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Abstract 

In 2014, a phreatic eruption occurred at the Ontake Volcano in Central Japan causing multiple deaths and missing 
persons. Interferometric Synthetic Aperture Radar data showed local-scale subsidence around the newly created 
eruptive vents after the eruption. Source modeling resulted in a nearly spherical deflation source emplaced at a depth 
of 500 m below the vents reflecting post-eruptive depressurization in a shallow hydrothermal reservoir. The cumula-
tive deflation volume reached 7 × 105  m3 3 years after the eruption. Comparison between our source model and 
GNSS data indicates that this shallow reservoir could have formed by 2007 and remained stable until the 2014 erup-
tion. The absence of significant syn-eruptive subsidence indicates that the shallow reservoir was not the main water 
source driving the phreatic eruption. Under simple assumptions, mass balance between the shallow reservoir and the 
discharge plume from the vents indicates most of the water contained in the plume comes from greater depth than 
the shallow reservoir. To constrain the post-eruptive process, it is necessary to track not only deformation but also 
plume discharge for 3 years after the eruption.
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Introduction
Phreatic eruptions sometimes cause human fatalities 
when they occur in close proximity to populated areas. 
Such disasters might be mitigated by advanced predic-
tions of eruption. However, in contrast to magmatic 
eruptions, the precursors to phreatic eruptions are min-
ute and only appear in small proximal areas (Rouwet 
et al. 2014). This makes prediction challenging. It is also 
difficult to clarify the structure of the subsurface hydro-
thermal system, which is a prerequisite for develop-
ing prediction strategies. On the other hand, some very 
active hydrothermal systems occasionally reveal their 
activity through detectable geophysical signals. Such 
manifestations present a valuable opportunity to gain 
insights into the hydrothermal systems at the root of 

potential calamities. There are examples where ground 
deformation due to mass discharge or the subsurface 
migration of hot fluids has been detected at volcanic–
hydrothermal systems that can cause phreatic eruptions 
(e.g., Nakaboh et al. 2003; Maeda et al. 2017; Doke et al. 
2018; Miller et al. 2018; Kobayashi et al. 2018). A number 
of authors have also discussed the behavior of volcanic–
hydrothermal systems during non-eruptive unrest events 
using ground deformation data, gravity changes, geo-
magnetic changes, and heat flux changes (e.g., Fournier 
and Chardot 2012; Ingebritsen et al. 2015; Currenti et al. 
2017; Tanaka et al. 2017).

Fewer studies specifically focus on the sub-decadal 
depressurization process following a phreatic erup-
tion. Lu et  al. (2002) detected a subsidence source at a 
shallow depth in Kiska Island using Synthetic Aperture 
Radar interferometry (InSAR) data. They speculated that 
vigorous steam discharge caused a decrease in the pore 
fluid pressure within a shallow hydrothermal system and 
subsidence of the ground surface. Hamling et  al. (2016) 
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presented InSAR results that showed 3-year-long local 
subsidence after a phreatic eruption at Tongariro Vol-
cano in 2012. They concluded that the subsidence source 
was a hydrothermal reservoir emplaced just beneath low-
conductivity zones that were regarded as the low per-
meability sealing layer. Likewise, Nakaboh et  al. (2003) 
discussed the relationship between deflation and steam 
discharge after a phreatic eruption in 1995 at Kuju Vol-
cano. They showed a clear temporal correlation between 
the temporal vapor mass flux and deflation rate, indicat-
ing that the post-eruptive deflation was caused by steam 
discharge from a deflating reservoir. They concluded 
that a large portion of the discharged steam originated 
deeper than the deflation source by comparing the total 
discharge mass with the mass loss calculated from the 
decreased volume. Thus, geophysical data obtained dur-
ing and after eruptive events give us the opportunity to 
derive important insights about hydrothermal systems 
that would be otherwise unobtainable.

Evolving post-eruptive ground deformation has been 
also observed around the eruptive crater region of 
Ontake Volcano in Central Japan following the 2014 
phreatic explosion (Yamaoka et  al. 2016). A manifesta-
tion of the deflation appeared as a decrease in the dis-
tance between the GNSS stations spanning the volcano 

(Fig. 1). Likewise, multi-directional InSAR analysis using 
data from the Advanced Land Observing Satellite-2/
Phased Array type L-band Synthetic Aperture Radar-2 
(ALOS-2/PALSAR-2) indicated evolving deflation on the 
summit region of the volcano. The purpose of this study 
is to clarify the relationship between the ongoing defla-
tion indicated by the InSAR data and the 2014 eruption.

Ontake Volcano eruptive history
Ontake Volcano, Central Japan, is the second highest 
(3067  m above sea level) stratovolcano in the country. 
Historically, four phreatic eruptions (1979, 1991, 2007, 
and 2014) have been identified. All of the eruptions are 
presumably linked to an underlying volcanic hydrother-
mal system beneath the Jigokudani Valley (Fig. 1) that has 
a nest of eruptive vents of recent explosions and persis-
tent (at least 300  years) hydrothermal activity (Oikawa 
2008). The magnitude of the eruptions has been uneven; 
the 1979 and 2014 eruptions were significantly larger 
than the other two events. The total mass of lithic mate-
rial extruded during the 2014 eruption was 0.89–1.2 mil-
lion tons, an amount on the same order of magnitude 
as the 1979 eruption (1.9 million tons) (Takarada et  al. 
2016).

Fig. 1 Map of the study area. The inset is a close view of the summit area and corresponds to the area of interferograms (Figs. 3, 4) and modeling 
(Fig. 5). Most of the hydrothermal activity at the Ontake Volcano occurs around the Jigokudani Valley (indicated with the dashed line). The black 
diamonds indicate GNSS stations deployed around the edifice of the Ontake Volcano. Eruptive vents are also marked
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The 2007 and 2014 eruptions were observed by mod-
ern monitoring networks to detect ground deformation 
and seismicity. Several authors discussed the 2007 erup-
tion using the data of these observation networks (e.g., 
Nakamichi et al. 2009). GNSS data indicated that a mag-
matic dike intruded at a depth of 8–13 km below the sur-
face (Takagi and Onizawa 2016). Seismic data suggested 
that heat supplied from the magmatic intrusion may have 
reached the shallow hydrothermal system at depth of 
1–3  km. The stimulated fluid in the shallow hydrother-
mal system was considered to be the direct cause of the 
unrest events, including the Long-Period (LP) swarms, 
Very Long-Period (VLP) earthquakes (Nakamichi et  al. 
2009) and inflation rooted at a depth of 1 km below the 
surface (Takagi and Onizawa 2016).

Quiescence followed, until eruptive activity started 
on September 27, 2014, with a few precursory phenom-
ena (Kato et  al. 2015). A rapid increase in the number 
of volcano tectonic (VT) earthquakes appeared 2 weeks 
prior to the eruption and reached 100 counts/day. Rapid 
upward migration of VT hypocenters toward the sur-
face started only 10  min before the eruption. Distinct 
tilt change was also observed 7 min prior to the eruption 
at a station 3 km away from the eruption center (Maeda 
et al. 2017). Around the Jigokudani Valley, several vents 
were newly created in close vicinity to the 1979 vents but 
slightly shifted to the southwest.

Studies using data acquired during the 2014 event 
revealed important information regarding the hydrother-
mal systems at different depths (1–6 km). Mineralogical 
analysis suggested that the 2014 eruption was phreatic, 
because no juvenile materials were found (Minami et al. 
2016). Analysis of hydrothermally altered minerals in the 
deposit suggested that the minerals came from a shallow 
depth (~ 1 to 2 km) and had been formed at temperatures 
below 250 °C (Minami et al. 2016). Volcanic gas observa-
tion after the eruption indicated that discharge of mag-
matic fluids continued during at least 2 months after the 
eruption with the  SO2 flux rapidly decreasing from 2500 
to 130 ton/day between September 28, 2014, and Novem-
ber 21, 2014. After this period, the gas composition 
reflected degassing from an underlying volcanic–hydro-
thermal system (Mori et al. 2016).

The geophysical observations also provided signifi-
cant data. The tilt change 7  min prior to the eruption 
was explained as the opening of a vertical crack source 
at 1.1  km depth beneath the Jigokudani Valley, and this 
opening was interpreted as inflation due to rapid boil-
ing of liquid water (Maeda et al. 2017). The rapid upward 
migration of the VT hypocenters that began 10 min prior 
to the eruption at 3  km depth was interpreted as the 
swift ascent of fluid, causing propagation of crack fail-
ures along the flow path (Kato et al. 2015). A subsidence 

source at a depth of 6  km was also identified from lev-
eling surveys spanning 2009–2014 (Murase et al. 2016).

The ongoing localized subsidence around the summit 
region during the post-eruptive period has not previously 
been discussed in the context of the overall the 2014 
eruption processes. This study attempts to clarify the ori-
gin of the subsidence following the eruption and its role 
in the overall eruption process.

InSAR analysis
We applied interferometry to L-band SAR images 
acquired by ALOS-2 over Ontake Volcano between 2014 
and 2017 (Fig.  2). For all the InSAR processing proce-
dures, we used the RINC software package (Ozawa et al. 
2016). The spatial averaging window (multilook) size 
was selected to ensure that the ground spacing of the 
neighboring pixels was about 20 m after rearrangement. 
Topographic corrections were conducted using a 0.4-arc-
sec digital ellipsoidal height model (DEHM) generated 
from a Digital Elevation Model (DEM) provided by the 
Geospatial Information Authority of Japan (GSI). The 
orbital phase ramp was removed by subtraction of the 
phase simulated from the precision orbital information. 
Atmospheric errors, which are caused by variable distri-
butions of water–vapor contents in the troposphere, were 
reduced by subtracting the elevation-correlated com-
ponent. For phase unwrapping, we used the SNAPHU 
algorithm (Chen and Zebker 2002). Finally, the interfero-
grams were geocoded to fit into standard mapping coor-
dinate systems with a pixel spacing of 0.8 arc sec (about 
25  m in longitudinal direction and 30  m in latitudinal 
direction, respectively).

Since we could use the SAR data acquired from four 
independent directions, it is possible to resolve the 3-D 
displacement field. We estimated the three components 

Fig. 2 List of SAR acquisitions. The vertical axis shows the path flame, 
whereas the horizontal axis shows the acquisition date. The dashed 
vertical line shows the time of eruption on September 27, 2014. 
The pairs connected with horizontal black lines were used for 3-D 
decomposition



Page 4 of 12Narita and Murakami  Earth, Planets and Space          (2018) 70:191 

of the displacement at each pixel using four interfero-
grams (Additional file 1: Fig. S1, Table S1). The time span 
of the interferograms acquired during different periods 
was rearranged by temporal interpolation so that they 
represented cumulative deformation during the same 
period, i.e., from early October 2014 to end of July 2015. 
During this period, we assumed the displacement veloc-
ity was constant. Finally, we obtained the 3-D displace-
ment field using an inversion method developed by 
Wright et al. (2004). We carried out least square process 
on a pixel by pixel basis. In this scheme, the observations 
are corresponding phase values of all the 4 independent 
interferograms for the same pixel. The sum of atmos-
pheric noise component and decorrelation component 
was used for the diagonal elements of the covariance 
matrix as suggested in Morishita et  al. (2016), whereas 
non-diagonal components were zero. A coherence value 
computed over a small spatial window around the con-
sidered pixel was used in the variance estimation process.

InSAR results
All of the interferograms showed manifestations of 
positive phase changes around the Jigokudani Valley 
(Fig.  3). A positive phase change corresponds to an 
increase in the distance change in line of sight direc-
tion (dLOS), suggesting subsidence of the ground 
surface. The spatial dimensions of the subsided area 
were about 4  km × 3  km, and dLOS was on the order 
of decimeters. The center of subsidence was near the 
eruptive vents. Although the coherence was degraded 
in some areas, for example, in the Jigokudani Valley 
itself where the topography is rugged, the overall pro-
file of the fringes clearly indicated deflation at a rela-
tively shallow depth. The high frequency of the data 
acquisition enabled us to trace the temporal evolution 
of the deflation (Fig.  3). The deflation began the day 
after the eruption and continues as of July 2017. The 
largest dLOS velocity values in coherent areas were 
21  cm/year for path 126 and 12  cm/year for path 20, 
respectively. The temporal profile of the dLOS for the 

- 2015/7/27 d Path 27: 
Erup�on 

-2017/5/28a Path 126: 2014/10/3-2017/7/21

e Path 121: 2014/10/62014/9/28-2015/7/19 

c Path 20: 2014/10/5b Path 19: 2014/9/30-2016/9/13 

f

-12 cm +12 cm0 
2km

AwayToward

Fig. 3 Results of SAR interferometry for the area in Fig. 1 inset. a–e are interferograms depicting the stacked dLOS. The path and period for the 
stacking are shown at the top of each interferogram. f Time series of the dLOS at fixed pixels as indicated with black circles in (a–c). Positive dLOS 
values correspond to increases in the slant range between the satellite antenna and the ground target. Arrows represent the flight and viewing 
direction of the ALOS-2. Black dots are eruptive vents for the 2014 eruption
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both paths seemed to be on an exponentially decaying 
curve.

The 3-D representation of the deformation field 
derived from decomposition of the displacement field 
provides a more intuitive representation of the nature 
of ground deformation. Figure  4 shows the 3-D dis-
placement field between October 2014 and July 2015. 
The UD and EW component results showed higher 
signal-to-noise ratios (Fig. 4a, c, d, f ). The NS compo-
nent results were significantly degraded (Fig. 4b, e), as 
expected due to the near polar orbit of ALOS-2 satel-
lite. Thus, we mostly rely on the EW and UD compo-
nents in the following discussions. The EW and UD 
displacement fields resemble the typical displacement 
pattern of a shallow point deflation source. A typical 
pattern of a point source deflation was recognizable 
even in the NS component around the central region 
(Fig.  4), where the signal-to-noise ratio was relatively 
good. The spatial dimensions of the deformed region 
were about 3  km for the UD component and about 
4  km for the EW component, respectively. The larg-
est displacement in 10  months was found for the UD 
component, with a subsidence value as large as 35 cm, 
whereas the maximum value in the EW component 
was 22 cm.

Modeling
To unveil the geometrical structure of the deflation 
source, we modeled the deformation using both analyti-
cal and numerical methods. We began with the analytical 
modeling of an elastic half-space medium and then built 
the numerical model, taking into consideration the steep 
topography of the Ontake Volcano to get a more realistic 
assessment.

As a first step, we used analytical formulations for a 
Mogi source (Mogi 1958) and a sill-like horizontal crack 
source (Okada 1992) in an elastic half-space medium. 
Horizontal crack models are often used to model ground 
deformation at shallow volcanic hydrothermal system 
(e.g., Hamling et  al. 2016; Doke et  al. 2018; Kobayashi 
2018; Kobayashi et al. 2018). Using the EW and UD com-
ponents, we estimated the horizontal position, depth, and 
source volume changes by inversion to minimize the sum 
of the normalized squared residuals. The best-fit solu-
tion for the spherical one was a point deflation source at 
390  m depth below the eruptive craters (Table  1; Addi-
tional file  1: Fig. S2, Table  S2). The estimated deflation 
volume was 2.9 × 105  m3 for a 10-month period (Table 1). 
The residual of the best-fit solution for the crack source 
was larger than that for the Mogi source, and a relatively 
large opening was estimated for a small horizontal size 
crack, both suggesting smaller likelihood of the existence 
of the source of this kind for this case.

Fig. 4 Results of 3-D decomposition from October 2014 to July 2015 for the area in Fig. 1 inset. a–c Displacement distributions in the EW, NS, 
and UD component, respectively, d–f distributions of the standard deviation for each component. The positive values in (a–c) correspond to the 
eastward, northward, and upward displacements, respectively. Relatively large westward (a) and southward (b) motion in the area surrounded by 
the dashed line may be due to unwrapping error or layover. g is displacement profile of NS and UD components along A–A′. h Displacement profile 
of EW and UD components along B–B′
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To improve the fit, we then built a finite element 
model (FEM). We employed the Salome-Meca software 
package (https ://www.code-aster .org) to (1) take topo-
graphic effects into account and (2) to allow flexibility 
for the source shape. For the topographic data, we used a 
0.4-arc-sec DEM generated by GSI. We set the resolution 
as 20 m in the 4 km × 4 km region around the Jigokudani 
Valley and 2 km in the outer margin region. The size of 
the entire model was 26 km × 26 km × 8 km. We placed 
a spheroidal source with horizontal position fixed to the 
best-fit position of the Mogi source. The spatial pattern 
of the deformation appeared axisymmetric. For simplic-
ity, we assumed that one of the axes of the spheroidal 
source was parallel to the vertical axis (i.e., a non-dipping 
ellipsoid) and that the spheroid was axisymmetric around 

the vertical axis. The major axis of the spheroid was fixed 
as 200 m. Using grid search, we solved for source depth, 
which was defined as depth of the center of the spheroid, 
volume change, and aspect ratio of the spheroidal source 
as free model parameters. Search range was 300–800 m 
below surface for source depth and was 0.4–1.0 for source 
aspect ratio, respectively. The search interval was 100 m 
for the depth and was 0.1 for the aspect ratio, respec-
tively. The FEM results (Fig. 5) showed that the preferred 
source shape was almost spherical (aspect ratio: 0.9) at 
a depth of 500 m below the surface (Fig. 5e). The defla-
tion volume between October 2014 and July 2015 was 
3.5 × 105  m3, and the cumulative volume change through 
2017 was 7 × 105  m3 assuming the same temporal profile 
as that of dLOS change in path 126 (Fig. 3f ). Our mod-
eled source was emplaced at a shallower depth than 
any deformation and seismic sources reported by other 
authors (Fig.  6) such as the tilt source at 1100  m depth 
prior to the 2014 eruption (Maeda et al. 2017), the infla-
tion source at 900 m and 3 km depth between 2005 and 
2007 (Takagi and Onizawa 2016), the subsidence source 
at 6 km depth revealed by leveling after the 2014 eruption 
(Murase et al. 2016) and the VT hypocenters, distributed 
around 3 km depth (Kato et al. 2015).  

We tested our best-fit FEM source using another inde-
pendent data set. The Japanese Metrological Agency 

Table 1 Modeling results

a Residual is defined as 

√

1

n

n
∑

i=1

(

Oi−Ci
Ei

)2

 where Oi, Ci, and Ei are the observed 

values, calculated values, and observed error values (Fig. 4d–f ) at the ith pixel 
and n is the total number of pixels, respectively

Crack Mogi FEM

Depth (m) 690 390 500

Deflation volume  (m3) 3.6 × 105 2.9 × 105 3.5 × 105

Residuala 1.80 1.39 0.84
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Fig. 5 Results of FEM modeling for the area in Fig. 1 inset. a, b Observations of the EW and UD component are the same as those presented in 
Fig. 4a, c, respectively. c, d Synthesized distributions for the corresponding components based on the best-fit model. e Residual distribution for 
combinations of the free parameters, that is, the aspect ratio of the spheroidal source (abscissa: ratio of the minor axis to the major axis with typical 
shape schematics) and the depth (ordinate). In the left half of the chart, the aspect ratio is represented as a ratio of the horizontal axis to the vertical 
axis and the shape is characterized as prolate (vertically elongated), whereas in the right half of the chart, the ratio is for the horizontal axis to the 
vertical axis and the shape is oblate. The residuals are colored in grayscale. A red star indicates the best-fit combination of the parameters

https://www.code-aster.org
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(JMA) reported baseline changes between GNSS sta-
tions deployed around the Ontake Volcano (Fig.  1). 
They showed that distance changes appeared only in 
the baseline between the Tanohara and Ochiai Kara-
tani (TO) stations spanning the Ontake Volcano. The 
TO baseline length contracted by about 2.0  cm during 
the period between the end of September 2014 and the 
end of July 2015 (Fig. 7), for which we conducted the FE 
modeling. There were no significant changes in the other 
baselines (Fig. 7). We computed the distance change for 
the TO baseline using the best-fit FE model and found 
that the expected decrease was 0.7 cm for the modeling 
period, smaller than the observed 2 cm by 1.3  cm. This 

inconsistency implies that another source besides the 
shallow deflation source found by InSAR could have con-
tributed to the TO baseline contraction, although the 
possibility of inadequacies in the elastic model remains. 
Candidates for such a source could be, for example, an 
inflation source emplaced at 1  km depth between 2005 
and 2007 or an inflation source emplaced at 3 km depth 
during the 2007 eruption (Fig.  6). To evaluate whether 
such sources can mitigate the inconsistency, we made 
simple calculations. First, we fixed horizontal position 
and depth of the sources estimated in Takagi and Oni-
zawa (2016) and calculated deflation volume induc-
ing 1.3-cm contraction in the TO baseline. Then, we 

Opening Crack

Opening crack 
corresponding to eruptive vent 
(Yamada et al. 2015)

Fig. 6 Source locations. Red star, blue circles, and black circle correspond to deflation source estimated by this study, inflation sources for the 2007 
eruption (Takagi and Onizawa 2016), and tilt change source 7 min prior to the 2014 eruption (Maeda et al. 2017), respectively. Gray zone is the 
hypocenters zone in the 2014 eruption (Kato et al. 2015). Dotted line (in upper figure) and dotted rectangle are opening crack in the 2014 eruption 
(Yamada et al. 2015)
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calculated consequent subsidence. A source at 1  km 
depth should have produced an additional 10-cm sub-
sidence over the Jigokudani Valley, inconsistent with a 
residual image of UD component (Fig. 8), and this pos-
sibility can be ruled out. A source at 3 km depth would 
have produced an additional subsidence of only 1.8  cm 
(Fig. 8). Since this amount of subsidence could be masked 
by the noise in the InSAR images, we cannot rule out the 
possibility of the existence. Thus, the possibility remains 
that the deeper source proposed by Takagi and Onizawa 
(2016) may also have been depressurizing after the 2014 
eruption. If this is the case, the situation would be simi-
lar to the 2012 phreatic eruptions at Tongariro Volcano 
in New Zealand, where a shallower subsidence source 
detected from InSAR data and a deeper source detected 
by GNSS data were emplaced at 500  m and 2.5  km 
depths, respectively (Hamling et al. 2016).

Discussion
In this section, we discuss behavior of the deflation 
source, which may be a depressurizing hydrothermal res-
ervoir beneath Jigokudani Valley, by dividing the entire 
period into three sub-periods, the pre-, syn-, and post-
eruptive periods.

Pre‑eruptive period (2002–2014)
Here, we discuss when the shallow reservoir developed. 
Our modeling suggests that a shallow reservoir with a 
volume of at least 7 × 105  m3 existed before the 2014 
eruption. During the development of a reservoir of this 
size, there should be pressurization-induced inflation due 
to fluid accumulation. The reservoir might have formed 
either slowly over a relatively long time period or might 
have formed instantaneously in association with certain 
episodic events. We can suggest four candidates for the 
inflation period. The first candidate is a small inflation 
event 1  month prior to the 2014 eruption (Takagi and 
Onizawa 2016). The second one is syn-eruptive defor-
mation during the 2007 eruption. The third one is slow 
extensional change from 2002 to 2007. The final one is 
unknown deformation before 2002 when there are no 
GNSS data for the TO baseline. The first candidate is an 
inflation event small enough that it can only be detected 
by stacking several GNSS baselines data around Ontake 
Volcano (Miyaoka and Takagi 2016). The absence of 
extensional change of 1.5 cm in the TO baseline, which 
is the simulated value from the deflation source model, 
rules out this possibility (Fig.  7). The second candidate 
has already been modeled as a spherical inflation source 
at 3 km depth below Jigokudani Valley (Takagi and Oni-
zawa 2016) and can also be ruled out. From 2002 to 2007 

2007 erup�on 2014 erup�on

Ochiai-Outaki baseline

cm 

Kaida-Outaki baseline

Tanohara-Ochiai baseline
Model Predic�on

Extension (cm)

Fig. 7 Time series of the GNSS baselines whose locations are shown in Fig. 1. The original plots were made by the Japan Meteorological Agency. 
Blue dashed line is the baseline length change predicted by the shallow deflation source model, whereas the red dashed line on the left indicates 
the expansion trend during 2002–2007. A rapid extensional change of 2 cm at the time of the 2007 eruption was interpreted as inflation of a source 
at 3 km depth by Takagi and Onizawa (2016)
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(third candidate), although there were relatively large 
seasonal fluctuations, we can recognize a slight baseline 
extension of about 1  cm. Finally, the fourth possibility 
cannot be discarded owing to lack of data before 2002. 
Thus, the shallow reservoir may have formed before 2002 
or between 2002 and 2007 and remained stable until the 
2014 eruption.

Syn‑eruptive period (08/18/2014–09/29/2014)
Here, we discuss whether the deflated reservoir was the 
main source of water and energy for the phreatic erup-
tion on September 27, 2014. Since the deflation began 
after the eruption, it is natural to suspect that the shallow 
reservoir was a major source of water and energy. How-
ever, this is not the case as suggested below.

First, there was no significant syn-eruptive deflation 
despite violent fluid discharge such that the eruption 
plume height reached 10.8  km a.s.l. (Sato et  al. 2015). 
InSAR pair spanning the eruption period (8/18/2014–
09/29/2014) showed no net deflation, only a small defor-
mation that was interpreted as opening of a dike-like 
vertical crack corresponding to vent formation (Yamada 

et al. 2015). If most of the discharged water on the first 
day of the eruption had been provided from the shallow 
reservoir, syn-eruptive deflation should have manifested 
in the InSAR data. Unlike the 2014 eruption at Ontake 
Volcano, phreatic eruptions in 1995 at Kuju Volcano and 
in 2012 at Tongariro Volcano showed syn-eruptive defla-
tion (Nakaboh et  al. 2003; Hamling et  al. 2016), which 
may reflect the rapid depressurization due to fluid dis-
charge. However, the main water source of the 2014 
eruption at Ontake Volcano was not the shallow deflated 
reservoir.

Another consideration is the spatial relationship 
among the deformation sources, including the crack-like 
eruptive vent and source of the tilt change immediately 
before the eruption. This crack-like vent reaches 1  km 
depth below the Jigokudani Valley (Fig. 6), and this depth 
is consistent with the source depth of the tilt change, 
which may have arisen from crack opening due to rapid 
boiling of liquid water and its subsequent rising to the 
surface (Maeda et  al. 2017). Water and energy for the 
eruption appeared to be rooted below the shallow res-
ervoir. The shallow reservoir began to depressurize after 

UD

EW

Residual
Deflation source 
at 1 km depth

Deflation source 
at 3 km depth

East / upwest / down cm 

a b c 

f e d 

2 km 
Fig. 8 Comparison between residuals for the best-fit FE model and the simulated deformations presumably caused by the sources proposed in 
Takagi and Onizawa (2016). a, d Residual images obtained by subtraction of the optimal FE model predictions (Fig. 5) from decomposed EW and 
UD component during the period between the end of September 2014 and the end of July 2015 (Fig. 4). Residuals remain in the close vicinity of 
the deflation center, where deformation might be complicated. For example, fractured and soft medium near the eruptive vents could amplify 
the deformation magnitude locally, or complex geometry of the deformation source, that is, not spheroidal source, could contribute to the locally 
amplified deformation. b, e Simulated deformations caused by the deflation source at 1 km depth. c, f Simulated deformations caused by the 
source at 3 km depth
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the eruption and was heated by hot fluid ascending from 
greater depth. The shallow source may not have been 
involved in the eruption.

These inferences are also consistent with volcanic gas 
observations. The  SO2 flux observed on September 28, 
2014, was 2500 ton/day, and this amount is too large 
to be explained by supply from a shallow and isolated 
hydrothermal reservoir (Mori et al. 2016). It is more rea-
sonable to infer that the discharged fluid at the beginning 
of the eruption came from a deeper, magmatic region as 
inferred by Mori et al. (2016).

Post‑eruptive period (09/30/2014–07/21/2017)
Post-eruptive deflation began after the 2014 eruption, 
and plume discharge has also continued (Yamaoka et al. 
2016). Deflation caused by fluid discharge is typical at 
volcanoes and geothermal fields (e.g., Lu et al. 2002; Nak-
aboh et al. 2003; Hamling et al. 2016; Barbour et al. 2016; 
Juncu et al. 2017).

Since there are estimates of discharge mass (e.g., Terada 
2014) as well as deflated volume, we can check simple 
mass balance between the discharge plume and mass loss 
corresponding to the deflated volume. Discharge mass 
flux was previously estimated only for 2 months after the 
2014 eruption using images of discharge plume (Table 2). 
Cumulative mass of the plume (Qout) during that period 
was 4 × 109 kg given by linear interpolation of the mass 
flux. Deflation volume for the same period (dV) is about 
8.8 × 104  m3 based on linear interpolation from the defla-
tion volume of 3.5 × 105  m3 between October 2014 and 
July 2015. If we assume that discharged water is incom-
pressible and its density (ρ) is 1000  kg/m3, mass loss 
(dm = ρdV) can be calculated as 8.8 × 107 kg. Ratio of 
the dm/Qout was at most 2.2 × 10−2, which implies that 
the shallow reservoir could not supply all the discharged 
water. If this is true, another water source needs to be 
considered, possibly from a greater depth. This result is 
very similar to the case of the 1995 eruption at Kuju Vol-
cano, where dm/Qout is 5.6 × 10−2 (Nakaboh et al. 2003).

However, the depressurizing hydrothermal reservoir 
is likely in a two-phase liquid–vapor state. Two-phase 
water can be no longer approximated as incompressible 

fluid but rather is extremely compressible (Grant and 
Sorey 1979). Furthermore, Segall (2010) points out that 
fluid compressibility is a key parameter in calculating 
mass change corresponding to volume changes estimated 
by geodetic modeling. More realistic estimation of the 
mass balance needs to take the two-phase water com-
pressibility into account.

Conclusion
ALOS-2 InSAR data map deflation following the phreatic 
eruption in 2014 at Ontake Volcano. The deflation source 
appears to be a shallow depressurizing hydrothermal res-
ervoir. This reservoir might not be the main source of 
water and energy for the phreatic eruption that caused 
violent ejections of rock. GNSS data for pre-eruptive 
period suggest that the reservoir may have been devel-
oped between 2002 and 2007 or even before 2002. The 
quantitative relationship between ongoing post-eruptive 
deflation and plume discharge remains unclear due to the 
complexity of pressure transmission in an evolving two-
phase system.
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Table 2 Plume mass flux data

All estimates are based on plume rise method (Kagiyama 1978)

Date Mass flux (kg/day) Data source
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10/07/2014 5.5 × 107 Terada (2014)

10/10/2014 6.0 × 107 Terada, personal communication
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11/21/2014 7.2 × 107 Hashimoto and Tanaka, personal communication

11/22/2014 5.1 × 107 Hashimoto and Tanaka, personal communication
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