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Abstract 

The 2015 eruption of Hakone volcano was a very small phreatic eruption, with total erupted ash estimated to be in 

the order of only  102 m3 and ballistic blocks reaching less than 30 m from the vent. Precursors, however, had been rec-

ognized at least 2 months before the eruption and mitigation measures were taken by the local governments well in 

advance. In this paper, the course of precursors, the eruption and the post-eruptive volcanic activity are reviewed, and 

a preliminary model for the magma-hydrothermal process that caused the unrest and eruption is proposed. Also, miti-

gation measures taken during the unrest and eruption are summarized and discussed. The first precursors observed 

were an inflation of the deep source and deep low-frequency earthquakes in early April 2015; an earthquake swarm 

then started in late April. On May 3, steam wells in Owakudani, the largest fumarolic area on the volcano, started to 

blowout. Seismicity reached its maximum in mid-May and gradually decreased; however, at 7:32 local time on June 

29, a shallow open crack was formed just beneath Owakudani as inferred from sudden tilt change and InSAR analysis. 

The same day mud flows and/or debris flows likely started before 11:00 and ash emission began at about 12:30. The 

volcanic unrest and the eruption of 2015 can be interpreted as a pressure increase in the hydrothermal system, which 

was triggered by magma replenishment to a deep magma chamber. Such a pressure increase was also inferred from 

the 2001 unrest and other minor unrests of Hakone volcano during the twenty-first century. In fact, monitoring of 

repeated periods of unrest enabled alerting prior to the 2015 eruption. However, since open crack formation seems to 

occur haphazardly, eruption prediction remains impossible and evacuation in the early phase of volcanic unrest is the 

only way to mitigate volcanic hazard.
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Introduction
Phreatic eruptions are caused by a violent expansion of 

steam without direct involvement of magma (e.g., Barberi 

et  al. 1992). Unfortunately, precursors of phreatic erup-

tions are often subtle or useless, even at well-observed 

volcanoes (e.g., Jolly et al. 2010). On the other hand, all 

around the world, sites of potential phreatic eruptions 

often form major tourist destinations for their peculiar 

landscape and scenery. �e proximity of people to erup-

tion centers and subtle precursors of phreatic eruptions 

have led to tragedies, with the 2014 eruption of Ontake 

volcano the latest example (Maeno et al. 2016). However, 

the 2014 Ontake eruption had subtle but detectable pre-

paratory processes, such as inflation of deep and shallow 
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sources (Miyaoka and Takagi 2016; Murase et  al. 2016) 

and earthquakes in the conduit system (Kato et al. 2015). 

�ese observations suggest that adequate monitoring and 

modeling could pave the way for success in alerting of 

phreatic eruption well in advance.

Hakone volcano had no historical record of erup-

tion before 2015; however, frequent earthquake swarms 

had concerned local people. Due to its proximity to the 

capital city of Tokyo, and plentiful hot spring resources, 

Hakone is one of the most popular resort areas in Japan 

and approximately twenty million tourists visit every 

year. Concerned about eruptions, the local government 

has deployed seismological and geodetic instruments in 

and around the volcano since 1960. In the past two dec-

ades, Hakone has been active in terms of seismicity and 

crustal deformation and a model of the magma-hydro-

thermal system of the volcano has been proposed (Man-

nen 2008). In addition, major volcanic unrest in 2001 

prompted establishment of a mitigation plan by local 

governments. Under this circumstance, the 2015 erup-

tion occurred.

Owing to the reasonably equipped monitoring system, 

the volcanic activities before, during and after the erup-

tion were observed well, and a geophysical model of the 

eruption was established even though the eruption was 

very small. Also, the pre-established mitigation plan ena-

bled the ability to set a no-entry zone long before the 

eruption and human damage was therefore avoided. We 

consider that our experience can help improve future 

monitoring and mitigation plans not only of Hakone 

volcano, but of other hydrothermal-prone volcanoes. In 

this paper, general geological and geophysical studies of 

Hakone volcano are reviewed and a chronology of the 

2015 eruption is summarized. Based on this knowledge, 

mechanisms that caused the precursor unrest and erup-

tion will be discussed.

Geological setting
General geology

Hakone volcano is an active volcano located on the vol-

canic front in the central part of Honshu Island, Japan 

(Fig.  1a). �e volcano has an eruptive history of more 

than 400  ka as implied from K–Ar dating and tephro-

chronological studies (Hakamata et al. 2005; Oikawa and 

Ishizuka 2011). �e topography of the volcano is shown 

in Fig.  1b. Hakone is a caldera volcano with a complex 

of stratovolcanoes of basaltic to andesitic composition 

forming the caldera rim (≥ 230  ka). Within the caldera, 

central cones have been formed. �e caldera seems to 

have been formed by multiple pumice flow events in 

230–130  ka and 80–40 ka. �e volume of each pum-

ice flow event is estimated to have been in the order of 

10 km3 (Machida and Arai 2003).

�e central cones are classified based on their ages: 

older central cones mainly composed of andesite to rhyo-

lite magmas (130–80 ka), and younger central cones com-

posed of compositionally monotonous andesite (40 ka to 

the present).

For the younger central cones, 12 magmatic events 

of block and ash flow are recognized up to the present. 

Among them, the youngest event, which formed a lava 

dome named Kanmurigatake, occurred 3 ka in the north-

ern part of the younger central cones (Kobayashi 1999). 

�is eruption seems to have triggered a sector collapse 

of the northern part of the central cones. Located in the 

eastern part of the amphitheater formed by this sec-

tor collapse is Owakudani, the area of the 2015 Hakone 

eruption (Fig. 1b).

Following the youngest magmatic eruption, 6 phreatic 

eruptions are recognized in the Owakudani area based 

on tephra deposits (Kobayashi et al. 2006; Tsuchiya et al. 

2017). �ese phreatic eruptions were accompanied by 

ash falls and debris flows. In addition, ballistic ejecta 

and surge deposits were distributed in the proximal area 

(Kobayashi et al. 2006; Tsuchiya et al. 2017). �e individ-

ual erupted volumes are estimated to be in the order of 

 105 m3.

Historical unrests

�e most recent phreatic eruption prior to 2015 dates to 

the twelfth–thirteenth century as implied from radiocar-

bon dating and tephrochronology (Kobayashi et al. 2006); 

however, there are no historical documents that record 

the eruption. On the other hand, there is a document 

that describes an earthquake swarm at the volcano in 

AD 1786, which caused slight damage to buildings and a 

near-panic situation in local communities, although there 

were no injuries or death toll (Ishibashi 1993). �e mag-

nitude of the largest earthquake in this event was esti-

mated to be M = 5.0–5.5 by an isoseismal method (Usami 

2003).

An earthquake swarm in 1917 was the first event after 

AD 1786, and more than 300 earthquakes were felt by 

residents in Ubako village (Fig. 1b). Based on an isoseis-

mal method and direction analysis of rumble, the cen-

tral part of the younger central cones was assumed to 

be the epicenter of the swarm event (Nakamura 1917; 

Omori 1917). After this event, major earthquake swarms 

were recorded in 1923, 1933–1935, 1943, 1944, 1952 and 

1959–1960 (Mannen 2003). Among them, the earthquake 

swarm in 1933–1935 was characterized by prolonged 

geothermal anomalies, including steaming from the cen-

tral cones. A report of the local meteorological station 

says a phreatic eruption occurred on February 22 of 1934, 

although the location of the eruption center is ambigu-

ous and there is no newspaper coverage of the incident 
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(Mannen 2003). For the other earthquake swarms, there 

are some descriptions about anomalies in steaming areas, 

such as new boiling or more intensive steaming than 

usual; however, we remain skeptical about these descrip-

tions as they are ambiguous and not deduced from long-

term observations.

Geophysical observation

At Hakone volcano, the first instrumental seismic obser-

vation was conducted in 1935, although it was a tem-

porary observation and no epicenter was determined. 

During the 1959–1960 earthquake swarm, four seismom-

eters were deployed in the northern part of the younger 

central cones area by the Earthquake Research Institute, 

the University of Tokyo, and this network was then per-

petuated by the Kanagawa prefectural government. Since 

this time, seismic data of uniform quality have been col-

lected continuously, although successive upgrades of the 

network have gradually improved detection limits and 

hypocenter accuracies.

Honda et al. (2011) reanalyzed old records taken by the 

first network and pointed out that epicentral regions of 

the minor earthquake swarms in 1970s were not signifi-

cantly different from those detected by the present net-

work. Also, Honda et al. (2011) found a period of seismic 

Fig. 1 Index map of Hakone volcano and Owakudani, center of the 2015 eruption. a Location of Hakone volcano. Yellow triangle indicates active 

volcano. b Topographical map of Hakone volcano
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quiescence from the late 1970s to early 1980s, in which 

only a few earthquakes were recorded in each month.

In 2001, a large and prolonged earthquake swarm 

occurred. �is event accompanied an evident geother-

mal anomaly and inflations in deep and shallow parts 

of the volcano, which were the first detected since tilt 

meters were deployed in 1989 and the GNSS network 

became operational from 1992. �is event is termed the 

2001 unrest and will be discussed in detail in a following 

section.

After this event, there were unrests in 2006, 2008–2009 

and 2013, all accompanied by slight inflation of the vol-

cano, the source of which were estimated to be 7–10 km 

beneath the central part of the volcano (Harada et  al. 

2009, 2013; Miyaoka et al. 2011). �ese periods of unrest 

were more intense than any that occurred after 1960 

and before 2001 measured by the magnitude of the larg-

est earthquake, number of earthquakes and duration of 

events. Since 2001, Hakone volcano is thus likely to be in 

an active phase (Honda et al. 2011).

Heat flux of steaming area

�ere are four steaming areas at Hakone volcano 

(Fig. 1b). Owakudani steaming area is the largest among 

them and one of the most popular tourist destinations 

of Hakone area (Fig. 2). �e eastern half of the steaming 

area forms a deep valley named Owakudani (great boiling 

valley), which is also the name of the region. Within the 

valley, hot springs are made artificially by mixing steam 

and pumped water. Most of the steam utilized to make 

hot springs is obtained from steam production wells 

(hereafter SPWs), the depth of which are less than 500 m. 

�e production rate of artificial hot springs, or in other 

words the thermal energy taken from underground, has 

been monitored once a month for more than 30  years. 

Also, the underground temperature distribution at 50 cm 

deep had been measured almost every year and the heat 

flux to the surface has been calculated (Fig. 3).

As shown in Fig.  3a, the heat flux of Owakudani had 

decreased in these 3 decades, likely due to a decreas-

ing heat flux of SPWs. �is is caused by socioeconomic 
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circumstances: the number of recreation facilities owned 

by companies, which are the major users of artificial hot 

springs, has been decreasing due to a prolonged eco-

nomic recession and users’ shifts in preference. Here, 

non-SPW heat flux, including natural fumaroles, natu-

ral hot springs and heat radiation from the ground, is 

referred to correctively as natural heat flux (NHF).

Temperatures of surface fumaroles in Owakudani have 

been measured and reported sporadically, mainly when 

earthquake swarms took place (Table 1). Until the 1930s, 

some observers reported superheated steams from natu-

ral fumaroles; however, since the 1950s, no superheating 

had been reported until the 2015 eruption. �is could 

be attributed to bypassing of underground geothermal 

water by the SPWs that started in 1954 (Mannen 2009). 

In fact, steam production by SPWs seems to have dimin-

ished NHF as indicated by a strong negative correlation 

between NHF and heat flux from SPWs (Fig. 3b).

In 2013, the heat flux of Owakudani showed a sharp 

drop of up to 6  MW (Fig.  3a) and the ratio between 

NHF and SPW flux diverted from a line formed by pre-

vious observations (Fig.  3b). In the summer of 2011, a 

new steaming area named Region E was formed north of 

Owakudani (Fig. 2; Harada et al. 2012). �e heat flux of 

Region E was estimated to be 7–8 MW in 2013 and 2014, 

and this is almost the same as the 2013 heat flux drop at 

Owakudani. �e sharp drop at Owakudani can thus be 

explained by the bypassing of deep geothermal water to 

Region E.

Controlled Source Audio-frequency Magneto-Telluric 

(CSAMT) analysis carried out in 2014 seems to support 

this hypothesis (Fig. 4). �e geothermal fluid represented 

by low resistivity seems to be supplied from the north to 

the Owakudani area; however, a bypass route appeared 

to connect the main stream of geothermal fluid and the 

ground surface of Region E. �is bypass route could have 

been formed by the strong ground motions caused by 

the 2011 Tohoku earthquake and induced earthquakes 

at Hakone (Yukutake et  al. 2011a), although no surface 

deformation was observed after the seismic event.

The 2001 unrest

Prior to the 2015 eruption, the 2001 unrest was the most 

intense since continuous volcano monitoring began 

in 1959. �is unrest was characterized by a significant 

rise of geothermal activity as inferred from blowout of 

SPWs and ground deformation detected by tiltmeter and 

the GNSS network; earthquake activity was the highest 
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flux is known to decrease with steam well reduction. Observa-

tions from 2013 to 2015, which seem to depart significantly from 

the regression line, infer an altered hydrothermal system (see text). 

Natural heat flux by fumaroles is calculated based on the distribution 

of underground temperature at 50 cm deep and its relationship with 

observed heat flux (Sugiyama et al. 1985); 7.4 W/m2 (> 30 °C), 13.4 W/

m2 (> 50 °C), 21.5 W/m2 (> 70 °C), 29.0 W/m2 (> 85 °C) and 837 W/m2 

(> 90 °C). The latest distribution of underground temperature appears 

in Fig. 15

Table 1 Maximum temperature of fumarole steam 

at Owakudani from the historical literature (after Mannen 

2009)

Year Observer Max. temperature (°C)

1872 J. P. I. Vidal 103

1917 F. Omori 141

1920 T. Kato 106

1921 T. Kato 97

1925 S. Tokuda 98

1932–1933 M. Sugiyama and O. Okada 102

1951–1953 I. Iwasaki 86

1966–1967 K. Yuhara 138 (steam well?)
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recoded to date in terms of magnitude and duration 

(Harada et al. 2013). Although this event did not culmi-

nate in an eruption, its sequence was similar to that of 

the 2015 eruption discussed later.

According to Daita et  al. (2009), the 2001 unrest began 

with slight tilting starting on May 23, 2001. It was followed 

by sudden temperature rises (up to 5 °C) at a few hot springs 

in Gora (Mannen 2008). �is increase started on May 28 

and continued for a few days, with high-temperature sta-

tus remaining until mid-September. On June 12, seismic-

ity increased dramatically and peaked around early July 

(Fig. 5c). With seismic activity, the tilt rate increased drasti-

cally and continued until early September (Daita et al. 2009).

�e largest earthquake (M = 2.9) occurred at 

11:40 on July 21 (Japan Standard Time in this paper; 

JST = UTC + 9). A few hours after the earthquake, one of 

the SPWs named no. 52 (500 m in depth) started to emit 

significant amounts of steam and became uncontrol-

lable. Normally, the SPWs in Owakudani are controlled 

by water injection to the mixing facilities above the well 

mouth. �e blowout condition is thus defined as a status 

in which available water and the mixing facility are not 

enough to condensate the steam. At the same time, steam 

from SPW no. 39 (413 m deep) intensified to nearly blow-

out condition and proximal hot springs shown in Fig. 2 

began steaming vigorously (Tsujiuchi et  al. 2003). From 

SPW no. 52, volcanic gases such as  H2S,  SO2 and HCl 

were released and the steam temperature, measured on 

September 21, 2001, was 163.3 °C (Ohba et al. 2008). On 

July 22, four deep low-frequency events (DLFs), which is 

considered to indicate migration of magma or magmatic 

fluid, were observed.

Tilt change during the event is interpreted as inflations of 

a single Mogi source located about 7.0 km deep near Koma-

gatake and the opening of two cracks near Owakudani and 

Komagatake (Fig.  1b). Inflated volumes were calculated 

to be 7.1 × 106, 0.15 × 106 and 0.51 × 106  m3, respectively 

(Daita et al. 2009). Based on seismic tomography, causes of 

these inflations were considered to be magma for the deep 

Mogi source and geothermal fluid for the shallow open 

cracks (Yukutake et al. 2015).

After the 2001 unrest, smaller volcanic unrests took 

place in 2006, 2008–2009 and 2013. No steaming anoma-

lies were visible during these events; however, the com-

position of gases, such as the carbon-to-sulfur ratio 

(hereafter C/S ratio), showed sharp increases when the 

unrests began and gradual decay as the unrests dimin-

ished (Ohba et al. 2008).

Chronology of the 2015 eruption
Precursor (early April–June 2015)

�e 2015 eruption of Hakone volcano occurred on 

June 29, 2015; however, its precursory unrest started 

as a slight inflation of the deep Mogi source from early 

April (Fig.  5a). It is noteworthy that an unprecedented 

swarm of DLF was observed on April 5; according to the 

JMA unified catalog, 16 DLFs were recorded on the day 

(Fig. 5c).

Deep inflation was recognized until the end of April 

and the earthquake swarm started on April 26. After this 

time, seismicity increased rapidly and reached its climax 

on May 15, when 955 earthquakes (M ≥ 0) were observed 

(Fig. 5d). �en, seismicity gradually decreased, although 

the daily number of earthquakes highly fluctuated.

�e epicenters of the earthquake swarm were mainly 

located on a zone traversing the post-caldera central 

cones from north to south (Fig.  6). �is zone was seis-

mically active through the duration of the earthquake 

swarm, although there were several surges of seismic-

ity, the duration of which were less than a day and more 

than tens of earthquakes occurred within a small region 

(~ 2 km in diameter). �ese seismic surges accompanied 

tilt change near the epicenter region (Fig. 7), and hypo-

centers, precisely determined using the double-difference 

(DD) method, showed platelike distributions (Fig.  6). 

Although detailed analysis of seismic surges during the 

2015 unrest is yet to undertaken, these features seem to 

imply fluid injection as observed during the 2008–2009 

unrest (Yukutake et al. 2011b).
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Anomalies of steam activity first manifested as intensi-

fied steaming of no. 39 SPW at Owakudani on April 16 

(Fig. 8a). Since no. 39 SPW had been less productive, this 

intensification initially pleased the hot springs company; 

however, in the early morning of May 3, the well fell 

into a blowout condition (Fig. 8b). �e usual hot spring 

production of no. 39 SPW was 50 m3/day, but after this 

time, available water of 500  m3/day was all blown away 

by intensified steam gushing out from the top of the mix-

ing facility. On May 7, InSAR analysis detected a slight 

and very local uplift (up to 7 cm within an area of < 100 m 

radius) around no. 39 SPW (Doke et al. 2018; Kobayashi 

et  al. 2018). After mid-May, steaming activity started 

from the ground surface around no. 39 SPW (Fig. 8c) and 

gradually intensified. In contrast, steaming activity of no. 

39 SPW diminished and stopped by late June (Fig.  8d). 

Also, formations of open cracks were recognized on the 

ground surface around the well in June (Fig.  9). Due to 

the steaming activity around the SPW, the ground surface 

was rarely observed in late June.

Eruption (June 29–July 1)

Ashfall

�e weather during the eruption duration did not allow 

us to make a continuous visual observation. On June 29 

and 30, it was generally cloudy and the Owakudani area 
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was covered by fog, although sky cleared up temporary 

in the early morning of the 30th. During the daytime of 

these days, there was no rain except for a weak shower 

(1 mm at the Hakone automated weather station 3 km SE 

of Owakudani) in the early morning (5–7 am) of the 29th. 

Generally, wind was mild on 29 and 30 of June. On July 

1, however, it was windy and rained heavily (maximum 

hourly rainfall of 20.5 mm at the automated station) until 

the evening due to the passage of a typhoon.

After mid-May and before the day of the eruption, 

the seismic activity of Hakone volcano decreased slowly 

(Fig. 5d) and then suddenly increased from 7:32 on June 

29. However, visual observation was next to impossible 

for that day until late evening due to fog.
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and dip (d) directions. Temporal seismicity change within the red circles during the unrest is shown in Fig. 7
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�e eruption was recognized first by ash fall, described 

as “mud rain,” by a mobile observation team of JMA 

(MOT-JMA) at Sounzan station and inhabitants in the 

Gora area (Fig. 1), approximately 1 km east of the erup-

tion center, at around 12:45 on June 29 (Fig. 10a). A time-

lapse camera installed at Owakudani did not take images 

of the ground surface due to fog at that time; however, 

it captured a sudden and transient fall of droplets on 

the camera window at approximately 12:30 (Fig.  11). 

Since the droplets left grime on the window (Fig.  11d), 

the droplets are considered to have been the mud rain 

observed in the Gora area. No more ash or droplets 

were observed by the time-lapse camera after that time. 

However, ash fall was observed by residents in areas 

around Owakudani, such as Gora and Sengokubara, until 

June 30, with the total erupted ash volume estimated at 

0.8–1.3 × 105 kg (Furukawa et al. 2015). In the early phase 

of the eruption, the ash fall took the form of wet mud rain 

and adhered to the surface on which it landed (Fig. 18a, 

b); however, in the later stage, the ash became drier, 

which allowed easy sampling.

On the surface of a GNSS instrument (REGMOS) 

installed by the Geospatial Information Authority of 

Japan (Fig.  2), ash fall tracks were recorded as grime 

formed by droplets of mud or mud rain (Fig.  10b). �e 

track direction implies that the droplets came from the 
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vent area. From the tracks, the average droplet diameter 

is estimated to have been approximately 2 mm. Since the 

fall velocity of a droplet of this size is estimated to be 

approximately 7 m/s (Beard 1977) and the angle between 

the ash fall tracks and the vertical line was approximately 

60°, the wind velocity is estimated to have been 12  m/s 

(= 7 × tan 60°). We observed no such wind gusts during 

our stay in the area from 1 h later than this time. Based 

on this observation, we suspect that the vent proximal 

area may have been covered by a very dilute base surge, 

which contained droplets of mud. �is is also implied by 

the sudden droplet fall on the time-lapse camera installed 

northwest of the vent area, while wind was generally 

blowing from the north on June 29.

�e eruption plume that caused the ash fall was not 

observed well due to fog and cloud that covered the 

vent area; however, several shots, taken by a live camera 

installed by JMA at Miyagino, in the early morning of 

June 30, are the exception and a plume rising more than 

2.8 km above sea level (1.8 km above vent) can be recog-

nized (Fig. 10c).

Mud flow and debris flow from the vent area

Soon after the recognition of ash fall, scientists of Hot 

Springs Research Institute of Kanagawa Prefecture 

(HSRI) formed a joint team with MOT-JMA to inves-

tigate the eruption center and discovered a mud flow 

going down the main stream of the Owakuzawa River 

in the bottom of Owakudani valley (Fig.  12a). �e mud 

flow was colored gray and appeared to be slurry contain-

ing large amount of clay. Although the mud flow carried 

logs and lumbers, which had been parts of simple hand-

made bridges over the streams installed by the hot spring 

company, no blocks and boulders were observed within 

Fig. 8 Development of steaming activity at Owakudani before the 2015 Hakone eruption. See Fig. 2 for the shooting locations. a Slightly intensified 

steaming from the no. 39 SPW (16:48, May 2, 2015; from location c. b Blowout of no. 39 (7:36, May 3, 2015; from near REGMOS). c Ground steaming 

around the no. 39 SPW (10:35, May 18, 2015; from near REGMOS). d Ground steaming around the no. 39 SPW (9:04, June 20, 2015; from near HSRI 

camera). Note that no. 39 SPW is not steaming in late June. All photos were taken by HSRI
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the flow. �e mud flow was small enough to be almost 

confined within the training wall installed at the bottom 

of the valley. �e average volume flux of the flow is esti-

mated to have been approximately 1 m3/s from the geom-

etry of the training wall and flow velocity, although the 

flow rate changed significantly during our observations. 

Such fluctuation of the flow rate was also inferred from 

the mud flow deposit downstream (Fig. 12b).

�e flow rate of the mud flow was significantly higher 

than the production rate of artificial hot spring in the 

valley (< 0.06  m3/s). �e high flow rate of the mud flow 

thus cannot be attributed to the rupture of plumbing sys-

tems of artificial hot springs in the upper stream. Since 

no heavy rainfall was observed before or during the erup-

tion, and the usual flow rate of the stream (~ 0.1 m3/s) is 

much lower than the flow rate of the mud flow, the mud 

flow seems to have been derived by the eruption directly 

from the vent.

After the eruption, we identified a tributary in which 

gray colored water was flowing even at the time of investi-

gation on July 10 (Fig. 12d), while water in other tributaries 

remained clear. Here we call the affected tributary Stream 

L. �e source vent of the mud flow is expected to have 

formed in the upstream area of Stream L.

Separate from the mud flow, a debris flow deposit was 

recognized within the vent area in a photograph taken at 

17:29 on June 29 (Fig. 12c). After the eruption, we found 

the debris flow deposit to be composed of coarser mate-

rial such as andesite blocks, breccias and sands, which 

are common to surface material of the steaming area 

and travelled down to near SPW no. 55 along Stream L 

(Fig. 12d). �e debris flow is thus considered to have also 

flowed down Stream L.

�e area of the 2015 eruption center is a location for 

hot spring production and comprises a complex pipe-

line system. Among the pipeline system, the largest 

water pipe crossing under Stream L was found eroded 

and ruptured after the eruption. Since a temporary but 

significant decrease in artificial hot spring water coming 

down from the production area was observed by workers 

of the hot spring company at around 11:00 on June 29, it 

is reasonable to assume that the mud flow and/or debris 

Fig. 9 Cracks appeared on a training wall near the no. 39 SPW in Owakudani. White arrows indicate the positions where cracks were formed. a On 

May 27, no apparent cracks had formed. b Three weeks later, cracks A and B with sulfur and ferrioxide at the opening had formed. c From crack A, 

water seems to be seeping out but the place where crack C will be formed seems intact. d A week later, crack C is newly formed. The size of the 

stone blocks paving the wall is 40 cm × 30 cm. The location of these cracks is shown in Fig. 2. All photographs are taken by HSRI
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flow eroded Stream L to decrease the water supply at this 

time. Since the hot spring water coming down from the 

area completely halted until 15:00, the water pipe seems 

to have been broken until this time. We thus conclude 

that some liquid effusion process started before 11:00 

and eroded the streambed significantly until 15:00.

Source vents

On June 29, the steaming area was covered by fog and 

erupted steam. Although we were able to take a brief look 

at a crater emitting steam vigorously at 16:37, we could 

not confirm the observation satisfactory during our stay 

in the vent proximal area which lasted until 18:30. How-

ever, in the late evening, cameras occasionally captured 

vigorous eruption plumes rising from several sources 

(Fig. 13b).

On June 30, slightly better weather and less intense 

steaming enabled us to take a glance at the ground sur-

face of the eruption center and we observed a newly 

formed crater, the diameter of which was estimated to be 

approximately 7  m (Fig.  14a). From the crater, an erup-

tion column was formed and blocks up to 30 cm in diam-

eter were thrown occasionally reaching up to 20 m high 

above the crater.

In this study, the source vents which formed small 

cones are defined as craters and other sources of steam 

are termed newly formed fumaroles (NFF). After the 

eruption, we mapped the locations of craters and NFF in 

the steaming area and assigned identification numbers 

(Fig. 15). �e numbers were assigned in the order of dis-

covery without distinction of types. �e initial 15 before 

a hyphen refers to vents formed in 2015, and this nomen-

clature is a directive of JMA.

Timing of NFF formation was not monitored well due 

to fog and steam, although those nearest to the lookout 

platforms seemed to be active from the first scene taken 

by the time-lapse camera and remain active at the time 

of writing. On the other hand, images taken by the time-

lapse camera revealed that craters had a more complex 

history of formation and extinction.

Fig. 10 Photographs taken during and after the eruption. a Ash fall on the bonnet of a car at Sounzan station (Fig. 1; 13:52 of June 29). b Ash fall on 

a REGMOS at Owakudani (Fig. 2; 14:40 of June 29). Note that the ash fall track is inclined. c Plume of the 2015 eruption from Miyagino, east–north-

east of Owakudani at 5:51 of June 30. d Photograph taken from Miyagino at about 23:00 on July 1 shows no apparent plume above the eruption 

center. Photographs were taken by HSRI (a, b) and JMA (c, d). See Fig. 1 for location of the JMA live camera
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�e craters formed first were 15-9 (Fig. 13b) and 15-6 

(Fig. 13c). Since these craters were formed in the upper-

most part of the Stream L, it is reasonable to assume 

that the mud flow and debris flow originated from the 

craters. �ey seemed to be active until at least the early 

morning (4:49) of June 30; however, they were found to 

be extinct at 8:22 of the same day, and at that time, the 

newly formed 15-5 was found active (Fig. 13e). �e cones 

formed around 15-6 and 15-9 were found eroded on 

the morning of July 1, and after the eruption, only weak 

fumaroles were recognized at these sites.

�e 15-5 crater had remained active until early morn-

ing of June 1; however, when 15-1 was found active at 

4:46, the 15-5 crater was found extinct. �e 15-1 crater, 

the rim to rim diameter of which is approximately 15 m, 

is the largest crater formed during the 2015 eruption. 

It is noteworthy that the location where craters formed 

did not show any signs of geothermal activity (Fig. 15) or 

ground deformation before their formation.

Ballistic clasts

Fortunately, the range of ballistic clasts from the 2015 

Hakone eruption was very limited. We witnessed ballis-

tic clasts flying from the 15-5 crater on the morning of 

June 30 (Fig. 14a). At that time, the crater was active and 

the ballistic clasts seemed to land barely 15  m beyond 

the crater rim. On the other hand, several large rocks 

(~ 30  cm in diameter) were found after the eruption on 

a trail approximately 30 m from the crater rim (Fig. 14b). 

However, the clasts did not seem to accompany any 

apparent impact crater near to them as we observed from 

a distance. �us, the large rocks could have fallen from 

the slope, although originally expelled from the vent and 

landing on the slope near the crater. Here we define the 

bombardment range as less than 30 m.

Seismicity

Seismic activity surged after 7:32 on June 29, mainly 

composed of high-frequency earthquakes. Interestingly, 

the high-frequency activity started from shallow (< 1 km 

below sea level) and gradually propagated deeper (5 km 

below sea level) in the first approximately 24 h (Fig. 16). 

Intense earthquakes took place when the propagation 

ended and this seems to have been coincident to the new 

vent formation (15-5) in the morning (4–8 a.m.) of June 

30. �e largest earthquake during the 2015 unrest and 

eruption occurred at this occasion (6:56, M = 3.4).

Fig. 11 Images taken by a time-lapse camera at around the time when ash fall was first observed on June 29, 2015. a The area of eruption was 

covered by dense fog but no rain fall was recognizable until 12:27. b Rain fall began at 12:28 and c covered whole camera view until 12:37. d The 

window surface began to dry; however, grime remained (13:24). The oval shows a reference area where a rain drop fell at 12:37 and remained as 

grime after the water evaporated. The camera was installed by HSRI (Fig. 2)
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Concurrent to the surge of high-frequency events, a 

rapid tilt change (RTC), which was the first observed at 

the volcano, took place and several similar events fol-

lowed until 13:00. RTC is defined as a tilt change in 

which the duration is short (~ 150 s) and seems to have 

been generated by crack formation that fed hydrothermal 

fluid to the surface (Honda et  al. 2015). After initiation 

of the eruption, harmonic tremors and infrasonic waves, 

also the first observed at Hakone volcano, occurred and 

are interpreted as boiling and surfacing of thermal fluid 

(Yukutake et al. 2017, 2018).

Termination

Generally, it is difficult to identify the end of an erup-

tion. �is is especially the case for the 2015 eruption as 

ash dispersal was limited and visual observation of the 

vent area was inhibited due to bad weather and intensive 

steaming. Ash fall in inhabited areas was recognized until 

the morning of June 30 (Furukawa et al. 2015); however, a 

new crater (15-1) was formed in the early morning of July 

1, and this event seems to have accompanied the most 

intense harmonic tremor and infrasound in the eruption 

sequence (Yukutake et al. 2017, 2018). We thus conclude 

that large amount of energy had been released in the 

early morning of July 1. Since a typhoon was passing dur-

ing the daytime of July 1, we did not enter the Owakudani 

area. �e cameras also failed to take images of the erup-

tion center due to the poor visibility. After the passage of 

the typhoon in the late night of July 1, no eruption plume 

was visible (Fig.  10d). �is observation indicates that 

steam from the crater became sufficiently weak to rise in 

moderately windy conditions. We thus consider that the 

eruption terminated at some time during the day of July 

1. Since the tremor and infrasound seemed to have halted 

at about 7:00 on July 1 (Yukutake et al. 2017, 2018), the 

eruption may have terminated at this time.

Fig. 12 Photographs of mud and debris flows. See Fig. 2 for shooting locations. a Lahar flowing down Stream L in Owakudani (15:56 of June 29). b 

A flow channel downstream of a. Note that mud deposits are wider than that of the stream width at that time, which implies a higher flux of mud 

flow in the early phase of the eruption (15:09 of June 29). c Eruption center during the eruption (17:29 of June 29). Debris flow deposit had been 

emplaced. d Debris flow deposits near no. 55 SPW (9:10 of July 10). Note that the stream across the debris flow deposit (Stream L) is colored gray, 

even 9 days after the eruption. Large rocks on the left bank and right of the scale were set before eruption by the company to protect no. 55 SPW. 

All photographs were taken by HSRI
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Steaming activity after the eruption

After the eruption, steam emissions have vigorously con-

tinued to the present (early 2018). Among them, steam 

emissions from the 15-1 crater have been the largest and 

most vigorous since the eruption.

In the 15-1 crater, a boiling mud pool has appeared 

since July 3, 2015, when mud fountains higher than the 

crater rim were first observed from the ground (Fig. 17a). 

�e mud pool suddenly exploded at 12:01 on July 21, 

and a jet of mud was thrown up to 46 m above the cra-

ter rim; however, almost all the material ejected went 

back into the crater and no significant ash falls took place 

beyond the crater rim (Fig. 17b). �is event has accom-

panied no significant tilt, tremor or infrasound signals. 

It is difficult to say when the mud fountaining ceased, 

although it was not witnessed after November 2015. �e 

mud water was monitored from March 2016 until it dried 

up in mid-August 2016 (Fig.  17c). �e water was char-

acterized by a very low pH and very high chloride and 

boron ions (Table 2). After drying up, the mud pool was 

filled by debris falling from a cliff behind the crater dur-

ing typhoon rain on August 22. Following this, bubbling 

in the mud pool turned into several fumaroles, which 

are still vigorously emitting steam at temperatures above 

150 °C at the time of writing (Fig. 17d).

�e surface waters of Owakudani were also monitored 

before, during and after the eruption (Fig. 18). It is note-

worthy that the level of Cl, which is considered a proxy 

Fig. 13 Images of the eruption center and migration of the active crater during the 2015 eruption. Photographs were taken by a time-lapse camera 

(HSRI) and webcam (JMA). Locations of the cameras are shown in Fig. 2. a Area just before the 2015 eruption (darkened blending of images to erase 

steam). b First shot of active crater. A large crater (15-9) and intensive fumaroles (15-2, 15-3 and 15-4) are identified. c 15-6 and 15-9 seem to be con-

necting. d 15-6 crater itself was not observed from observation points; however, intensive steam in the photograph and geomorphological analysis 

after the eruption infers its existence. e The first shot of 15-5. Although 15-9 appears to be still active, the newly formed 15-5 seems more vigorous. 

15-6 seems inactive. f It is evident that 15-5 had formed before 15-9 (c.f. photograph b). g The last shot of active 15-5. h The first shot of 15-1. The 

activity of 15-5 is not evident. i The first clear photograph taken after the eruption. Locations of extinct craters (15-5, 15-6 and 15-9) are also shown
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of deep hydrothermal contribution, was not high when 

the volcano was erupting but became higher later. Down-

stream of the eruption center, high Cl was observed 

not at the time of eruption but soon after (early July to 

early August) and did not return to background levels 

until early autumn of 2016 (Fig.  18a, b). In the upper 

Owakudani area, the elevation of which (1066  m above 

sea level) is higher than the eruption center (1020 m asl), 

Cl content has been increasing gradually from after the 

eruption to the present (Fig. 18a, b).

Volcanic gas at Owakudani and surrounding areas has 

been monitored since 2001 (Ohba et  al. 2008). Besides 

this, volcanic gas emitted from soil peripheral to the 

steaming area (Loc. 3 in Fig. 2) had been monitored using 

detector tubes almost bimonthly since October 2015. 

�is gas shows that concentrations of  CO2 and  H2S, 

which are representative gas components of the region, 

are becoming gradually higher since the eruption, while 

 CO2/H2S ratios are getting lower (Fig. 18c, d). However, 

in December 2015, a sudden increase in  CO2 and  H2S 

concentrations and  CO2/H2S ratio was observed.

Photographs of the eruption center have been taken 

automatically by a time-lapse camera and a webcam 

installed by the HSRI and Industrial Research Institute 

(IRI) of Kanagawa Prefecture. Figure  18e shows average 

brightness of the eruption center area from the frames. 

�e average brightness was high soon after the eruption; 

however, it came down to pre-eruption levels quickly. 

�e average brightness increased again in late November 

2015, peaking in mid-December, followed by a gradual 

decrease. �is brightness increase is coincident with the 

sudden increase in volcanic gases mentioned previously. 

Since there is no measurement before December 2015, 

we are not able to see whether NFF temperature rose at 

this occasion. However, the NFF temperature seems to 

show a declining trend with some fluctuation (Fig. 18f ).

Mitigation measures at Hakone volcano
Development of preparedness measures

Before the 2001 unrest, hazard mitigation plans for erup-

tions and unrest of Hakone volcano were virtually non-

existent. Consequently, no measures for public safety 

were conducted during the 2001 unrest, even though 

 SO2-rich mist gushing from SPWs had covered the sight-

seeing area of Owakudani. One reason for the omission 

Fig. 14 a Ballistic clasts flying from the 15-5 crater. Arrows show examples of ballistic clasts. Diameter of the 15-5 crater was estimated to be 7 m 

(11:03 of June 30). b “Ballistic clasts” on a trail near the 15-1 crater (10:52 of July 10). All photographs were taken by HSRI from location c in Fig. 2

Fig. 15 Location of craters and fumaroles newly formed during the 

2015 eruption (photograph source: Google Earth). Temperature distri-

bution at 50 cm below the surface observed in February 2015 is also 

shown (courtesy of Odawara Public Works Center). Note that craters 

and many new fumaroles were formed where ground temperature 

was low before the eruption. Stream L runs through 15-12, 15-13 and 

originated from 15-6 and/or 15-9
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was very complicated pluralistic governance of the 

Owakudani sightseeing area; the land owner was a pri-

vate company, the trekking paths in and around the area 

were managed by the municipal government, the parking 

lot and road to the area were managed by the prefectural 

government, and the ropeway and bus to the area were 

run by two transportation companies. More importantly, 

there were no clear criteria to initiate evacuation from 

the sightseeing area. Although the law empowers may-

ors to declare evacuation instructions and to place areas 

off-limits, they need supportive criteria to demonstrate 

accountability for the declaration.

Since the 2001 unrest, the municipal government has 

begun to create a hazard map for volcanic activity. After 

a 2-year discussion involving a panel including academic 

experts, a hazard map was created and distributed to 
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the residents and business operators in the town in the 

spring of 2003. At that time, JMA was simply expected to 

describe the status of volcanic activity based on pure nat-

ural science; however, in 2008, the Meteorological Ser-

vice Act was revised and JMA was obliged to announce 

volcano alert levels (VALs) when volcanic unrest or erup-

tions took place.

VALs are characterized by their linkage with mitiga-

tion measures implemented by municipal governments 

(Yamasato et al. 2013). Before the introduction of VALs 

for a certain volcano, JMA and municipal governments 

around the volcano must discuss and correlate mitigation 

measures and volcanic phenomena for each level.

Fig. 17 Sequential change of 15-1 crater. a Soon after the eruption, a mud pool formed in the bottom of the crater and vigorous fountaining of 

mud (arrow) was observed. b A sudden and transient explosion at 15-1 crater on 12:01 of July 21, 2015. c Boiling mud pool formed within 15-1 

crater. d Fumaroles formed after a landslide that took place in August 2016

Table 2 Chemical composition of mud pool water formed in the 15-1 crater

a Dates in 2016. bElectric conductivity (S/m)

Datea Temp (°C) pH ECb Composition (mg/L)

Na K Mg Ca Fe Al Cl SO4 B

March 28 78.9 1.34 3.42 496 16.0 1210 1840 3500 2660 20,600 4700 220

May 13 93.1 1.76 2.02 139 12.6 178 384 3390 708 7180 1880 105

May 27 90.4 1.06 6.50 1060 156 1130 2490 4120 5740 38,400 3690 560

June 7 94.0 0.97 7.07 1120 138 1350 2650 3340 6060 39,100 3530 3030

June 27 94.6 0.79 7.05 74.1 21.7 220 225 2750 2630 20,500 1860 1670

July 14 94.4 0.05 37.4 206 54.4 636 478 5050 4770 65,300 2160 7620

July 28 95.2 < 0 > 20 439 134 744 970 2480 4580 87,600 3640 10,400
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For Hakone volcano, after a-year-long coordination 

processes among municipal and prefectural governments 

and JMA, VALs were introduced in March 2009. At the 

same time, the Disaster Prevention Council for Hakone 

volcano (hereafter DPC) was established. �e task of 

the DPC is to make disaster mitigation plans and to give 

advice to the mayor.

VALs of Hakone volcano are based on a scenario, which 

traces the 2001 unrest and a possible phreatic eruption. 

In the scheme, it was decided to elevate VALs from 1 

100

120

140

160

180

0

100

200

A
v. B

rig
h

t (IR
I)

Owakuzawa Riv.
Spring #2

Eruption Upwelling Event?

a

b

c

d

e

f

H
2 S

 (p
p

m
)

CO2H2S

T
e

m
p

 (
1

5
-2

)

110

120

130

140

A
v.

 B
ri
g

h
t 

(H
S

R
I)

120

140

160

180

200

C
O

2
/H

2
S

10

15

20

25

C
O

2
 (

p
p

m
)

1000

1500

2000

C
l- /S

O
2

-
4

0.01

1.00

C
l-  (

m
g

/L
)

1

10
2

10
4

2015 2016 2017

J A S O N D J F M A M J J A S O N D J F M AM J

Fig. 18 Changes of water and gas chemistries, steam emission and temperature of steam from newly formed fumaroles at Owakudani before and 

after the eruption. a  Cl− content (ppm) and b  Cl−/SO4
2− ratio of Owakuzawa River (Loc. 1) and natural spring #2 (Loc. 2). c  CO2 content (ppm) and d 

 CO2/H2S ratio of volcanic gas seeping to the surface (Loc. 3). e Average brightness of digital images of eruption area. Since steam is white, average 

brightness of image of eruption area is expected to increase as a function of steam emission. Red dots imply value for images taken by time-lapse 

cameras installed by HSRI and blue dots for webcam installed by IRI. f Temperature of 15-2 fumarole. Sampling locations are shown in Fig. 2



Page 20 of 26Mannen et al. Earth, Planets and Space  (2018) 70:68 

(normal) to 2 (do not approach the crater) when earth-

quake swarms, crustal inflation and steaming anomalies 

are observed at the same level of those observed during 

the 2001 unrest.

However, after the 2014 eruption of Ontake vol-

cano, which resulted in fatalities even though the VAL 

remained at 1 (normal), the DPC for Hakone volcano 

established a manual that enables partial and full evacu-

ations from the Owakudani sightseeing area even if 

observed unrest is subtler than that required to elevate 

to a VAL of 2. �e manual went into effect on March 27, 

2015.

Volcanic alert levels during the 2015 unrest

As mentioned, the 2015 volcanic unrest of Hakone was 

first recognized at the end of April and the earthquake 

swarm started on April 26. �ese observations were 

shared among members of DPC on April 28, when they 

assembled to attend the first evacuation drill carried out 

in the Owakudani sightseeing area after establishment of 

the evacuation manual.

�e blowout of no. 39 SPW was recognized by a 

researcher of HSRI in the early morning of May 3 and 

it was immediately reported to the security and disas-

ter management bureau of Kanagawa prefectural gov-

ernment, which is the secretariat of the DPC. �e first 

meeting of the DPC was held on that afternoon, and it 

was decided to close trekking courses around Owakudani 

area from the next day. A DPC meeting was also held on 

May 5, and the procedure for total closure of Owakudani 

sightseeing area was discussed.

On May 5, larger earthquakes (M > 2) took place near 

Owakudani and, in the early morning of May 6, the VAL 

was elevated to 2 and the Owakudani sightseeing area 

was completely closed based on the procedure. At that 

time, the entrance of workers, researchers and local 

authorities to the Owakudani sightseeing area was per-

mitted; however, after the detection of local uplift around 

the no. 39 SPW by InSAR (May 7), the entrance permis-

sion was rescinded temporarily on May 8, and a no-entry 

zone was established inside a 200 m radius from the well 

(May 11).

On the morning of June 29, Hakone town urgently 

rescinded permission for the hot spring company to enter 

the restricted area based on advice of JMA, which con-

sidered the seismic surge unusual. �e eruption started 

on June 29; however, crater formation and infrasound 

signals were not confirmed that day. �us, the recogni-

tion of an eruption was postponed and the eruption was 

declared by JMA at 12:30 of June 30. At the same time, 

the VAL was elevated to 3 and residents within 700 m of 

the vent area, all of whom lived in cottages, were ordered 

to evacuate.

�e VAL was decreased to 2 on September 11, 2015, 

since inflation of the edifice seemed to have halted since 

August. �e VAL was then decreased to 1 on November 

20, 2015; however, since steaming activity continued, the 

Owakudani sightseeing area remained closed. Opera-

tion of the ropeway restarted on April 23, 2016, after 

gas monitoring and safety measures were established; 

however, passengers were not allowed to walk out from 

Owakudani station. Most of the Owakudani sightseeing 

areas were then opened to the public on July 26, 2016, 

once further safety procedures were established. How-

ever, a part of the sightseeing area and all trails in the 

younger central cones are still closed at the time of writ-

ing, since gas monitoring and safety measures for these 

areas are still under discussion.

Discussion
Initial phase of the 2015 eruption

�e time sequence of the 2015 eruption of Hakone vol-

cano was well observed by geophysical instruments 

installed around the eruption center; however, its rela-

tionship with surface volcanic phenomena is not well 

known because of very poor visibility. In this and the 

following sections, we will review the instrumental and 

visual observations in order to reconstruct the eruption 

sequence. �e reconstructed time sequence is summa-

rized in Fig. 19.

�e first direct trigger of the eruption seems to have 

been by an open crack formation just beneath the erup-

tion center at 7:32 on June 29 as inferred from RTC. At 

almost the same time, Ground-Based Synthetic Aperture 

Radar (GBSAR) installed at Owakudani observed that the 

ground surface near the eruption center started to uplift 

(Doke et al. 2015). Since the eruption center was formed 

just above the northern tip of the open crack (Doke et al. 

2018; Honda et al. 2015), it is reasonable to assume that 

the crack created a route for hydrothermal fluid from 

deep to form the uplift observed by the GBSAR.

On the other hand, seismic observation since the 

morning of June 29 indicates that the main hypocentral 

area of the high-frequency seismicity started around a 

depth of 0 km and gradually propagated deeper (Fig. 16). 

�us, the eruption sequence started with shallow crack 

formation and uplifting of the vent area and was then fol-

lowed by propagation of high-frequency earthquakes to 

more than 5 km below sea level taking more than 24 h.

Such a deepening propagation of seismicity contra-

dicts our intuition that assumes the migration of deep 

hydrothermal fluid toward the surface. We need further 

theoretical studies to explain the observed seismic prop-

agation; however, at present, we consider that gradual 

but simultaneous increase in pore pressure within the 

shallow (< 6  km) hydrothermal system beneath Hakone 
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volcano, in which fluid pores are well connected, can be 

a model to explain the seismic propagation. In such a sys-

tem, pore pressure of the entire system increases swiftly 

when it connects to a more pressured hydrothermal sys-

tem in deep, such as that beneath a brittle-ductile bound-

ary (Fournier 1999). When the fault strength is controlled 

by a uniform frictional coefficient regardless of depth, 

orientation of the fault activated by a pore pressure rise 

is more various in shallower (Fig. 20). In this situation, we 

can expect earlier seismic activation at shallow depths.

Emission of fluid: timing, origin of water and source crater

Although ash emission seemed to start at around 12:30 

on June 29, we have no reason to deny outflow of fluid to 

the surface at the time of the uplift observed by GBSAR 

(after 7:32). In fact, mud flows and/or debris flows appear 

to have eroded the streambed and destroyed plumbing 

pipes installed beneath Stream L prior to 11:00. We thus 

conclude that fluid probably flowed from the 15-6 and/

or 15-9 vent before 11:00 on the 29th. Even after the ini-

tial ash loaded eruption plume (12:30), the mud flow con-

tinued to travel downslope. Such mud flows, which are 

discharged simultaneously with eruption plumes, have 

been observed in other events such as the 2014 Ontake 

eruption and are termed syneruptive-spouted type lahars 

(Sasaki et al. 2016). A syneruptive-spouted type lahar is 

defined as a syneruptive lahar directly overflowed from 

the crater with no additional water from a snow cap or 

crater lake contributing to the flow. Other examples 

observed in Japan are shown in Sasaki et al. (2016); fur-

ther, the 1980 eruption of Mt. St. Helens (Brantley and 

Myers 2000) and the 1926 eruption of Tokachi-dake 

(Uesawa 2014) indicate significant contributions of water 

from the edifice to lahar generation, even though water 

from the surface glacier and snow also contributed. We 

thus need to consider the possibility of lahars in hazard 

mitigation planning regardless of the hydrological envi-

ronment of the eruption center (e.g., with or without a 

crater lake) and season during which the eruption occurs 

(e.g., with or without snow cover).

It is noteworthy that the water that created the mud 

flow during the 2015 eruption seems to be ordinary 

ground water from this region rather than of pure geo-

thermal origin as indicated from chemical components of 
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Fig. 19 Time sequence of the 2015 Hakone eruption. The first signal observed was a rapid tilt change (RTC) at 7:32 on June 29. Erosion of the 

stream bed, probably due to lahar and/or debris flow, tremor, ash fall and infrasound followed. Note that activity at craters relayed as new craters 

formed and at the last timing of relay, intensive phases of tremor and infrasound were observed
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the water. �is fact implies that the water expelled during 

the eruption was ground water from the vent area, prob-

ably purged due to increased hydrothermal pressure at 

depth. Since onset timings and water chemistries of other 

syneruptive lahars are not known well, we are not able 

to discuss the general formation process for such lahars; 

however, understanding of ground water systems in vol-

canic edifices will be an important key to assess synerup-

tive lahar hazards (e.g., Johnson et al. 2018).

�e craters were formed one after another in the fol-

lowing 2 days (15-5 on June 30 and 15-1 on July 1) and 

older craters seemed to be abandoned as new ones 

formed (Fig. 19). �e reason for crater migration toward 

the west is unclear; however, interestingly, a surge of 

seismicity at the time of 15-5 formation (Fig. 16) and an 

intense phase of infrasound and tremor at the time of 

15-1 formation (Fig.  19) were observed. Yukutake et  al. 

(2017, 2018) proposed that bursting of gas slugs at the 

surface of the vent formed the infrasound and tremor 

observed during the 2015 eruption. �us, the crater 

migration that accompanied intensive infrasound and 

tremor could be triggered by explosive boiling of ascend-

ing hydrothermal water in the shallow part of the con-

duit. Also, the surge of seismicity at the time of 15-5 

formation may imply formation of the conduit and fur-

ther study is needed.

Process behind the volcanic unrest

�e 2001 unrest and the 2015 unrest and eruption of 

Hakone volcano seem to trace an identical course, initi-

ated with inflation of the deep source (≈ 10 km), followed 

by earthquake swarms and chemical changes of volcanic 

gases and hot spring waters. In both events, pressure 

increase in hydrothermal systems beneath the steam-

ing area (≤ 500 m) is implied from blowouts of SPWs in 

Owakudani.

�e minor unrests that took place in 2006, 2008–

2009 and 2013 did not show any observable hydro-

thermal anomalies; however, these unrests also 

accompanied inflation of the deep source (Harada et  al. 

2009, 2013; Miyaoka et al. 2011) and some showed tem-

poral increases in the C/S ratio (Ohba et al. 2008) in con-

junction with earthquake swarms. �ese observations 

imply that volcanic unrest at Hakone is controlled by a 

common process triggered by deep inflation and subse-

quent hydrothermal excitation in shallow regions. �e 

2015 event is not an exception even though it culminated 

in an eruption. Here we would like to interpret the pro-

cess behind these events as a response of the hydromag-

matic system to sporadic magma replenishment. Before 

that, the present model for the magma-hydrothermal sys-

tem beneath Hakone is reviewed.

Figure  21 shows a schematic model of the magma-

hydrothermal system inferred from seismic tomography 

2θ
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2θ
1

2θ
5

2θ
5

Fig. 20 A conceptual model to explain deepening of seismicity due to pore pressure rise on a Mohr’s diagram. A strike slip stress field in which 

intermediate principal stress is vertical is assumed here. Before a pore pressurization, optimally oriented faults are assumed to be close to shear 

failure condition regardless of depth since earthquake swarms are ongoing beneath the volcano (< 6 km in depth). After a pore pressure rise, faults 

are more randomly oriented and are activated to failure throughout the system and a seismic surge commences. However, the orientation range 

of activated faults is larger in shallower (θ1 > θ5) regions. Thus, the seismicity is more active where shallower and activation in deeper regions needs 

further pore pressure rise
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and previous studies (Yukutake et al. 2015). �e principal 

magma chamber seems to be located at 10 km or deeper 

as inferred from a region characterized by low Vp and 

high Vp/Vs (Yukutake et al. 2015).

Above the magma chamber is a hydrothermal sys-

tem characterized by low Vp and low Vp/Vs (≤ 10  km 

in depth). �e hydrothermal system extends to near 

the surface where steaming activity takes place (e.g., at 

Owakudani). Above the hydrothermal system is a frac-

tured region where volcano tectonic earthquakes take 

place (≤ 6 km in depth). �is is the region where earth-

quake swarms during volcanic unrest occurred and could 

be partly overlapped with the hydrothermal system. 

�is region could form a mesh structure (Sibson 1996), 

which is a network composed of tensile cracks and faults 

around the cracks. �e tensile cracks and faults beneath 

the volcano were observed in previous studies (Yukutake 

et al. 2010; Daita et al. 2009; Honda et al. 2014).

�e process behind the volcanic unrest can be inter-

preted as follows. Inflation of the deep source (≈ 10 km) 

characterizes the very early phase of Hakone unrest. �e 

inflation in deep regions can be interpreted as magma 

replenishment as the inflation source corresponds to 

the region of the assumed magma chamber. Also, DLF 

events that take place in the early phase of inflation could 

imply migration of magma (Yukutake et  al. 2015). Dur-

ing observed events, magma ascent to shallower areas 

(<< 10  km) does not seem to have occurred since no 

migration of earthquakes from deep to shallow, or exten-

sive dike formation, has never been implied by seismic 

or geodetic observations. Rather, the replenishment of 

magma to the magma chamber causes increased pressure 

of pores in the magma-hydrothermal system and trig-

gers a spectrum of volcanic unrest including earthquake 

swarms, blowout of SPWs and component changes of 

gas.

�e time sequence of earthquake frequency in the 

events of 2001 and 2015 (Fig. 5) could give an insight to 

the pressure status of the hydrothermal system. In these 

events, exponential decay of seismicity was observed 

after a sharp increase. Such temporal patterns of seis-

micity were observed during the Matsushiro Earthquake 

Swarm, in northern part of Nagano prefecture, Japan, 

from 1965 to 1967 (here after MES) and were interpreted 

as a step like increase in pore pressure after compar-

ing with a series of experiments of acoustic emission 

(Mogi 1988). A recent study argues that such exponen-

tial decay can be caused by loss of pore pressure rather 

than pressure being maintained after the initial increase 

(Ogasawara 2002); however, in any case, seismic changes 

observed during the 2001 and 2015 events can be inter-

preted as a rapid (< 10–20 day) increase in pore pressure 

caused by magma intrusion and a prolonged process of 

crustal relaxation following (< 150–200 days; Fig. 5).

In the case of the MES, seismicity surged three times 

and each period was followed by an exponential decay; 

however, at Hakone, exponential decay was observed 

only once during each unrest. �is observation suggests 

that magma replenishment took place only once per 

unrest. In addition, the third exponential decay in the 

MES was interrupted as a “water eruption” that drained 

pore fluid to the surface. �e sudden decrease in seis-

micity is interpreted as a rapid decrease in pore pressure 

due to surface drainage (Mogi 1988). At Hakone, such 

a drastic decrease had never been observed, even after 

SPW blowout or phreatic eruption. In contrast, the water 

eruption associated with the MES implied that the erup-

tion and the SPW blowouts in Hakone were not enough 

to relax pore pressure beneath the volcano significantly.

At Hakone, chemical composition changes of hot 

spring waters and gases culminated after the 2015 erup-

tion and an aseismic upwelling of hydrothermal fluid 

long after the eruption was inferred in December 2015 

(Fig. 18). �is is due to a time lag that reflects transpor-

tation in the hydrothermal system. However, since the 

pressure changes in shallow regions take place within a 

relatively short period after magma replenishment in 

deep regions, temperature or some chemical components 

could change swiftly to reflect hydrological potential; 

geothermal water or gas that is in equilibrium slightly 

deeper is transported to the surface, and such change 

appears in water and steam from some wells. A blow-

out of steam wells during the unrests in 2001 and 2015 

and sudden temperature increase in hot spring water 
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Fig. 21 Schematic model of the magma-hydrothermal system of 

Hakone volcano inferred from seismic tomography and observation 

during the 2015 unrest and eruption (after Yukutake et al. 2015). 

North–south section of the system is shown. Thickness of open cracks 

is not to scale
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observed at Gora in the very early phase of the 2001 

unrest could be such cases.

Future mitigation measures

Owing to the pre-established evacuation manual 

and VALs, mitigation measures can be swiftly imple-

mented after recognition of unrest. Urgency is critically 

important considering a large transient population in 

Owakudani area (maximum 2800 at lunch time in holi-

day season) is exposed to the volcanic hazard. �e miti-

gation measures are encouraged by the fact that steaming 

anomalies and local uplift detected by InSAR indicate the 

Owakudani area as the most possible eruption center.

However, since open cracks seem to have triggered the 

eruption in 2015, it could be reasonable to assume that 

eruptions could happen anywhere on the surface above 

cracks. Indeed, topographical analyses show several fis-

sure vents in the younger central cone area (Kobayashi 

et  al. 2006). Evolving mitigation measures should con-

sider vent formation in areas where ancient vent opening 

is evident.

�e 2015 eruption seems to have been caused when 

and where an open crack reached near to the ground sur-

face. Since we cannot forecast the timing, location, nor 

size of a crack opening, forecasting of eruptions is impos-

sible. �is fact indicates that evacuation from the younger 

central cone area soon after recognition of unrest is the 

key to hazard mitigation. To avoid false alarm, volcanic 

unrest needs to be evaluated in a more quantitative man-

ner based on understanding of the overall volcanic pro-

cess. In addition, monitoring of rapid tilt change, which 

indicates shallow crack opening, could be critical for 

early warning systems.

Conclusion
�e precursor, eruption and pre-eruptive steaming activ-

ity of the 2015 eruption of Hakone volcano were sum-

marized. �ere was a broad spectrum of precursors 

including inflation in deep regions, deep low-frequency 

events, earthquake swarms, tilt change and anomalies of 

steaming activity. Due to such extensive unrest, hazard 

mitigation measures were implemented 2 months before 

the eruption. �e swift implementation was helped by 

the evacuation manual prepared by local governments 

and the volcano alert level system announced by Japan 

Meteorological Agency, both of which were established 

before onset of the 2015 unrest.

Volcanic unrest of Hakone volcano seems to be trig-

gered by magma replenishment to the deep magma 

chamber and by pore pressure increase in the hydro-

thermal system beneath the volcano. Geophysical obser-

vations around the eruption center imply that the 2015 

eruption took place owing to the formation of an open 

crack that reached near to the ground surface 5 h before 

the onset of ash fall. After the crack formation, fluid dis-

charge from the source crater likely occurred before the 

ash emission. However, no signals associated with the 

ash fall or fluid discharge was observed by geophysical 

instruments.
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