquisition and discussion. All authors read and
approved the final manuscript.

References
Archie GE (1942) The electrical resistivity log as an aid in determining some
reservoir characteristics. Trans AIME 146:54–62. https://doi.org/10.2118/
942054-G
Chave AD, Thomson DJ (2004) Bounded influence magnetotelluric response
function estimation. Geophys J Int 157(3):988–1006. https://doi.org/10.
1111/j.1365-246X.2004.02203.x
Committee for Prevention of the Natural Disaster of Hokkaido (1971) Tokachidake: the report on the volcanoes of Hokkaido, Part 1 (in Japanese)
Egbert GD, Kelbert A (2012) Computational recipes for electromagnetic
inverse problems. Geophys J Int 189:251–267. https://doi.org/10.1111/j.
1365-246X.2011.05347.x
Gamble TD, Clarke J, Goubau WM (1979) Magnetotellurics with a remote
magnetic reference. Geophysics 44(1):53–68
Hashimoto T, Nishimura M, Arita S, Yamamoto T, Ogiso M, Sigeno N, Okazaki
N, Mogi T (2010) Heat accumulation beneath Tokachidake volcano as
inferred from magnetic changes. Geophys Bull Hokkaido Univ 73:269–
280 (in Japanese with English abstract)
Hashin Z, Shtrikman S (1962) A variational approach to the theory of the
effective magnetic permeability of multiphase materials. J Appl Phys
33:3125–3131
Ishizuka Y, Nakagawa M, Fujiwara S (2010) Geological map of Tokachidake
volcano. Geological map of volcanoes. Geological Survey of Japan, vol 16
(in Japanese with English abstract)
Katsui Y, Takahashi T, Oba Y, Hirai Y, Iwanaga M, Nishimura T, Soya T, Ito H (1963)
1962 eruption of Tokachi-dake, Hokkaido. J Mineral Petrol Econ Geol
49:213–226 (in Japanese with English abstract)
Katsui Y, Kawachi S, Kondo Y, Ikeda Y, Nakagawa M, Gotoh Y, Yamagishi H,
Yamazaki T, Sumita M (1990) The 1988–1989 explosive eruption of
Tokachi-dake, central Hokkaido, its sequence and mode. Bull Volcanol
Soc Jpn 35:111–129
Nam M, Kim H, Song Y, Lee T, Son JS, Suh J (2007) 3D magnetotelluric modelling including surface topography. Geophys Prospect 55:277–287
Parkinson WD (1962) The influence of continents and oceans on geomagnetic
variations. Geophys J R Astron Soc 6:441–449
Regional Volcanic Observation and Warning Center, Sapporo Regional
Headquarters, JMA (2018) Volcanic activity of Tokachidake volcano during

Tanaka et al. Earth, Planets and Space

(2021) 73:172

the last 10 years (2006–2016). Report of the coordinating committee for
prediction of volcanic eruptions, vol 127, pp 29–44 (in Japanese)
Schwalenberg K, Rath V, Haak V (2002) Sensitivity studies applied to a twodimensional resistivity model from the Central Andes. Geophys J Int
150:673–686. https://doi.org/10.1046/j.1365-246X.2002.01734.x
Seki K, Kanda W, Tanbo T, Ohba T, Ogawa Y, Takakura S, Nogami K, Ushioda M,
Suzuki A, Saito Z, Matsunaga Y (2016) Resistivity structure and geochemistry of the Jigokudani Valley hydrothermal system, Mt. Tateyama, Japan.
J Volcanol Geotherm Res 325:15–26. https://doi.org/10.1016/j.jvolgeores.
2016.06.010
Sen PN, Goode PA (1992) Influence of temperature on electrical conductivity
on shaly sands. Geophysics 57:89–96. https://doi.org/10.1190/1.1443191
Tada F, Tsuya H (1927) The eruption of the Tokachidake Volcano, Hokkaido, on
May 24th, 1926. Bull Earthq Res Inst Univ Tokyo 2:49–84 (in Japanese
with English abstract)
Takahashi R, Yahata M (2018) Effects of subvolcanic hydrothermal systems on
edifice collapses and phreatic eruptions at Tokachidake volcano, Japan.
J Volcanol Geotherm Res 352:117–129. https://doi.org/10.1016/j.jvolg
eores.2018.01.014
Takahashi R, Okazaki N, Tamura M, Hashimoto T, Takahashi H, Michishita T,
Mogi T, Ogino T, Yahata M, Murayama Y, Aoyama H, Tanaka R, Yamaya Y,
Okuda M, Tari S (2017) Modeling of internal structure of volcanic edifice
and hydrothermal system for the improvement of evaluation procedure
of volcanic activity: Tokachidake volcano, Japan. Geol Survey Hokkaido
44:194 (in Japanese)
Takakura S (2009) Influence of pore-water salinity and temperature on resistivity of clay-bearing rocks. BUTSURI-TANSA Geophysical Explor 62:385–396.
https://doi.org/10.3124/segj.62.385 (in Japanese with English abstract)
Tanaka R, Hashimoto T, Matsushima N, Ishido T (2017) Permeability-control
on volcanic hydrothermal system: case study for Mt. Tokachidake, Japan,
based on numerical simulation and field observation. Earth Planets Space
69:39. https://doi.org/10.1186/s40623-017-0623-5

Page 11 of 11

Tsukamoto K, Aizawa K, Chiba K, Kanda W, Uyeshima M, Koyama T, Utsugi M,
Seki K, Kishita T (2018) Three-dimensional resistivity structure of Iwo-Yama
Volcano, Kirishima Volcanic Complex, Japan: relationship to shallow
seismicity, surface uplift, and a small phreatic eruption. Geophys Res Lett
45:12821–12828. https://doi.org/10.1029/2018GL080202
Uesawa S (2014) A study of Taisho lahar generated by the 1926 eruption of
Tokachidake Volcano, central Hokkaido, Japan, and implications for generation of cohesive lahars. J Volcanol Geotherm Res 270:23–34
Usui Y (2015) 3-D inversion of magnetotelluric data using unstructured tetrahedral elements: applicability to data affected by topography. Geophys J
Int 202:828–849. https://doi.org/10.1093/gji/ggv186
Waff HS (1974) Theoretical considerations of electrical conductivity in a
partially molten mantle and implications for geothermometry. J Geophys
Res 79(26):4003–4010. https://doi.org/10.1029/JB079i026p04003
Wessel P, Smith WHF (1998) New, improved version of generic mapping tools
released. Eos Trans Am Geophys Union 47:579. https://doi.org/10.1029/
98eo00426
Yamaya Y, Hashimoto T, Mogi T, Murakami M, Okazaki N, Yoshimoto M, Fushiya
Y, Hashimoto M, Yamamoto T, Nishimura M, Arita M, Matoba A, Tsuchiya
R (2010) Three-dimensional resistivity structure around the 62–2 crater
at Tokachidake volcano. Geophys Bull Hokkaido Univ 73:281–294 (in
Japanese with English abstract)
Yoshimura R, Ogawa Y, Yukutake Y, Kanda W, Komori S, Hase H, Goto T, Honda
R, Harada M, Yamazaki T, Kamo M, Kawasaki S, Higa T, Suzuki T, Yasuda Y,
Tani M, Usui Y (2018) Resistivity characterisation of Hakone volcano, Central Japan, by three-dimensional magnetotelluric inversion. Earth Planets
Space 70:66. https://doi.org/10.1186/s40623-018-0848-y

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

