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Abstract

On June 29, 2015, a small phreatic eruption occurred in the most intensively steaming area of Hakone volcano, Japan.
A previous magnetotelluric survey for the whole volcano revealed that the eruption center area (ECA) was located
near the apex of a bell-shaped conductive body (resistivity < 10 Om) beneath the volcano. We performed local,
high-resolution magnetotelluric surveys focusing on the ECA before and after the eruption. The results from these,
combined with our geological analysis of samples obtained from a steam well (500 m deep) in the ECA, revealed that
the conductive body contained smectite. Beneath the ECA, however, the conductive body intercalated a very local
resistive body located at a depth of approximately 150 m. This resistive body is considered a vapor pocket. For the 2
months prior to eruption, a highly localized uplift of the ECA had been observed via satellite INSAR. The calculated
depth of the inflation source was coincident with that of the vapor pocket, implying that enhanced vapor flux dur-
ing the precursory unrest increased the porosity and vapor content in the vapor pocket. In fact, our magnetotelluric
survey indicated that the vapor pocket became inflated after the eruption. The layer overlaying the vapor pocket

was characterized by the formation of various altered minerals, and mineral precipitation within the veins and cracks
in the layer was considered to have formed a self-sealing zone. From the mineral assemblage, we conclude that the
product of the 2015 eruption originated from the self-sealing zone. The 2015 eruption is thus considered a rupture of
the vapor pocket only 150 m below the surface. Even though the eruption appeared to have been triggered by the
formation of a considerably deeper crack, as implied by the ground deformation, no geothermal fluid or rocks from
significantly deeper than 150 m were erupted.

Keywords: Hakone volcano, Magnetotelluric surveys, CSAMT, Phreatic eruption, Sealing zone, Hydrothermal system,
Fumarole, Resistivity structure

Introduction subsequent phreatic eruption (Stix and De Moor 2018).

A phreatic eruption results from the vaporization of flu-
ids located at shallow depths beneath a volcano. Such
vaporization is often triggered by the intrusion of mag-
matic fluid, which is sometimes detectable in well-mon-
itored volcanoes (Yamaoka et al. 2016; Mannen et al.
2019). However, in many cases, there are long time lags
between an intrusion of the magmatic fluid and the
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and indicate if changes were made.

Moreover, intrusions of magmatic fluid without a sub-
sequent eruption are common. Thus, a “precursory”
intrusion is frequently identified in hindsight after an
eruption. This fact makes managing volcano alerts dif-
ficult because the sense of crisis and understanding of
the reasons for restrictions around the volcano by local
authorities diminishes as time advances after observable,
yet subtle, volcanic unrest.

The time lag between an intrusion and eruption could
be rooted in the underground structure of the volcano. A
sealing zone, which is considered to form spontaneously
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at the margin of a hydrothermal system, could be the key
to understanding phreatic eruptions.

A sealing zone is a conceptual, yet widely accepted,
structural element beneath an active volcano, and it
can be formed at different depths from shallow to deep
(Fournier 1999). A sealing zone near the surface is fre-
quently called a cap rock. A cap rock is a clay-rich imper-
vious zone formed by the hydrothermal alteration of
the native rock or volcanic edifice. Because the clay that
forms the zone is a highly conductive mineral called
smectite, a cap rock has been recognized as a prominent
conductive layer by magnetotelluric surveys on numerous
volcanoes. The latest reports on such examples include
the following volcanoes: Tateyama (Midagahara), Iwate,
and Kuttara in Japan, and Furnas in the Azores (Aizawa
et al. 2009; Goto and Johmori 2013; Seki et al. 2015, 2016;
Hogg et al. 2018). Near the magma chamber, hydrother-
mal water in the crustal pores and fractures dissolves a
large amount of silica and other solutes, which originate
from the native rock and underlying degassing magma.
This hydrothermal water occasionally migrates upward
due to a change of stress or brittle failure and depres-
surization. These events result in the precipitation of
silica and other minerals in the cracks and pores through
which the fluid migrated (Weatherley and Henley 2013).
A zone formed by the spontaneous closure of a porous
system through the precipitation of minerals is called a
self-sealing zone. The two aforementioned sealing zones
form an important structure called a hydrothermal sys-
tem, which encloses hydrothermal fluid between the
surface and magma chamber, and hydrothermal fluid in
the system is isolated from the peripheral ground water
system. Within the hydrothermal system, the precipita-
tion of minerals, hydrothermal alteration, and preexisting
geological structures can form other sealing zones.

Although a sealing zone confines hydrothermal fluid,
a phreatic eruption can occasionally occur. This suggests
that the rupture of a sealing zone is a key element in a
phreatic eruption. Thus, forecasting a phreatic eruption
could be dependent upon the understanding and mod-
eling of a sealing zone, especially the rupture process.

Hakone volcano had a minor phreatic eruption on June
29, 2015, that released a small volume of tephra (100 m?)
and small flux (<1 m3/s) of syn-eruptive mudflow, which
outflowed directly from the vent (Mannen et al. 2018b).
After the eruption, we performed an electromagnetic
survey of the eruption center area. Because this area had
been surveyed similarly before the eruption, we success-
fully detected a change in the distribution of the resistiv-
ity beneath the area of the eruption center. In this study,
we also examined the borehole geology, eruption prod-
ucts, and surface water chemistry to interpret the resis-
tivity structure before and after the eruption. Moreover,

Page 2 of 20

we attempted to identify the sealing zone that controlled
the 2015 eruption.

Geological and geophysical setting

Hakone volcano and the Owakudani steaming area
Hakone volcano is an active volcano located approxi-
mately 100 km west of Tokyo, Japan. This volcano has a
long eruptive history of more than 400 ka (The Geologi-
cal Society of Japan 2007). During the history of this vol-
cano, several catastrophic eruptions (with an estimated
erupted volume of approximately 10 km?) have occurred
(230-40 ka), and a caldera with the dimensions of 11 km
(N-S) x 8 km (E-W) has formed. From 40 ka to the
present, the eruption centers of the volcano have been
restricted within the central part of the caldera, and small
andesitic stratovolcanoes and lava domes have formed.
They are collectively called the “younger central cones.”

The newest magmatic eruption, dated at 3 ka, occurred
at the northernmost part of the younger central cones
and formed a lava dome named Kanmurigatake. This
eruption appears to have triggered a sector collapse of
a preexisting stratovolcano named Kamiyama, and an
amphitheater was formed. At the center of the amphi-
theater, Kanmurigatake formed, and the Owakudani
steaming area is located on the eastern margin of the
amphitheater (Fig. 1).

Owakudani is the largest actively steaming area of the
volcano. The steaming area is divided by a ridge running
from north to south. The eastern half of the steaming
area forms a deep valley named Owakudani (meaning
“great boiling valley”), which is also the name of this area.
The Owakuzawa River flows at the bottom of the valley.
At the head of the Owakudani Valley, hot springs have
been artificially made by mixing steam from steam pro-
duction wells (SPW) with water pumped up from the
caldera floor. The deepest SPW, known as No. 52 (here-
after, SPW52), is 500 m deep, and the elevation of its well
mouth is 998 m above sea level (asl). In this study, cut-
tings retrieved during the drilling of SPW52 were exam-
ined to reveal the subsurface geology of the steaming
area. In a previous study, steam emitted from SPW52 was
called “B gas,” and its chemistry was monitored (Ohba
etal. 2011).

The 2015 eruption occurred in the eastern half of the
Owakudani steaming area and formed new craters and
fumaroles that are located within a radius of approxi-
mately 100 m around SPW52 (Doke et al. 2018; Mannen
et al. 2018b). In this study, we refer to this location as the
eruption center area (ECA).

The western half of the Owakudani area formed patchy
bare fumarole areas within a forest. Because this area is
open to the public, it is called Enchi (picnic area). The
Enchi area remained unchanged after the eruption in
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Fig. 1 Index map of Hakone volcano and survey area of this study. The location of the transmitter (source) and survey areas are also shown

terms of fumarole temperature and intensity, although its
Cl concentration, which is considered an indicator of the
contribution of water from the hydrothermal system, has
been gradually increasing in the spring waters of the area
since the eruption (Mannen et al. 2018a, b).
Approximately 700 m north of the Owakudani area,
there are several steaming areas that formed after the
volcanic unrest of 2001 (Harada et al. 2012). These were
named Regions A to E and were identifiable from aerial
photos as areas where tall trees have died out (Fig. 2).
Collectively, they are known as “Shin-funki” (new steam-
ing). Among these, the activity of Regions A to D seems
to have decreased, and shrubs have reappeared over the
last several years. However, weak steaming rising from
the surface continues to be visible, especially on winter
days, and the subsurface temperature at a depth of 30 cm
is greater than 90 °C in several parts of the area. Region E

is the largest and most active among the Shin-funki and
is primarily soundless, yet intensive steaming continues
to be visible, even on summer days.

The 2015 eruption

Because the 2015 eruption of Hakone volcano was
described in detail in a previous study (Mannen et al.
2018b), only a summary is presented herein.

The 2015 eruption was preceded by deep, low frequency
earthquakes and an increase in baseline length across the
volcano, both of which are interpreted as signals of the
replenishment of the magma chamber (>10 km deep). In
late April, a tectonic earthquake swarm with an epicenter
shallower than several kilometers began. On May 3, a
SPW (No. 39, 413 m deep) intensified to emit an unusual
amount of steam. These observations typically indicate
an increase in underground pressure. In fact, a satellite
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Fig. 2 Aerial photograph of study area with receiver stations and survey lines for 2D CSAMT analysis (photograph source: Google Earth). The center
of the 2015 eruption is in the lower center of the map, and the craters and fumaroles formed by the eruption are shown. The locations of the steam
production wells that blew out during the precursory unrest of the 2015 eruption and areas of newly formed fumaroles after 2001 are also depicted
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InSAR analysis detected a highly localized uplift around
SPW52, which was attributed to an inflation beneath the
well at a depth of approximately 100-150 m (Doke et al.
2018; Kobayashi et al. 2018). Hereafter, we called the
inflation source a very shallow source (VSS). Inflations
of the magma chamber and a hydrothermal system were
also inferred after a detailed analysis of the Global Navi-
gation Satellite System data (Harada et al. 2018). The seis-
mic activity achieved a climax in mid-May and began to
decrease; however, inflations of the VSS, magma cham-
ber, and hydrothermal system continued without any rate
changes (Doke et al. 2018; Harada et al. 2018).

On the morning of June 29 (Japan Standard Time
in this study; JST=UTC+9), an open crack formed
beneath the Owakudani area, which was detected by tilt-
meters and broadband seismometers (Honda et al. 2018).
The formation of the open crack was also revealed by a
satellite InSAR analysis. Its upper limit (830 or 854 m asl)
and the strike direction (NW-SE) deduced by both anal-
yses were consistent (Doke et al. 2018; Honda et al. 2018).

At virtually the same time as the crack formed, the
beginning of a local uplift around SPW52 was observed
by a ground-based InSAR, and pressurization immedi-
ately beneath the steaming area was indicated (Kuraoka
et al. 2018). Because the visibility was poor on the day
of the eruption, the timing of the onset of the eruption
remains ambiguous; however, the beginning of gas emis-
sions at 7:32, a mudflow or debris flow at approximately
11:00, and ash fall at approximately 12:30 were assumed
from different observations (Mannen et al. 2018b; Yuku-
take et al. 2018).

The eruption continued until the morning of July 1,
when the largest tremor activity was observed (Yukutake
et al. 2017). After the eruption, the inflation of the VSS
ceased; however, inflations of the hydrothermal system
and magma chamber continued without a significant rate
change until the end of August (Doke et al. 2018; Harada
et al. 2018). Steaming from the newly formed crater and
fumaroles has continued to the present. Temperatures
of the steam exceed 160 °C in the ECA (Mannen et al.
2018a), while the temperature of the fumaroles in the
Enchi area remains less than the local boiling point, as it
was before the eruption (approximately 97 °C).

Previous magnetotelluric surveys

In 2018, we conducted a controlled source audio fre-
quency magnetotelluric (CSAMT) survey (Sandberg and
Hohmann 1982), which revealed the resistivity structure
beneath the ECA and adjacent area north of it (Fig. 2).
Fortunately, in this area, with dimensions of approxi-
mately 1000 m x 700 m, the Kanagawa Prefectural Gov-
ernment also conducted CSAMT surveys in 2008, 2013,
and 2014. Although the number of receiver sites changed
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moderately depending on the year, the survey method,
transmitter sites, and receiver sites were the same as the
previous surveys and our 2018 survey. Thus, we could
compare the resistivity structures before and after the
eruption. The details of the data acquisition in the field
and data processing in the laboratory are described in the
"CSAMT survey" section.

From the previous CSAMT surveys, Mannen et al.
(2018b) showed a representative resistivity cross section
obtained in the 2014 survey and demonstrated the exist-
ence of a plate-like conductive body beneath the study
area. The top of the plate-like conductive body reached
the surface in the southernmost part of the study area,
where the Owakudani steaming area is located, and
dipped toward the north. In the 2014 survey, a small con-
ductive body was also identified, which branched upward
to meet the ground surface from the plate-like conduc-
tive body. Because the branched conductor was located
beneath a newly formed steaming area (Region E), the
branch and main conductive body were considered to
represent routes of hydrothermal fluid migrating from
depth (Mannen et al. 2018b). Unfortunately, the ECA was
not covered by the surveys in 2013 and 2014. Because
this study focused on the resistivity structure beneath the
ECA, the surveys conducted in 2008 and our 2018 survey
were mainly analyzed.

In addition to the CSAMT analysis mentioned above,
Yoshimura et al. (2018) conducted extensive audio fre-
quency magnetotelluric surveys of Hakone volcano in
2011 and 2013, and they revealed that there was a three-
dimensional resistivity structure of 14 km (E-W) x 20 km
(N-S) and up to 5 km in depth. The inversion results
revealed two massive conductive areas. One of them was
interpreted to be caldera structures buried beneath the
morphology of the caldera floor around the younger cen-
tral cones. In the central part of the caldera, another con-
ductive (<10 Qm) structure was found. The conductive
structure was bell shaped, the top of which was located
immediately beneath the Owakudani area. Yoshimura
et al. (2018) interpreted the bell-shaped conductor and
the resistive body inside it as a clay-rich cap rock and a
hydrothermal reservoir, respectively.

Temperature profile of SPW52

We do not have direct information regarding the geother-
mal structure of SPW52 because logging for it has not yet
been implemented. Ohba et al. (2011) repeatedly meas-
ured the temperature of the steam from SPW52 from
2001 to 2009. It ranged from 132 to 163 °C, correspond-
ing to 2741-2802 kJ/kg of enthalpy, assuming no liquid
was contained at the well mouth (0.1 MPa). Assuming
hydrostatic pressure and isoenthalpic decompression of
the steam from the well bottom to the surface, Ohba et al.
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(2011) calculated the temperature at the bottom of the
well bottom to be 262 °C. The steam table suggested that
the steam in SPW52 is dry throughout the well when the
steam temperature at the surface is greater than 163 °C.

Data

Geological samples

To understand the subsurface geology of the ECA, we
examined cuttings from SPW52. The well was drilled in
1995, and the cuttings were collected every 10 m to a
depth of 470 m. Furthermore, we examined the mudflow
deposit that flowed directly out of the vent during the
2015 eruption. We sampled the mudflow deposit at Loca-
tion 5 and other points downstream of the river (Fig. 2).
In this study, we observed thin sections and hand speci-
mens; we conducted X-ray diffraction (XRD) analysis and
chemical analysis of these geological samples.

XRD data were obtained using an Ultima-IV (Rigaku
Co. Ltd.) installed at Tokyo Gakugei University, and peaks
in the obtained diffraction pattern were identified using
JADE 6 software (Material Data, Inc). To identify the clay
minerals, ethylene glycol saturation and HCI treatment
protocols were applied to the oriented samples.

A chemical analysis of the samples was performed
using an X-ray fluorescence analyzer. The analyzer was
a Rigaku ZSX Primus II located at the Kanagawa Prefec-
tural Museum of Natural History. Because heating sam-
ples in a crucible generates SO,, it was expected that the
samples would have a high sulfur content. This meant
that the glass bead method, which is a standard method
for high precision analysis, was inapplicable in this case.
We, therefore, adopted the fundamental parameter
method, which was preinstalled on the analyzer, for the
pressed powder samples.

We could not sample the ash fall because it was thin,
making it difficult to gather the required amount; how-
ever, Yaguchi et al. (2019) successfully acquired pyroclas-
tic fall from the 2015 eruption and reported the bulk rock
chemistry and mineral assemblage of the deposit. Their
results are discussed with our data.

Water resistivity

Because the resistivity of the Earth is controlled not only
by that of the bulk rock, but also by the porosity and
chemistry of the interstitial water, it was important to
have water resistivity data for the study area. Since our
entry to the area was permitted in 2016, we have rou-
tinely monitored the water quality in the Owakudani
area, including spring water, river water, and water from
bubbling mud hells. Water resistivity was measured on
sampling days using a conductivity meter (DS15, Hor-
iba) at the Hot Springs Research Institute of Kanagawa
Prefecture.
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CSAMT survey

In this study, we used a “scalar CSAMT” methodology
(Zonge and Hughes 1991). In this method, a transmit-
ter injects electrical current into the ground at near
audio frequencies via grounded dipole sources, while a
receiver records the electric field parallel to the dipole
source and the magnetic field perpendicular to the
dipole (Johmori et al. 2010; Goto and Johmori 2013).
The survey was conducted from March 6-23, 2018. The
configuration of our CSAMT survey included trans-
mitter and receiver sites, injecting an electrical current
and frequencies, analysis, and a two-dimensional (2D)
inversion technique. This configuration was the same
as that of previous surveys planned by the Kanagawa
Prefectural Government in 2008, 2013, and 2014, which
were conducted by two authors of this paper (AJ and
TA); the resolution of the analogue—digital conversion
was improved in 2018 to 24-bit from 16-bit in the pre-
vious surveys.

The transmitter source was set approximately 3—4 km
west of the survey area (Fig. 2). At the transmitter source
(=dipole source), a cable 1.4 km in length was set in a
near N-S direction, and 50 electrodes (each approxi-
mately 60 cm long) were grounded at each end of the
cable. The survey area was a N-S trending quasi-rectan-
gular area (Fig. 2). Within the area, we took measure-
ments at 72 sites, along six NS trending lines and five
NNE-SSW-trending lines. In this study, 23 frequencies
of electrical current (5.0 A maximum) were injected into
the ground in two sets. These frequencies ranged from 1
to 8192 Hz in the first set and from 20 to 5120 Hz in the
second set; they were doubled with each injection (1, 2, 4,
8, 16, 32, 64, 128, 256, 512, 1024, 2048, 4096, 8192 and 20,
40, 80, 160, 320, 640, 1280, 2560, 5120 Hz, respectively).

The real and imaginary parts of the CSAMT data
were processed using Fourier transform for each fre-
quency. After applying an enhancement process to the
data using a stacking approach to improve the signal-
to-noise ratio, the apparent resistivity (p,) and phase
angles (¢) of the electric and magnetic fields were cal-
culated from the measured electric and magnetic field
using the following equations:

1 2

 27fuo

E

H

Pa

¢ = ¢ — oH,

where f is the frequency, 4, is the magnetic permeabil-
ity (41t x 1077 H/m), E is the intensity of the electric field
(V/m), and H is the intensity of the magnetic field (A/m).
¢y and ¢, are the observed phases of the electric and
magnetic fields, respectively.
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In the survey, CSAMT data were assumed to have been
measured mainly in a far-field region because the skin
depth was small due to the low resistivity of the survey
area (1-10 Qm). At eleven of the survey stations, there
were possible minor influences of the near-field effect on
the CSAMT data (frequency of 1 Hz). However, the num-
ber of such stations and possible near-field effects were
considered to be limited; hence, the near-field effect in
this survey was considered to have no significant influ-
ence on the modeling of the resistivity structure. The
maximum penetration depth of the survey was estimated
to be approximately 500 m based on the average resistiv-
ity of the study area (1-10 QOm) and the distance from the
source to the observation stations (3—4 km).

To evaluate the quality of the observed data, a one-
dimensional inversion was also applied; however, in this
study, the final resistivity cross sections were obtained
using 2D inversion code developed by Sasaki (1986).
The 2D inversions were performed along survey lines
that were parallel to the transmitter source using trans-
verse magnetic (TM) mode software. The mesh size of
the finite element was 15 m for the horizontal axis and
6—-20 m for the vertical axis. Each inversion block (i.e.,
the unit used to calculate the resistivity by 2D inversion)
consisted of four meshes—two vertically and two horizon-
tally neighboring meshes. The resistivity of each inver-
sion block was calculated using a nonlinear least squares
method, and the calculation was iterated eight times.

The initial resistivity was set to 2 Qm and 20 Qm.
Although 20 Om was found to have better convergence,
both initial frequencies provided similar resistivity struc-
tures up to a certain depth. The depth was defined as the
maximum depth of penetration, and the resistivity struc-
ture beneath it was masked in the resistivity cross sec-
tions displayed later.

The root mean square residual (RMSR), which is a met-
ric for solution convergence, is defined as:

RMSR = { S (n (0ap) — In(ac))? }0.5’

n

where 7 is the number of data (=number of survey fre-
quency x number of receiver points), p,is the observed
apparent resistivity, and p,. is the calculated apparent
resistivity after 2D inversion. The RMSR of the survey
lines in this study ranged from 0.062 to 0.134.

Results

Geology of SPW52 and the 2015 eruption products

The mineral assemblage obtained from the XRD analysis
is presented in Table 1. Based on the mineral assemblage
and lithology, we subdivided the borehole geology into
four layers, named Layers A to D, in descending order.
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Layer A (998-888 m asl) characteristically contained
visible pyrite and gypsum. It was noteworthy that this
layer had various minerals, including calcite and alunite,
which were absent in the other layers. Layer B (878-
628 m asl) was rich in quartz. Layer C (618-558 m asl)
was characterized as a layer where illite and chlorite were
the dominant clay minerals instead of smectite, which
was dominant in Layers A and B. Layer D (548-528 m
asl) was characterized by the coexistence of smectite and
chlorite.

Because the cuttings obtained from the SPW52 were
highly altered, it was difficult to deduce the original rock
based only on the microscopic and macroscopic textures.
However, the cuttings of Layers A and B demonstrated a
variety of color and grain size, whereas Layers C and D
were monotonous in color and grain size. This observa-
tion signified that Layers A and B were polymictic, while
Layers C and D were monomictic. Because the geology
of this area was formed by breccia (talus and debris ava-
lanches) and lavas, the original rocks of Layers A and B
were assumed to be breccia, and Layers C and D were
assumed to be lavas.

The mineral assemblage of the eruption products is dis-
played in Table 2. The solid content of the mudflow and
ash fall deposits (Yaguchi et al. 2019) contained a variety
of minerals, including cristobalite, plagioclase, gypsum,
alunite, and pyrite, and smectite was the dominant clay
mineral. This mineral assemblage of smectite as the dom-
inant clay mineral with various minerals was similar to
that of Layer A.

Whole rock chemistry of SPW52 and the 2015 eruption
products

The bulk rock chemistry of the samples from SPW52
and products of the 2015 eruption, such as the mud-
flow deposit and ash fall (Yaguchi et al. 2019), is listed
in Table 3. The content of each element was displayed
as its oxide concentration was normalized by concen-
tration (wt %) of Al,O5;, which is considered to be the
most immobile element during hydrothermal altera-
tion. This normalization helps to discriminate addition
and removal of cations during the hydrothermal altera-
tion. Our chemical analysis of the cutting samples from
SPW52 indicated no significant variation through the
entire depth of the well for Ti and Fe (Fig. 3a); however,
Si, Ca, Mg, Na, K, and S appeared to vary among the lay-
ers (Fig. 3b—d).

Among these elements, the Na content showed a signif-
icant difference in the sections and formed two groups:
high (>0.14) for the deep sections (<858 m asl) and low
(<0.12) for the shallow sections (>868 m asl) (Fig. 3b).
The range of Na concentrations of the groups was also
different, as it was narrow for deep sections (0.19-0.14)
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Table 1 Abundance of altered minerals in SPW52 cuttings

Dep. (m) Level (m asl) Mineral abundance® Layer®
Cr Tr Qz Sm 1l Ch Pl Gy Ah Al Py Mg Ca
10 988 3 2 5 3 A
20 978 4 4 3 3 A
30 968 3 3 3 5 A
40 958 3 2 5 3 2 A
50 948 4 4 3 3 3 3 5 A
60 938 3 4 5 3 2 3 A
70 928 3 4 4 5 2 3 A
80 918 3 4 5 3 3 A
90 908 1 5 2 3 A
100 898 5 3 2 2 A
110 888 3 3 5 1 1 A
120 878 3 3 5 2 B
130 868 3 3 5 3 B
140 858 2 2 3 5 3 B
150 848 3 5 3 3 2 B
160 838 2 5 3 3 B
170 828 3 5 3 4 2 B
180 818 3 5 3 3 B
190 808 2 5 3 3 B
200 798 3 5 3 3 B
210 788 3 4 5 3 4 B
220 778 3 3 3 4 5 2 B
230 768 3 5 4 4 B
240 758 3 4 4 5 B
250 748 5 3 4 B
260 738 3 5 3 3 B
270 728 2 5 3 3 4 B
280 718 3 5 3 4 B
290 708 3 2 5 B
300 698 3 5 3 4 B
310 688 3 5 3 4 B
320 678 2 5 3 B
330 668 2 4 3 5 B
340 658 3 3 3 5 B
350 648 2 5 3 3 2 B
360 638 2 5 2 3 2 B
370 628 3 5 3 3 3 3 B
380 618 3 5 3 3 4 3 C
390 608 3 5 3 3 3 2 C
400 598 3 3 3 3 5 2 2 C
410 588 3 4 2 3 5 1 C
420 578 3 5 3 3 4 3 C
430 568 2 5 2 3 4 C
440 558 5 2 3 3 3 C
450 548 5 3 4 2 D
460 538 4 5 3 3 4 D
470 528 3 5 3 3 3 4 D

Cr cristobalite, Tr tridymite, Qz quartz, Sm smectite, // illite, Ch chlorite, Pl plagioclase, Gy gypsum, Ah anhydrite, Al alunite, Py pylite, Mg magnetite, Ca calcite
2 Abundance is defined by peak intensity. 5, maximum intensity (MI); 4, > 50% of MI; 3, > 10% of MI; 2, > 5% of MI; 1, < 5% of MI

b Layers defined by mineral assemblage. See text
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Table 2 Abundance of altered minerals in the product of the 2015 eruption
Code Level Mineral abundance®
Cr Tr Qz Sm ] Ch PI Gy Ah Al Py
150629-1 Syn-eruptive mud flow 3 5 3 2 2
(river bank deposit)
150629-2 Syn-eruptive mud flow 2 5 2 2
(suspension in water)
150630 River bank deposit 3 5 3 3 3
*x Ash fall deposit O @) O O O O O (@)

2 SeeTable 1 for abbreviation and definition of abundance. O indicates detected. ** Yaguchi et al. (2019). No relative abundance is shown

and wide for shallow sections (0.11-0.02). This trend of
high concentrations and small deviations in deep sec-
tions, and low concentrations and large deviations in
shallow sections was also observed for Si, Ca, Mg, and K.
However, the trend was less significant than that of Na;
certain samples from the shallow group demonstrated
concentrations as high as that of the deep group. The
concentration of S suggested the opposite trend of these
elements in terms of concentration with low concentra-
tions and small deviation at deep levels and high concen-
trations and large deviation at shallower levels (Fig. 3d). It
was noteworthy that the boundary depth of the deep and
shallow groups (approximately 860 m asl) was slightly
deeper than the petrographical boundary between Layers
A and B (approximately 880 m asl).

The 2015 eruption products (i.e., the mudflow and ash
fall deposits) indicated reduced concentrations for Si, Ca,
Mg, Na, and K and a higher concentration for S (Fig. 3).
This trend indicated by the 2015 eruption product is sim-
ilar to that of Layer A.

Water resistivity

The resistivity of the surface and hot spring waters in
the Owakudani area is displayed in Additional file 1 and
is summarized in Fig. 4. Surface water, such as river and
spring waters, demonstrated relatively high resistiv-
ity (2-4 Qm). Mud hell water, which was common in
the Owakudani steaming area even before the eruption,
also indicated relatively high resistivity (predominantly
0.7-2 Qm). The moderately conductive nature of the
mud hell water could be attributed to a higher concentra-
tion of sulfate ions, added by low-temperature fumaroles
(approximately 97 °C; boiling point on the ground sur-
face), which contained SO,

Conversely, water from the crater pond that formed
shortly after the eruption and persisted more than a year
revealed significantly lower resistivity (0.03-0.5 Qm).
Moreover, a mud hell developed near a fumarole that was
newly formed during the 2015 eruption demonstrated
similar values (0.07-0.4 Qm). The fumaroles had high

temperatures (>130 °C), and waters in them seemed to
be strongly influenced by the high-temperature fumarole
gas, which contained a large amount of SO, and HCL

These facts indicated that the surface waters have rela-
tively high resistivity values, even in the fumarole area;
however, significant conductive waters exist locally near
the route of the high-temperature volcanic gas ascending
from depth.

Resistivity structure of the study area

The resistivity cross sections obtained for the different
survey lines, from both the present and previous study
data, are presented in Additional file 2. Because the fol-
lowing discussion focuses on the subsurface structure
of the ECA, here we show the resistivity cross section
across the ECA along a survey line, Fa (Fig. 5). Moreo-
ver, to evaluate the validity of the 2D inversion of the
survey line, Fa, the observed and inverted resistivity as a
function of the site and frequency are displayed in Fig. 6.
Examples of the raw data, apparent resistivity, and phase
angle obtained in the 2008 and 2018 surveys are dis-
played in Fig. 7.

In Fig. 5, three layers (resistive body at the top, conduc-
tor body in the middle, and resistive body in the bottom
of the survey range) are recognizable. Utilizing the defini-
tion of Yoshimura et al. (2018), we set the boundary value
of the resistivity at 10 Om and subdivided the resistivity
structure into Layers I to III in descending order.

Layer I was a resistive layer (> 10 Qm) near the surface,
although it was absent or nearly absent near the ECA
and beneath the survey lines along the Owakudani Val-
ley (survey lines E and D); however, it became thicker
(>200 m) in the northern part of the study area. Because
the area where Layer I occurred is covered by dense for-
est and its subsoil geology was assumed to be mainly
fresh lavas and volcaniclastics, we interpreted Layer I as
fresh volcanic sediments.

Layer II was a conductive layer (<10 Qm) beneath
Layer I. It surfaced in the steaming area and at the bot-
tom of the Owakudani Valley (survey lines E and D).
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Table 3 Bulk rock chemistry of cutting samples from SPW52 and products of the 2015 eruption

Depth/sample Elevation Sio3 Tio3 Fe,03 Mg0O? MnO? Ca0o? Na,0? K,0* SO3 Al,0}
SPW52
10 988 2.68 0.040 0.335 0.101 0.005 0.233 0.080 0.026 0.335 20.645
20 978 3.13 0.041 0.372 0.202 0.003 0.217 0.029 0.014 0.630 17.731
30 968 295 0.040 0.393 0.100 0.001 0.267 0.029 0.021 1.134 16.808
40 958 3.17 0.044 0434 0.054 0.000 0450 0.051 0.015 1.832 14.138
50 948 320 0.040 0.329 0.115 0.001 0.248 0.058 0.019 0.947 16.759
60 938 363 0.046 0.391 0.348 0.005 0.609 0.097 0.024 0.525 14.943
70 928 3.27 0.044 0.345 0.332 0.004 0.282 0.093 0.030 0.493 16.935
80 918 356 0.046 0.399 0.469 0.003 0.360 0.111 0.023 0.39 15.660
90 908 2.08 0.035 0.371 0.007 0.000 0.155 0.022 0.004 1415 19.585
100 898 2.76 0.042 0411 0.009 0.000 0217 0.057 0014 1611 16.302
110 888 2.86 0.036 0.315 0.177 0.002 0317 0.060 0.016 0.985 17.304
120 878 299 0.040 0.322 0.333 0.005 0.306 0.058 0.014 0.862 16.831
130 868 2.99 0.041 0407 0.180 0.002 0.324 0.091 0.017 1.168 16.047
140 858 344 0.040 0.385 0317 0.009 0.386 0.153 0.016 0402 16.250
150 848 345 0.039 0.354 0.261 0.006 0.395 0.163 0.024 0423 16.331
160 838 3.32 0.039 0.347 0.274 0.006 0.341 0.141 0.019 0.576 16.463
170 828 343 0.038 0.365 0.274 0.000 0377 0.141 0.017 0.600 15.970
180 818 333 0.040 0.354 0.256 0.005 0.353 0.145 0.020 0.556 16473
190 808 3.31 0.041 0.349 0.259 0.006 0.375 0.166 0.026 0471 16.617
200 798 332 0.041 0.363 0.258 0.006 0.365 0.163 0.025 0.486 16.567
210 788 333 0.038 0.348 0.248 0.006 0.364 0.161 0.025 0.584 16.374
220 778 3.58 0.038 0.394 0.331 0.008 0415 0.178 0.031 0.116 16.392
230 768 349 0.039 0.373 0.292 0.007 0401 0.188 0.033 0.104 16.832
240 758 3.36 0.037 0.359 0.293 0.007 0419 0.181 0.031 0.078 17.307
250 748 331 0.041 0.355 0.305 0.007 0.395 0.186 0.032 0.195 17117
260 738 333 0.040 0.354 0.327 0.009 0419 0.176 0.028 0.348 16.548
270 728 3.28 0.039 0.340 0.293 0.007 0412 0.183 0.026 0.345 16.838
280 718 341 0.040 0.350 0.283 0.007 0.381 0.182 0.032 0.187 16.990
290 708 335 0.039 0.341 0.309 0.008 0413 0.175 0.030 0.309 16.695
300 698 343 0.039 0.361 0.353 0.011 0427 0.164 0.023 0.370 16.150
310 688 333 0.039 0.361 0.335 0.010 0434 0.161 0.022 0.340 16.533
320 678 338 0.044 0.349 0.371 0.012 0436 0.159 0.023 0.545 15.800
330 668 343 0.041 0.359 0.341 0.010 0422 0.161 0.022 0.377 16.192
340 658 345 0.041 0.361 0.354 0.011 0423 0.160 0.021 0.405 16.012
350 648 342 0.041 0.363 0.340 0.011 0448 0.168 0.024 0.399 16.051
360 638 347 0.039 0.404 0443 0.010 0.619 0.156 0.024 0.327 15372
370 628 348 0.044 0416 0441 0.011 0.644 0.158 0.025 0.330 15.230
380 618 3.40 0.038 0.386 0423 0.010 0.557 0.161 0.026 0.344 15712
390 608 339 0.041 0.392 0443 0.010 0527 0.145 0.024 0332 15.824
400 598 3.28 0.043 0376 0426 0.009 0472 0.141 0.027 0.403 16.151
410 588 3.24 0.044 0.384 0.401 0.009 0.460 0.148 0.030 0.352 16.445
420 578 330 0.043 0.387 0.399 0.010 0.505 0.146 0.029 0.357 16.155
430 568 3.38 0.044 0.397 0.346 0.010 0.484 0.172 0.036 0.123 16.662
440 558 3.28 0.043 0.407 0.381 0.010 0457 0.174 0.032 0.139 16.832
450 548 3.28 0.047 0418 0.398 0.011 0454 0.161 0.034 0.088 16.932
460 538 3.24 0.042 0.391 0419 0.010 0420 0.158 0.031 0.193 16913

470 528 3.28 0.047 0426 0.397 0.011 0470 0.151 0.033 0.109 16.833
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Table 3 (continued)

Depth/sample Elevation Sioj TiO3 Fe,03 MgO? MnO? Cao? Na,0? K,0? S03 Al,0b
Mudflow deposit
20150629-1 275 0.045 0376 0.052 0.003 0.132 0.036 0.022 0.723 19.403
20150629-2 2.55 0.038 0.261 0.044 0.001 0.076 0.033 0.023 0.643 21.350
20150630 278 0.037 0.272 0.050 0.001 0.064 0.036 0.022 0.621 20415

2 Normalized by concentration of Al,O; (wt%)
b wt%
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Fig. 3 Variation in rock chemistry of SPW52. To depict the modification of the chemical composition due to the hydrothermal alteration, all oxide
contents are standardized using that of Al,O5, which is considered the most immobile element during hydrothermal alteration. The samples from
deep depths (<858 m asl) form a cluster, whereas those from shallower depths scatter, which indicates higher alteration at shallower depths. The
deeper and shallower depths indicate no significant difference for the Fe and Ti content (a); however, lower Na, Si (b), Ca, Mg (c), and K (d) indicate
leaching of those elements at shallow depths. The higher sulfur content in the shallow depths indicates that sulfuric acid is a leaching agent (d)

Because hydrothermally altered rocks were exposed in  the thickness of parts of Layer II is more than 300 m.
these areas, we interpreted Layer II as altered volcanic = However, in the southernmost part of the study area,
sediment. Layer II was found in all cross sections of this  Layer II intercalated a very local resistive body, and
study, always dipping to the north (Additional file 2).  the thickness of Layer II above this was approximately
This observation suggests that Layer II is a plate-like 100 m (Fig. 5). Here, we define the resistive body as
conductive body. In the northern part of the study area, Region P.
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Fig. 4 Resistivity range of waters in Owakudani area. The sampling sites are represented in Fig. 2. The surface and mud hell waters suggest relatively
higher resistivity (0.7-4 Qm), whereas waters highly influenced by the new fumarole after the eruption demonstrate lower resistivity (0.03-5 Qm)

We consider the existence of Region P as highly prob-
able because this body within Layer II was also recog-
nized in the resistivity cross section of the baseline Ga,
the station interval of which near the resistive body was
short (approximately 50 m) (Additional file 2). Moreo-
ver, the raw data supported the existence of Region P. We
included the raw data of the stations located immediately
above Region P (H31 and H38) in Fig. 7b, c. The exist-
ence of Region P is indicated by the increase in apparent
resistivity in the range from approximately 10 to 100 Hz.
Region P was also implied from our preliminary forward
calculation that used an imaginary cross section without
Region P and is developed from Fig. 5a. The forward cal-
culation indicated a resistivity that was significantly dif-
ferent from the observation.

In the northern part of survey line Fa, a conductive
body that branched upward was observed and named
Region U. We consider the existence of Region U as
highly probable because the raw data from HO7 also indi-
cated a decrease in apparent density (Fig. 7a). Because
weak steaming activity was observed near H07, Region U
was considered to be a hot spring water upwelling from
Layer IL

Layer III was the resistive layer (>10 Qm) beneath
Layer II. Because this layer does not outcrop, we were not
able to identify the geology that formed Layer III from
the surface geological survey.

The three layers were also recognized in the 2008 and
2018 surveys. However, the thickness of Layer II from
the 2018 survey was clearly thinner than that of 2008
(Fig. 5a). This thinning appears to have been caused by

an increase in resistivity at depth, which fits with the
upward migration of the 10 Qm contour. The increase in
resistivity at depth was also suggested by the expansion
of Region P (Fig. 5a, c).

Discussion

Resistivity structure and borehole geology

Yoshimura et al. (2018) identified a bell-shaped conduc-
tor (<10 Qm) beneath the central cone area and inter-
preted the conductor as a smectite-rich sealing zone,
which confined a hydrothermal system within. However,
because the resolution of the survey was not sufficient,
the detailed dimensions and structure of the conductor
remained uncertain. Owing to densely located stations,
our CSAMT survey enabled us to obtain a local, yet
high-resolution resistivity structure of Owakudani and
its peripheral area and to locate Layer II, a plate-like con-
ductive body beneath the study area. From the location,
orientation, and resistivity values, we conclude that Layer
II corresponds to the northern portion of the bell-shaped
conductive body identified by Yoshimura et al. (2018).

To interpret the resistivity structure in a geological
context, we extracted a vertical resistivity structure at
the closest point to SPW52 from the 2D resistivity inver-
sion along the survey line Fa. The resistivity structure
obtained is displayed with the representative alteration
minerals in Fig. 8. The boundary of the bulk rock chemis-
try (at approximately 860 m asl; Fig. 3) and the resistivity
ranges of the surface water and water highly influenced
by volcanic gas (Fig. 4) are also displayed in Fig. 8.
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Figure 8 shows that in 2008, the conductive (<10 Qm)
zone ranged from near the surface to approximately
620 m asl, although a slightly resistive zone intercalated
from 830-890 m asl, which was defined as Region P.
Figure 8 also indicates that a smectite-rich layer ranged
from approximately 620 m asl (lower boundary of Layer
B) to the surface and that this range corresponded to the
conductive zone. Thus, we conclude that Layer II, or the
bell-shaped conductive body, is a smectite-rich zone as
proposed by Yoshimura et al. (2018), although a pocket-
like resistive zone intercalated. We will discuss the
pocket-like resistive zone in the next section.

From the similarities of the location and resistiv-
ity values, we conclude that Layer III corresponds to
the resistive body confined by the bell-shaped conduc-
tor and forms the hydrothermal system of the volcano
(Yoshimura et al. 2018). Geologically, Layer III (<620 m
asl) corresponds to Layers C and D, which were found to
contain illite and chlorite as the prevailing clay minerals
instead of smectite. Experimental and field studies have
revealed that in high temperatures, illite is more stable
than smectite, and smectite—illite conversion occurs at
approximately 200 °C (Hedenquist et al. 2000; Lee et al.
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2010). However, the lack of pyrophyllite, anhydrite, and
diaspore, which are altered minerals characteristically
found at>200 °C (Inoue 1995), indicates that the tem-
perature in SPW52 would not significantly exceed 200 °C,
even at the bottom of the well. From the steam tempera-
ture at the well mouth (132-163 °C), Ohba et al. (2011)
calculated the temperature at the bottom of SPW52 as
262 °C, assuming hydrostatic pressure and isoenthalpic
decompression of steam. However, we consider that such
a high temperature at the bottom of SPW52 is unlikely,
and vapor static pressure could be a more appropriate
temperature profile of SPW52.

Significance of the Layer Il structure beneath the ECA
In this section, we focus on the detailed resistive and geo-
logical structure within Layer II beneath the ECA and
define Layers Ila and IIb, which form portions of Layer II
above and below Region P (Fig. 5). Layer Ila ranges from
the surface to a depth of approximately 110 m (890 m asl),
which is virtually identical to Layer A. Layer A was rich
in altered minerals, such as gypsum, alunite, calcite, and
pyrite; most of these were found only in Layer A (Fig. 8).
The altered mineral assemblage appears to be character-
istic of a near-surface steam-heated zone of a geothermal
system, where boiling, partition of dissolved gas, and
possible oxidation occur (Henley and Ellis 1983). The
formation of these minerals within the pores and cracks
in the layer would reduce the permeability and form a
self-sealing zone. In fact, formations of pyrite, which is
easily degraded by oxygen-rich surface water, implies a
low-permeability nature of Layer A. Calcite, which is eas-
ily dissolved by acidic water, appeared at 50 m deep, also
indicating the low-permeability nature of Layer A.
Region P ranged from 890 to 830 m asl. Geologically,
this portion corresponds primarily to the uppermost
part of Layer B, and no significant difference in altered
mineral assemblage from the lower part of Layer B was
indicated. Assuming the same porosity, the mineral
assemblage is considered to have no responsibility for
such resistivity. Even if higher porosity is assumed, the
waters in the fumarole area are not the medium that fills
the pores within Region P because such waters have sig-
nificantly lower resistivity than the observed resistivity.
We thus assume that the resistive zone, at approximately
150 m (=850 m asl) beneath the ECA, is a vapor pocket.
Simulation results revealed the development of an
excess pressure zone at the top of the vapor-dominated
hydrothermal system immediately beneath a low-per-
meability layer (Ingebritsen and Sorey 1988). An excess
pressure zone is formed to allow heat transfer by steam
moving across the low-permeability layer when conduc-
tive transfer is not sufficient for the heat input from the
bottom of the hydrothermal system, and a steaming area
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Fig. 7 Examples of CSAMT data from 2008 (black) and 2018 (orange) surveys at four locations on survey line Fa. Apparent resistivity (upper panel)
and phase angle (lower panel) data are displayed as a function of the frequency at receiver Stations H07, H31, H38, and H41. HO7 represents the
stations above the conductive Region U. H31 and H38 represent the stations above the resistive Region P presented in Fig. 5. A significant change
can be observed between the data from 2008 to 2018 at Stations H07, H31, and H38. Conversely, no significant change can be observed at H41. The
slight increase in resistivity in the range of 10-100 Hz in H31 and H38 (arrow) indicates the existence of the shallow resistive Region P

is formed at the surface immediately above the excess
pressure zone (Ingebritsen and Sorey 1988).

In the upper part of Region P and overlying Layer
IIa, the leaching of Na and other cations was observed
(> approximately 860 m asl). Such leaching could be
caused by the oxidation of H,S, which is the dominant
sulfur gas of the Owakudani steaming area. The oxida-
tion of H,S generates SO,, which is a strong acid, and the
water with the sulfite ions dissolves the preexisting min-
erals. The transportation of this acidic solution, changes
in temperature, and other physiochemical environmental

factors on the path to the surface could form the different
minerals in Layer IIa (=Layer A).

A schematic geological model beneath the ECA based
on the discussion above is summarized in Fig. 9.

Eruption source of the 2015 eruption

Because the mineral assemblage of Layer A and the
2015 eruption products were similar, it is reasonable to
assume that the eruption source was not significantly
deeper than the lower limit of Layer A (888 m asl). The
water emitted during the 2015 eruption could support a
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relatively shallow eruption source. During the 2015 erup-
tion, muddy water seemingly erupted from the craters
and poured into the Owakuzawa River (Mannen et al.
2018b). The resistivity of the river water during the erup-
tion (1.64 Qm) was slightly less than that of the present
surface waters; however, it was significantly greater than
that of the waters highly influenced by the fumarole gas.
Thus, we consider that the water ejected during the erup-
tion was not geothermal fluid from deep beneath the
ECA,; rather, we deduce that it was surface water gently
influenced by the fumaroles (Mannen et al. 2018b).

The VSS, which had been active since the early phase
of the volcanic unrest (early May 2015) and then inactive
after the eruption, was thought to be approximately 900—
850 m asl beneath the ECA (Doke et al. 2018; Kobayashi
et al. 2018). Considering these factors, it is reasonable
to assume that the VSS corresponds to the vapor pocket

and that the 2015 eruption ruptured the vapor pocket.
On the path from the pocket to the surface, a conduit
system for steam formed, and erosion of the conduit wall
by the vigorously uprising steam produced the fine parti-
cles released during the eruption (Fig. 9).

The geophysical monitoring implied that the 2015
Hakone eruption was triggered by an open crack forma-
tion with a width and topmost elevation considered to
range from 1333-300 m to 854—828 m asl, respectively,
by inversion analyses (Doke et al. 2018; Honda et al.
2018) (Fig. 9). However, the solid material that erupted
did not originate from the depth where the open crack
formed.

Such a shallow explosion source, inferred from the
2015 Hakone eruption, contrasts with the larger phre-
atic eruption. A comparative mineralogical study of the
2014 Ontake phreatic eruption in Japan and late-stage
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porphyry copper system concluded that the 2014 Ontake
eruption contained material that originated from a depth
of up to 2 km (Minami et al. 2016). The equilibrium tem-
perature of the sulfur isotopes of native sulfur and sulfur
in pyrite in the eruption products of the 2014 Ontake
eruption was estimated to be 270-281 °C (Ikehata and
Maruoka 2016), which also inferred a deeper source
(>540 m from the steam table, assuming hydrostatic
pressure) than that of the 2015 Hakone eruption.

The 2014 eruption of the Ontake volcano released
tephra in the order of 10° m? as air falls and surges, and
dispersed ballistic ejecta that formed impact craters up
to 950 m from the vent (Kaneko et al. 2016; Maeno et al.
2016; Oikawa et al. 2016; Takarada et al. 2016). These

numbers were significantly greater than those of the 2015
Hakone eruption: 100 m? of tephra without surge and bal-
listic ejecta up to only 30 m from the source vent (Man-
nen et al. 2018b). Even though there was such a large
difference in the explosiveness, the volume change of the
shallow inflation source before the eruption was not sig-
nificantly different in these eruptions (0.38 x 10° m? for
Ontake and 0.11-0.16 x 10° m? for Hakone) (Takagi and
Onizawa 2016; Doke et al. 2018; Honda et al. 2018). This
fact could suggest that another factor, such as the geom-
etry of the conduit, confined pressure of hydrothermal
fluid, and/or phreatic environment, controls the explo-
siveness of phreatic eruptions. Further studies are clearly
required.
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Temporal change of the vapor pocket

We previously noted that the smectite-bearing layer
detected in SPW52 corresponded to the conductive zone,
the resistivity of which was less than 10 Qm. Yoshimura
et al. (2018) first proposed such a correlation, and it
appears to correspond well with the 2008 survey; how-
ever, it did not effectively fit the 2018 survey. The biggest
difference in the 2018 survey was a contraction of the
conductive zone (Fig. 5a, c). Along SPW52, a zone of less
than 10 Qm was virtually missing below 900 m asl, and
the vapor pocket appeared to inflate with higher resistiv-
ity (Fig. 8). Because our survey setting and analysis were
the same in 2008 and 2018, a change in the geological
environment beneath the area is thought to be the pri-
mary factor responsible for the increase in resistivity.
The steaming activity notably intensified after the 2015
eruption, and inflation of the VSS was observed before
the eruption without significant post-eruptive deflation.
Thus, the increase in porosity and replacement of water
in the pores by vapor appears to be the most probable
explanation for the increase in resistivity.

Sealing zone of Hakone volcano

A phreatic eruption is a phenomenon that releases
confined hydrothermal fluid to the surface in an explo-
sive manner. As a confinement body of a hydrothermal
system, a sealing zone is assumed to exist beneath the
eruption center, and its rupture is considered to cause
a phreatic eruption. The 2015 phreatic eruption of the
Hakone volcano appears to have been triggered by the
formation of an open crack 5 h before the ash emis-
sion (Doke et al. 2018; Honda et al. 2018; Mannen et al.
2018b). In this study, the rupture of the hydrothermal
system and its sealing zone were clarified. The ruptured
hydrothermal system was the vapor pocket located at a
depth of approximately 150 m immediately beneath the
ECA, and the sealing body was Layer A above the vapor
pocket.

We do not deny the existence of other sealing zones in
the hydrothermal system of Hakone volcano; however,
they were not evident in our resistivity profiles. Ohba
et al. (2011) identified an increase in the CO,/H,S ratio
in the fumarolic gasses in the Owakudani area at the time
of the volcanic unrests in 2001, 2006, and 2008, and they
attributed the CO, increase to the rupture of the sealing
zone around the degassing magma deep beneath the vol-
cano. The earthquake swarm in Hakone volcano appears
to have been triggered by the migration of highly pres-
sured pore fluid along the preexisting fault (Yukutake
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et al. 2011). The origin of the pressured fluid could be
hydrothermal fluid beneath the self-sealing zone formed
at the boundary between the brittle—plastic transition,
commonly occurring at approximately 400 °C (Fournier
1999), which is considerably greater than that of the tem-
perature of the base of Layer II (approximately 200 °C).
Doke et al. (2018) proposed that the crack formation on
the morning of the eruption day was caused by a rupture
of an aquitard located 300—400 m asl. Such an aquitard
can be called a sealing zone.

Conclusion

Beneath the central cones of Hakone volcano, a bell-
shaped conductive body exists and appears to confine
the hydrothermal system of the volcano within. Our local
CSAMT and geological analysis revealed that a smectite-
rich layer forms the conductive body. The conductive
body, however, hosts a small (<200 m in diameter) resis-
tive zone approximately 150 m beneath the Owakudani
steaming area, which is the most active fumarole area of
the volcano and was the center of the 2015 phreatic erup-
tion. The small resistive zone, which is formed near the
top of the bell-shaped conductor, can be interpreted as a
vapor pocket and confined by the overlying conductive
body, which is thin (approximately 100 m) and geologi-
cally characterized by a variety of altered minerals such
as gypsum, alunite, and pyrite. These altered minerals are
considered to have been formed by boiling and associ-
ated processes. The formation of these altered minerals
within the veins and pores is considered to have made
the conductive body impermeable. Thus, we postulated
that the thin surface conductive body functioned as
the major sealing zone that separated the surface aqui-
fer and vapor pocket. The 2015 eruption was triggered
by an intrusion of hydrothermal fluid that occurred at
depth (<854 m asl). However, our analysis of the erupted
material revealed that only material from shallow depths
(>900 m asl) was delivered to the surface. The water of
the mudflow retrieved during the eruption also indicated
an extremely limited contribution of hydrothermal water;
the majority of the erupted water should have originated
from shallow groundwater (Mannen et al. 2018b). We
inferred from our analysis that the rupture of a shallow
sealing zone, triggered by deep intrusion, was the nature
of the 2015 Hakone eruption. Because the 2014 Ontake
eruption, which was considerably more destructive than
the 2015 Hakone eruption, emitted material from deep
beneath the volcano (<2 km), rupture development at
depth could be a key factor in determining the explosive-
ness of a phreatic eruption.
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