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Introduction
Volcanic eruptions are among the most spectacular nat-
ural phenomena on Earth and incandescent magmatic 
eruptions in particular have fascinated humans through-
out history. Among the wide variety of volcanic erup-
tions, phreatic eruptions, which are non-magmatic and 
typically small in size,  have received far less attention 
from researchers, and the number of research papers on 
phreatic eruptions has been far lower than those on mag-
matic eruptions. This does not mean phreatic eruption is 
a rare phenomenon—in fact, phreatic eruptions are com-
mon and may in fact outnumber magmatic eruptions.

A recent extensive review counted 116 phreatic erup-
tions of 36 volcanoes during the period from 1900 to 
2015 (approximately one per year on average) in Japan, 
which has very detailed records of volcanic eruptions 
(Oikawa et  al. 2018). However, few of these eruptions 
had interested volcanologists probably because limited 
ash dispersal and geophysical observations did not allow 
detailed analysis. The tragic eruption at Mt. Ontake in 
2014, which killed 63 hikers, and the eruption (from an 
unexpected eruption center) at Mt. Kusatsu-Shirane in 
2018, which killed a self-defense force personnel at drill 
seemed to change the mindsets of the volcanologists in 
Japan. Although detailed analysis of the 2018 eruption 
of Mt. Kusatsu-Shirane (Ogawa et al. 2018) is still ongo-
ing, a special issue for the 2014 eruption of Mt. Ontake 
was organized in this journal, and compiled observations 
and models of preparatory process of this unexpected 

eruption, which resulted largest number of victims after 
World War II (Yamaoka et al. 2016).

The phreatic eruption of Hakone volcano, Japan, in 
2015 was accompanied by a variety of intense precursors 
and mitigation measures, which included establishment 
of a no-entry zone by the municipal office and raising of 
the Volcano Alert Level by Japan Meteorological Agency. 
In contrast to Kusatsu-Shirane and Ontake, Hakone vol-
cano is an ‘urbanized’ volcano, which enables research-
ers to access this potential eruption center frequently and 
to deploy geophysical instruments connected to electric 
and communication grids. The 2015 eruption of Hakone 
is thus an unprecedentedly well-monitored phreatic 
eruption. This special issue compiles a variety of papers 
that propose models of the hydro-magmatic system of 
Hakone and some global equivalents based on various 
observations.

Here, we review the contributions in the special 
issue with related papers published in other journals.

Content of the special issue
Modeling of phreatic eruptions
A phreatic eruption is an eruption without any eruption 
of juvenile magma. However, recent studies imply that 
subsurface injection of magma or magmatic fluid can 
trigger volcanic unrest and subsequent phreatic erup-
tions (e.g., Yamaoka et al. 2016). In this special issue, two 
contributions modeled the sequence from an event of 
magma or magmatic fluid injection at depth to a phreatic 
eruption through various precursory phenomena.

Stix and de Moor (2018) compiled recent studies of 
phreatic eruptions and proposed two endmembers for 
phreatic systems. Type 1 systems are characterized by a 
sealed hydrothermal system. Injection of magmatic fluids 
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causes pressurization of the hydrothermal system and 
eventual rupture of the seal, generating ballistics, and fine 
ash. For a Type 2 system, input of magmatic fluids into a 
near-surface hydrothermal system vaporizes liquid water, 
promoting eruptions which emit wet ash, lahars, and/or 
ballistics. Since injection of magmatic fluids and rupture 
of hydrothermal seals are potentially seismogenic pro-
cesses, they suggest that monitoring of broadband seis-
micity and gas ratios is useful approaches to forecasting 
phreatic eruptions.

Mannen et al. (2018) compiled geological and geophys-
ical observations during the 2015 phreatic eruption of 
Hakone Volcano and its precursory unrest, and proposed 
that magma replenishment of a 10-km-deep magma 
chamber and subsequent pressurization of the hydro-
thermal system caused the volcanic unrest. The seismic 
activity reached its climax more than a month before the 
eruption; however, a pressure increase in the hydrother-
mal system continued even after the eruption. Since the 
eruption was caused by sudden formation of an open 
crack filled with hydrothermal fluid, short-term forecast-
ing of a phreatic eruption was challenging.

Cap rock and sealing zone
A phreatic eruption is a phenomenon that releases 
hydrothermal fluids confined beneath a volcano. Such a 
confinement is seemingly attained by geological struc-
tures such as cap rock or sealing zone. To understand 
phreatic eruptions, the characterization of the properties 
of these structures, including their location, depth, and 
function in the context of the magma-hydrothermal sys-
tem of the volcano is necessary. In the special issue, three 
contributions focused on investigations of cap rock and 
sealing zones (Ueda et  al. 2018; Yoshimura et  al. 2018; 
Ohba et al. 2019).

Yoshimura et al. (2018) conducted an audio-frequency 
magnetotelluric (AMT) survey at 39 sites, covering the 
whole of Hakone caldera before the eruption, and estab-
lished a three-dimensional model of the resistivity struc-
ture of the volcano. The survey found a significant (< 10 
Ωm) bell-shaped conductor beneath the center of the 
volcano. The apex of the bell-shaped conductor locates 
near the center of the volcano beneath the 2015 erup-
tion vent. Beneath the conductor is a seismic zone which 
had been active during the previous periods of volcanic 
unrest. Since the previous study proposed that the seis-
mic activity of the volcano had been triggered by pres-
sure rise or fluid migration (Yukutake et  al. 2011), the 
bell-shaped conductor is interpreted as the cap rock that 
confines a hydrothermal system.

Ohba et al. (2019) compiled long-term gas observations 
and developed a hydrothermal model of Hakone volcano 
in which a sealing zone just above the magma chamber 

controls volcanic unrest. In the model, the sealing zone 
has some permeability during background periods; how-
ever, a few months before the onset of volcanic unrest, 
changes in permeability of the zone began to restrict gas 
migration from the magma chamber to the hydrother-
mal system. The restriction allowed infiltration of atmos-
pheric gases such as Ar and  N2 into the hydrothermal 
system. The increase in seismicity during volcanic unrest 
was triggered by breakage of the sealing zone, resulting 
in a transfer of confined pressure beneath the sealing 
zone into the hydrothermal system as indicated by the 
observed increase of  CO2/H2O ratios.

Ueda et  al. (2018) compiled geophysical and geologi-
cal observations of a volcanic island named Ioto, which 
is also known as Iwo-jima for the fierce battle between 
Japan and the United States during World War II. At 
this volcano, phreatic eruptions with seismic precursors 
occur during intermittent uplift. This type of phreatic 
eruption is interpreted as a result of boiling of the hydro-
thermal reservoirs triggered by deep magma intrusion. 
The hydrothermal fluid reaches the surface through fault 
systems developed near the margin of hydrothermal res-
ervoirs and these types of eruptions form craters along 
the fault zone. In contrast, phreatic eruptions at Ioto that 
occur without any precursors are small and similar to 
geyser eruptions.

Geological study
Phreatic eruptions are the smallest type of volcanic erup-
tion in terms of erupted volume. Since the volume of 
erupted material is so small, the resulting deposits are 
washed out swiftly and it is very difficult to reconstruct 
an ancient phreatic eruption from study of the geologic 
record. Thus, detailed description and analysis of an 
eruption deposit soon after a phreatic eruption is critical 
to understand the eruption mechanism and to establish 
mitigation measures. For example, a detailed analysis of 
erupted material of the 2015 Hakone eruption implied 
the very shallow source of the explosion (Yaguchi et  al. 
2019). This special issue has four contributions docu-
menting geological investigations immediately following 
phreatic eruptions (Geshi and Itoh 2018; Kataoka et  al. 
2018, 2019; Kilgour et al. 2019). In addition, Ikehata et al. 
(2019) is a rare but valuable contribution discussing the 
formation mechanism of sulfur deposits, which is a com-
mon but generally understudied volcanic deposit.

Kilgour et  al. (2019) undertook a comprehensive 
surface investigation just after an eruption at White 
Island, New Zealand. They deployed drones to swiftly 
map the distribution of ballistic blocks. Based on the 
observed distribution and a simulation code named Bal-
lista (Tsunematsu et  al. 2014), they estimated the initial 
velocity of ballistics as 50–65  m/s, which is very low 



Page 3 of 6Mannen et al. Earth, Planets and Space           (2019) 71:91 

when compared to global equivalents. In addition, they 
revealed that topography around the eruption center sig-
nificantly affects the distributions of surge deposits and 
ballistics.

Geshi and Itoh (2018) described a pyroclastic den-
sity current (PDC) formed during the 2015 phreato-
magmatic eruption at Kuchinoerabu volcano in detail. 
The PDC was generated by partial collapse of an erup-
tion column, which rose up to 9 km above sea level, and 
flowed along a valley to reach the coast of the island 
approximately 2.4  km away from the source crater. The 
estimated temperature of the PDC at Kuchinoerabu dur-
ing this phreatic eruption was between 100 and 240–
270 °C, which is less than that of typical magmatic PDC 
(> 300  °C). However, the PDC of Kuchinoerabu was still 
energetic and trees near the vent area were broken.

Kataoka et  al. (2018) emphasizes that characteristics 
of post-eruptive lahars that occur after a single eruptive 
event can have significant differences depending on the 
trigger. After the 2014 Ontake eruption, two types of 
lahars occurred within 7  months: a rain-triggered type 
and a rain-on-snow type. The rain-triggered lahar, which 
took place during a rain storm 8 days after the eruption, 
deposited muddy and high-clay content sediment. In 
contrast, a rain-on-snow-type lahar, which is caused by 
heavy rain and snow melting, formed a fines-depleted 
sandy and gravelly deposit. Such a significant difference 
in post-eruptive lahars should be considered when imple-
menting simulations and formulating mitigation plans.

Kataoka et  al. (2019) monitored sediment transport 
by rivers running from the eruption center of the 2014 
Ontake eruption and revealed that the influence of vol-
canic disturbance on the catchment continued for at least 
10 months after the eruption and an additional 9 months 
until the end of the snowmelt season in 2016.

Simulation and analogue experiments
Simulations can examine the influence of a simple key 
mechanism on the subsequent complex behavior of the 
volcanic system. In this special issue, two contributions 
document simple-but-insightful simulation experiments 
(Noguchi et al. 2018; Tanaka et al. 2018).

Noguchi et  al. (2018) focused on rootless eruptions 
caused by lava flows entering inland water or water-rich 
sediment. This type of eruption forms craters with signif-
icant explosion energy distal from the actual source vent; 
however, forecasting of these occurrences has remained 
difficult. Their unique analogue experiment using cook-
ing ingredients such as syrup and baking powder shows 
a non-linear relationship between reaction efficiency and 
baking soda/poured heated syrup (= water/lava) propor-
tion which may stem from a Rayleigh–Taylor instability 
occurring between lava and substrate water or sediment.

Tanaka et al. (2018) implemented a numerical simula-
tion of a conduit system, through which hydrothermal 
fluid reaches the surface, and monitored crater tempera-
ture and pressure distribution of the edifice interior after 
changing the permeability of the conduit. The simulation 
showed how crater temperature can decrease before a 
phreatic eruption. They also showed the potential of their 
simulation to understand mechanisms of phreatic erup-
tion with observations of crater temperature and ground 
deformation.

InSAR
InSAR (Interferometric Synthetic-Aperture Radar) pres-
ently plays a key role in volcano monitoring. During 
the 2015 Hakone eruption and unrest, InSAR data were 
critically important for planning mitigation measures 
(Mannen et  al. 2018) and has to date resulted in three 
prominent literature contributions related to InSAR, two 
in this special issue (Doke et al. 2018; Kuraoka et al. 2018) 
and one in another journal (Kobayashi et al. 2018).

Doke et  al. (2018) detected the open crack that was 
formed by the 2015 eruption by analysis of ground defor-
mation observed by satellite InSAR. The eruption center 
was formed at the northern end of the open crack. Since 
old craters align on the ground surface just above the 
open crack, the 2015 eruption was interpreted as a reac-
tivation of a pre-existing crack that was formed by ear-
lier eruptions. The detailed analysis of Doke et al. (2018) 
detected a sill-like deflation source beneath the crack, 
which is considered the source of hydrothermal fluid 
that formed the open crack. The pre-eruptive pressuriza-
tion of the hydrothermal system of the volcano was also 
detected as local uplift by the InSAR analysis.

Kuraoka et  al. (2018) installed a ground-based InSAR 
(GBInSAR) 4  days before the 2015 eruption to monitor 
the local uplift observed by satellite InSAR. Fortunately, 
the 2015 eruption took place within the monitoring 
area and ground deformation associated with the erup-
tion was recorded with high sampling rate (< 10  min). 
The 2015 eruption initiated crack intrusion at 7:32 and 
emission of highly pressurized fluid as inferred from 
infrasonic analysis (Yukutake et al. 2018). Curiously, the 
GBInSAR interferometry failed at the onset time and 
during the subsequent 46  min; however, ground defor-
mation after the crack formation was still monitored in 
detail, and this successful observation implies significant 
potential of this technology for volcano monitoring and 
alerting.

Kobayashi et  al. (2018) undertook a detailed analy-
sis of InSAR and GNSS data and proposed two infla-
tion sources: a deep spherical source at 4.5  km below 
sea level (BSL), interpreted as a potential magma cham-
ber, and a shallow source (at approximately 150 m below 
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the surface) which caused very local surface deforma-
tion detected by InSAR. Similar deformation sources are 
also deduced in papers in the special issue; however, the 
emphasis of Kobayashi et  al. (2018) is on synchroniza-
tion of the deformation rate changes of the two sources, 
which implies smooth fluid migration from deep to shal-
low. Kobayashi et al. (2018) also showed that subtle infla-
tion of the two sources initiated in late 2014, long before 
the acceleration of inflation beginning in May 2015.

Signals emitted by phreatic eruption—location and source 
analysis
Phreatic eruptions emit various waveforms that are trig-
gered by migration of hydrothermal fluid; thus, the loca-
tion and depth of these signals are of primary importance 
for understanding the mechanism of the eruption. In 
addition, the interpretation and timing of seismic and 
acoustic events in the sequence of the eruption can help 
constrain eruption process. This special issue collected 
intriguing examples from White Island, Kawah Ijen, and 
Hakone (Yukutake et al. 2017, 2018; Caudron et al. 2018; 
Harada et al. 2018; Jolly et al. 2018; Walsh et al. 2019).

Walsh et al. (2019) located eruptive pulses emitted dur-
ing a phreatic eruption that occurred at White Island 
on 27 April 2018 by a joint analysis combining acoustic 
and seismic data. The locations of the eruption vent were 
inferred using an amplitude source location method, and 
the depth of eruption pulses was inferred from volcanic 
acoustic–seismic ratios. After error analysis, the eruption 
sources are shown to conceivably come from a single vent 
with the eruption pulses gradually increasing in strength 
with time.

Jolly et  al. (2018) focused on very-long-period (VLP) 
seismic events during the 2018 phreatic eruption of 
White Island volcano. The VLP was located through anal-
ysis of waveform semblance and the volumetric source 
of the largest VLP event was obtained by seismic wave-
form inversion. The pre-eruptive VLP seems to be linked 
to advection of gas from the VLP source location at the 
magmatic carapace, approximately 800 to 1000 m depth.

Caudron et  al. (2018) carefully processed broadband 
seismic signals of VLP events from two similar volcanoes: 
Kawah Ijen (Indonesia) and White Island (New Zealand). 
The phreatic eruptions of both volcanoes initiated with 
a VLP seismic event at shallow levels beneath the crater 
region. The VLP events may be triggered by excitation 
of gas trapped behind a ductile magma carapace, fol-
lowed by response of shallow hydrothermal system. Since 
signals emitted by these processes are long period and 
can be recorded only by broadband seismometers, the 
authors emphasize the importance of deploying broad-
band seismometers near active volcanic centers.

Yukutake et  al. (2018) extracted infrasound signals 
emitted from the eruption center of the 2015 Hakone 
eruption from noisy (wind) data using the record of a 
co-located seismometer (Ichihara et al. 2012). Due to the 
poor visibility at the time of eruption, the exact timing 
of the eruption onset remains obscure and conventional 
geological observations only detected a lahar, which ini-
tiated in the late morning as the initial emission (Man-
nen et al. 2018). However, the extracted infrasound signal 
indicates an emission of highly pressurized fluid at 07:32 
A.M. (JST), which is the timing of formation of the ini-
tial open crack that triggered the eruption (Honda et al. 
2018).

Honda et  al. (2018) observed a rapid tilt change at 
Hakone Volcano, which started 10  s before 07:33 A.M. 
(JST) and lasted for approximately 2 min. The tilt change, 
which occurred long before the initiation of ash disper-
sal at approximately 12:30 P.M. (JST), was observed not 
only by tiltmeters but also by broadband seismometers, 
which were temporarily deployed around the eruption 
center. The tilt change was considered to be caused by a 
crack intrusion, and analysis of the tilt record revealed 
the parameters of the crack, such as its location, depth, 
and opening. Since the opening of the crack is small 
(< 10 cm), it is highly unlikely that magma (as opposed to 
hydrothermal fluids) filled the crack.

Harada et al. (2018) monitored the rate of inflation of 
Hakone volcano using GNSS, beginning when precursory 
unrest started approximately 3  months before the 2015 
eruption, and modeled the inflation sources. The deep 
source at 6.5  km BSL, which is interpreted as a magma 
chamber, first started inflating at the end of March, then 
the shallow open crack at approximately 800  m ASL 
started inflating in mid-May. Interestingly, both sources 
continued inflating even after the eruption on Jun. 29 
and until early August. This observation implies that 
the phreatic eruption did not relieve the pressure in the 
hydrothermal system significantly.

Yukutake et al. (2017) estimated the source location of 
the continuous volcanic tremor observed during the 2015 
Hakone eruption using a cross-correlation analysis of 
waveform envelopes. The source of the tremor is deter-
mined to be near the vent of the eruption. The amplitude 
of the tremor increased coincident with the occurrence 
of impulsive infrasonic waves and the largest amplitude 
was observed at the end of the eruption. The analysis sug-
gests that both seismic and infrasonic waves were gener-
ated when a gas slug bursts at the surface of the vent.



Page 5 of 6Mannen et al. Earth, Planets and Space           (2019) 71:91 

Conclusion
This special issue is a collection of the latest studies on 
phreatic eruptions from various aspects. We expect that 
this timely special issue will help further advances in 
understanding of phreatic eruptions, towards the goal of 
forecasting their occurrence.
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