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Abstract The relation between unrest and eruption at cal-
deras is still poorly understood. Aso caldera, Japan, shows
minor episodic phreatomagmatic eruptions associated with
steady subsidence. We analyse the deformation of Aso using
SAR images from 1993 to 2011 and compare it with the erup-
tive activity. Although the dataset suffers from limitations (e.g.
atmospheric effects, coherence loss, low signal-to-noise ratio),
we observe a steady subsidence signal from 1996 to 1998,
which suggests an overall contraction of a magmatic source
below the caldera centre, from 4 to 5 km depth. We propose
that the observed contraction may have been induced by the
release of the magmatic fluids feeding the eruptions. If con-
firmed by further data, this hypothesis suggests that degassing
processes play a crucial role in triggering minor eruptions
within open conduit calderas, such as at Aso. Our study

underlines the importance of defining any eruptive potential
also from deflating magmatic systems with open conduit.
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Introduction

Calderas are the surface expression of long-lived and complex
magmatic systems, often associated with shallower hydrothermal
systems. All monitored calderas have experienced unrest, defined
as a deviation from the quiescent state of a volcano and expressed
as variations in the geodetic, seismic and degassing monitoring
parameters, which may culminate in an eruption. Some felsic
calderas have experienced continuous unrest for decades or cen-
turies, exhibiting restless behaviour (e.g. Newhall and Dzurisin
1988). Understanding the relation between unrest and eruption at
active calderas is crucial for forecasting volcanic activity and
evaluating the related hazard. This relation is still poorly under-
stood, however, because monitoring data acquired during unrest
do not necessarily provide unequivocal information on the state of
the shallowmagmatic system. For example, pre-eruptive unrest at
calderas is usually characterized by uplift (e.g. Newhall and
Dzurisin 1988; Acocella et al. 2015), but there are cases where
repeated eruptions have been preceded by subsidence, such as at
Aso caldera, Japan (Figs. 1 and 2b). Aso has experienced repeated
minor eruptions in an overall context of subsidence, which has
lasted for several decades (Sudo et al. 2006). This unexpected
behaviour highlights a worrisome shortfall in correctly under-
standing the unrest signals (in this case the surface deformation),
which possibly precede eruptions and which could potentially
allow assessment of volcanic hazard.

To better define the features of these recent eruptions, as well
as to understand the processes involved, we use synthetic aperture
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radar (SAR) images from 1993 to 2011 (Fig. 2a) to produce
interferograms to evaluate ground displacements. The time span
includes most of the recent eruptions (Table 1). This approach
allows us to constrain the occurrence of these repeated eruptions
in the framework of the longer-term subsidence, as well as the
possible cause(s) of subsidence.

Geologic setting

Aso lies along the western continuation of the Median Tectonic
Line (MTL) in central Kyushu Island (Fig. 1). The MTL accom-
modates part of the dextral component of the relative convergence
between the Philippine Sea plate and the Eurasian plate (Aoki and
Scholz 2003); in central Kyushu, the MTL carries an extensional
component, forming the N-S Beppu-Shimabara graben (Kamata
and Kodama 1999; Takayama and Yoshida 2007) that hosts the
caldera. Aso caldera is 18 by 25 km wide and N-S elongated. It
was formed by four major explosive eruptions between 270 and
90 ka with a total volume of >200 km3. The post-caldera activity
consists of at least 17 basaltic to rhyolitic cones and domes
emplaced in the central caldera. Nakadake is the only current
active vent, erupting basalts to andesites (Miyabuchi and
Sugiyama 2011; Miyoshi et al. 2012). We summarized the recent
unrest and eruptive events at Nakadake in Table 1. Nakadake had

phreatomagmatic eruptions from 1989 to 1991, followed by mud
eruptions in 1992, 1994 and 1995, all with Volcanic Explosivity
Index (VEI) = 2. From 1995 to 2008, a crater lake formed and the
temperature increased from 28 to 82 °C. Episodic
phreatomagmatic activity and ash fall took place at the
Nakadake crater lake from 2003 to 2005 in response to newly
ascending magma (Ikebe et al. 2008; Miyabuchi et al. 2008;
Siebert et al. 2010). Longer-term levelling surveys of the caldera
from 1937 to 2004 show an overall subsidence of ∼7 cm centred
at Kusasenri (3 km west of Nakadake; Fig. 1), interrupted by an
uplift of 4 cm during 1950s. Then, from 1993 to 2004, the surface
of the caldera contracted, with a subsidence of 1.5 cm (Sudo et al.
2006). GPS data highlight a brief phase of extension in 2003,
likely associated with minor uplift (Fig. 2b; Ohkura and Oikawa
2008; Geospatial Information Authority of Japan 2011; Unglert
et al. 2011). This, together with gas measurements and low fre-
quency seismic swarms focused in a deep low velocity layer,
suggests that a small volume of magma intruded as a sill at
∼15 km depth and triggered the 2003–2005 phreatomagmatic
activity, characterized by 8–9% of juvenile material (Miyabuchi
et al. 2008; Abe et al. 2010; Unglert et al. 2011). A deeper low-
velocity layer, containing atmost 15%melt or 30% aqueous fluid,
has been detected between 10 and 24 kmbeneath thewestern part
of the caldera (Abe et al. 2010). Tomographic data highlight a
low-velocity zone, possibly a shallow magma reservoir, at 5–

Fig. 1 a SW Japan, Kyushu
Island and Aso Caldera (red
diamond).M.T.L. Median
Tectonic Line, PHS Philippine
Sea plate, EU Eurasian plate. b
Aso Caldera SRTM Digital
Elevation Model. Pink
circle = Nakadake crater, violet
circle = Kusasenri crater.
Triangles are GPS stations
(Geospatial Information
Authority 2011) and levelling
benchmarks (Sudo et al. 2006).
Orange ellipse locates deforma-
tion source for 1997–2004 of
Sudo et al. (2006). Yellow star is
USGS location for theMw 7.1, 16
April 2016 Kumamoto
earthquake
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6 km depth belowKusasenri (Fig. 1; Sudo and Kong 2001; Sudo
et al. 2006). The caldera continued to subside until 2011. More

recently, Strombolian activity started at Aso on 25 November
2014 and continued with intermittent activity until the end of

Table 1 Recent unrest and
eruptive events at Nakadake
crater (Japan Meteorological
Agency 2013; Global Volcanism
Program 2016)

Start date End date VEI Type Eruptive vent

1989 Apr 5 1991 Feb 9 2 Phreatomagmatic eruptions Nakadake

1992 Apr 23 1993 Jun (?) 2 Mud eruptions Nakadake

1994 May 2 1995 Nov (?) 2 Mud eruptions Nakadake

1997 2002 Hot crater lake Nakadake

2003 Jul 10 2003 Jul 14 1 Ash fall Nakadake

2004 Jan 14 2004 Jan 14 1 Ash fall Nakadake

2005 Apr 14 2005 Aug (?) 1 Phreatomagmatic eruptions Nakadake

2008 Feb 17 2008 Feb 17 1 Phreatomagmatic eruption Nakadake

2009 Feb 4 2009 Feb 4 1 Tephra fall Nakadake

2009 Nov 2 2010 Jul Seismic swarm

2011 May 15 2011 Jun 9 1 Tephra fall Nakadake

2014 Jan 13 2014 Feb 19 1 Phreatomagmatic eruption Nakadake

2014 Aug 30 2015 May 1 2 Strombolian eruption Nakadake

2015 Sep 3 2015 Oct 23 2 Phreatomagmatic eruption Nakadake

2016 Mar 4 2016 Apr 16 1 Ash falls Nakadake

Fig. 2 a Spatial and temporal
distribution of SAR images for
Aso acquired between 1993–
2012 and used in this study.
Triangles are the image
acquisitions, in blue are the ERS
1–2 images (Track 475; by
Supersite project – Unavco), in
green are the ENVISAT images
(track 475; ESA CAT 1; Acocella
responsible) and descending
(track 73) and ascending (track
423) ALOS images are
respectively inmagenta and violet
(PIXEL—PALSAR
Interferometry Consortium to
Study our Evolving Land
surface). Rectangles highlight
periods with interferograms (solid
lines) used to evaluate mean
deformation rate maps. b GPS
relative baseline time series (April
1997–December 2012) between
three stations installed inside Aso
caldera (Geospatial Information
Authority—http://www.gsi.go.
jp). For both images, red areas are
eruptive periods associated with
both phreatic or phreatomagmatic
activity of Nakadake (Table 1).
Blue, green and violet areas are
periods covered by ERS, Envisat
and ALOS SAR images

Bull Volcanol (2017) 79: 32 Page 3 of 12 32

http://www.gsi.go.jp
http://www.gsi.go.jp


May 2015 (Global Volcanism Program 2015; Japan
Meteorological Agency 2015). The eruption was preceded by
increased SO2 emission of up to 3000 t/day and increased mag-
nitude of volcanic tremors. The total volume of ejecta (almost
completely juvenile) is ∼0.8 × 10−3 km3 Dense Rock
Equivalent (DRE; Yasuo Miyabuchi, personal communication).
No clear ground deformation associated with the eruption has
been observed.

On 15 April 2016, an earthquake swarm, with maximum
Mw = 7.1, hit Kumamoto city, resulting from transtensive
dextral faulting at shallow depth (10 km—Lin et al. 2016;
Ozawa et al. 2016); surface ruptures reached inside the caldera
where a small ash puff originated at Nakadake crater (Japan
Meteorological Agency 2016; Global Volcanism Program
2016; Miyakawa et al. 2016).

Methodology

InSAR processing

We processed 97 SAR images from October 1993 to April
2011 (Fig. 2a); these include 34 images from the European
Remote Sensing (ERS) 1–2 satellites (October 1993–
November 2002), 20 images from the Environmental
Satellite (ENVISAT—February 2003–March 2006) and 43
images from the Advanced Land Observing Satellite
(ALOS—January 2007–April 2011). For each satellite, we
selected image pairs to form >220 interferograms with

perpendicular baselines <500 m (1000 m for ALOS) and a
time span between acquisitions of <3 year. Data have been
processed using the Repeat Orbit Interferometry Package
(ROI_PAC—Rosen et al. 2004). The topographic phase is
removed using the 3-arc-second Shuttle Radar Topography
Mission Digital Elevation Model (SRTM DEM—Farr et al.
2007). Interferograms were unwrapped using a branch-cut
algorithm (Goldstein et al. 1988). Because of the partly steep
topography, vegetation and, at times, snow coverage, shorter
wavelength (C-band ∼6 cm) ERS and ENVISAT interfero-
grams with spatial baseline >200 m were incoherent, in con-
trast to the longer wavelength (L-band ∼24 cm) ALOS inter-
ferograms. In addition, most of the interferograms had a low
signal-to-noise ratio and weak displacement signal.

Analysing single interferograms, we were able to identify a
consistent and homogeneous subsidence signal (<1 cm/year)
in the central part of the caldera. To increase the signal-to-
noise ratio and reduce the non-deformation phase contribu-
tion, we post-processed unwrapped interferograms, in periods
covered by several images (Fig. 2a), with Poly-Interferogram
Rate And Time-series Estimator (Pi-RATE) software to pro-
duce mean deformation rate maps (Wang et al. 2009, 2012).
This software uses redundant interferograms to highlight and
discard pixels affected by unwrapping errors with the phase
closure technique (Biggs et al. 2007). With the minimum
spanning tree algorithm (Kruskal 1956), Pi-RATE selects the
non-redundant observations according to the unwrapped frac-
tion of the interferograms. Pi-RATE uses all the coherent
pixels in the non-redundant interferograms, and when

Fig. 3 a, b, c The InSARmean deformation rate maps evaluated with Pi-
RATE software for ERS, ENVISAT and ALOS data respectively. Blue
triangles are GPS stations (Geospatial Information Authority of Japan

2011) and magenta triangles are levelling benchmarks (Sudo et al.
2006). Pink circle is the Nakadake crater. The rectangle in a corresponds
to the area modelled (Fig. 4)
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possible, it recovers the non-coherent pixels from the corre-
sponding data in the redundant interferograms. It estimates
residual orbital phase ramps using quadratic polynomial
models and stratified tropospheric phase contributions using
a linear function of the DEM based on a network approach
(Biggs et al. 2007; Elliott et al. 2008) for each interferogram. It
then estimates a temporal-spatial filter using a raw deformation
time series, assuming that the signal is temporally random and
spatially correlated (Ferretti et al. 2001). Finally, it stacks non-
redundant and corrected pixels to evaluate the mean rate defor-
mation map. Pi-Rate software evaluates also the measurements
error for the deformation rate. This is themathematical evaluation
of the error on the phase difference measurements. It does not
account for the non-deformation phase contribution that it is not
removed during the interferograms post-processing and can lo-
cally reach high values (few cm/year depending on the sensor).

We produced three mean rate deformation maps (Fig. 3)
using interferograms from different sensors: 8 ERS interfero-
grams (3 redundant) cover the January 1996–November 1998
period (Table 2); 11 Envisat interferograms (4 redundant),
with minor unwrapping errors, form a chain from February
2003 to March 2006 (Table 2). Although ALOS interfero-
grams were coherent, we observed a strong correlation be-
tween atmospheric phase contribution and topography so we
used only 13 interferograms (4 redundant) between October
2008 and April 2011 (Table 2) with a small baseline (<650 m),
to minimize the topographic effect.

Analytical model inversion

The ERS displacement rate map shows a higher signal-to-
noise ratio and a clearer deformation pattern within the caldera
compared to the Envisat and ALOS data. Therefore, we
inverted the deformation rate map and tested three different
deformation sources, including a deflating point source (Mogi
1958); a sill-like source modelled as a horizontal plane closure
(Okada 1985) and a deflating ellipsoid (Yang et al. 1988)
buried in an homogeneous, elastic half-space with flat topog-
raphy and a Poisson’s ratio = 0.25. Before the inversion, the
number of data points was subsampled using a quadtree algo-
rithm (Jónsson et al. 2002), reducing the data points from
>33,500 to 2520. To obtain the best-fit model, we used a
non-linear inversion consisting of a simulated annealing
(SA) optimization technique (Cervelli et al. 2001) that mini-
mizes residuals. Uncertainties about parameters for this best-
fit model were calculated using a Monte-Carlo simulation in
which correlated noise was added to the data to obtain 250
noisy samples of the observations; these 250 noisy models
were then inverted again using the SA technique, obtaining
250 new sets of model parameters used to estimate the confi-
dence interval (Figs. SM1 to SM3; Wright et al. 2003).

Since our dataset shows a low signal-to-noise ratio,
when the Monte Carlo synthetic noise is added to the

signal to evaluate the confidence interval for the model
parameters, the observed displacement may change in both
position and amplitude. When the signal plus the noise are
inverted using the SA technique, the evaluated parameters
are different from the best model obtained inverting only
the signal. This can result in a larger confidence interval
and non-Gaussian distribution of the histograms for some
parameters of the inversions.

Table 2 Interferograms used to create mean deformation rate maps

Pairs Spatial BL (m) Temp BL (year)

ERS track 475

19960113_19960114 −121 0.00

19960113_19970518 −22 1.35

19960113_19981025 17 2.78

19960113_19981129 −55 2.88

19960114_19970518 99 1.34

19960114_19981025 137 2.78

19960114_19981129 66 2.87

19960601_19971214 33 1.54

Envisat track 475

20030216_20041003 −10 1.63

20030216_20041107 −57 1.73

20041003_20041107 −46 0.09

20041107_20041212 −40 0.10

20041107_20050116 −120 0.19

20041212_20050116 −80 0.09

20041212_20050605 −203 0.48

20041212_20051127 74 0.96

20050116_20050605 −124 0.39

20050116_20051127 153 0.86

20051127_20060312 50 0.29

ALOS track 73

20081012_20081127 156 0.12

20081012_20090112 485 0.25

20081127_20090112 329 0.13

20090112_20090414 696 0.26

20090414_20090530 688 0.13

20090414_20091015 650 0.50

20090530_20091015 −38 0.38

20091015_20091130 293 0.12

20091015_20100115 777 0.25

20091130_20100115 485 0.13

20100115_20100302 382 0.13

20100115_20100417 829 0.26

20100302_20100417 447 0.12

BL baseline
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Fig. 4 a ERS mean deformation
velocity map for the January
1996–November 1998 period
evaluated with the Pi-RATE soft-
ware. bMogi deformation model.
c Sill deformation model. d ellip-
soid deformation model.
Projections of the sources are in
white in b, c, and d. e, f, g The
related residuals for the models.
In the upper right corner, the ob-
served and modelled E-W and N-
S profiles for ground deformation
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Results

InSAR and Modelling

Continuous subsidence of the central caldera between January
1996 and November 1998 is highlighted by ERS data
(Fig. 4a). The displacement rate map shows pronounced E-
W elongated subsidence with a maximum displacement of
9 mm/year in the satellite line of sight (LOS) within the cal-
dera, centred slightly (1.5 km) to the north of the post-caldera
vents. We used analytical models to evaluate the source pa-
rameters for this subsidence (Fig. 4). Model parameters, in-
cluding the depth (in km), the volumetric variation (in
10−3 km3/year), the opening (cm/year) or pressure variation

(in MPa) and the data variance for each source are reported in
Table 3.

TheMogi source is the shallowest that we obtained (4.1 km
deep) and lies slightly NE of Nakadake (Fig. 4b). The sill-like
source is the deepest (5.2 km deep) and is E-W elongated
(Fig. 4c). Looking at the profile of the deformation (Fig. 4),
the sill-like source seems a better fit to the E-W elongated
pattern of the subsidence. The volume change of the sill
source is very similar to that of the Mogi source
(∼0.6 × 10−3 km3); however, the observedmaximum displace-
ment rate is lower (∼1 mm/year). The ellipsoid source lies
roughly below Nakadake (Fig. 4d) and its depth (4.7 km) is
between the two other sources, the volumetric variation being
the smallest (∼0.3 × 10−3 km3). The root mean square (RMS)
of the residual between observation and model is similar for
the three sources (1.4 mm/year). Residuals between the ob-
served subsidence and the models are generally very small
(Fig. 4d–f) with the exception of the upper right corner of
the rate map (Fig. 4a), which has a higher residual. We report
model parameter uncertainties with the histograms for the dis-
tribution and the correlation graph in Figures SM1 (Mogi
source), SM2 (sill) and SM3 (ellipsoid).

Sources with different geometries may show similar defor-
mation patterns (e.g. Dieterich and Decker 1975), especially
using a single LOS displacement rate map. For this reason, it
is difficult to choose a most-reliable model. RMS residuals for
the three sources are also similar and thus not useful for dis-
criminating. If we consider other available geophysical data,
the three evaluated sources are located in an aseismic area
(Fig. 5) roughly below Nakadake; in particular, they lie in a
zone interpreted as a high temperature body, without seismic
reflectors (Tsutsui and Sudo 2004).

The deformation rate map for ENVISAT data (February
2003–March 2006) shows weak subsidence (<5 mm) in the
central caldera and an uplift area in the ESE, near the
960704 GPS station (Fig. 3b). However, this deformation
has not been inverted because the signal was too weak.
Similarly, the noisy deformation rate map for the ALOS data
(October 2008–April 2010; Fig. 3c) has not been inverted.
ALOS interferograms are coherent due to the longer wave-
length; they are less sensitive to small ground deformations
and contain a major contribution of atmospheric delay.

Table 3 Source parameters
obtained by the inversion of
levelling data (Sudo et al. 2006)
and InSAR data

Lat. Lon. Depth
(km)

ΔV
(10−3 km3/
year)

Op.
(cm/year)
ΔP
(MPa/year)

Data
variance

Levelling 32.86 131.05 5.8 −0.9 – –

Mogi 32.89 131.07 4.1 −0.6 – 33.3%

Sill 32.89 131.07 5.1 −0.6 −1.8 33.3%

Ellipsoid 32.88 131.07 4.7 −0.3 −30.7 33.3%

Fig. 5 N-S upper crustal section beneath Aso caldera. Red
circles = earthquakes detected between January 1990–September 2011
(Earthquakes Research Institute, Japan). Grey areas indicate the
shallower low-velocity zone interpreted as a magma chamber (Sudo
and Kong 2001), corresponding to the levelling deformation source of
Sudo et al. (2006) and the central part of the deeper low-velocity layer
observed with the receiver functions by Abe et al. (2010).Cyan star is the
Mogi source; cyan horizontal line is the sill; cyan ellipse is the projection
of the ellipsoid obtained in this study
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Indeed, we observed a strong correlation between atmo-
spheric phase contribution and topography on single ALOS
interferograms. Although we use interferograms with shorter
spatial baselines (<650 m; Table 2) to minimize the topo-
graphic effect, the mean deformation rate map obtained from
Pi-RATE retains a high signal-to-topography correlation.

Comparison with levelling and GPS data

To better determine the deformation rate, the InSAR data are
compared with the available levelling and GPS data for the

central part of the caldera (Figs. 6 and 7: Sudo et al. 2006;
Geospatial Information Authority 2011—http://www.gsi.go.
jp). Levelling data between 1993 and 2004 (three
acquisitions) were collected at benchmarks AVL11
(Kusanseri crater) and AVL13 (near Nakadake crater); the
displacements are referenced to AVL01, which is considered
stable (Sudo et al. 2006).We extracted the InSAR deformation
rate for pixels within 250 m of the levelling benchmarks,
reporting the relative velocities in Fig. 6. Here, ERS data are
in general in agreement with the levelling observations. The
comparison between ENVISAT and levelling deformation

Fig. 6 Relative displacement for benchmarks AVL11 and AVL13 with
respect to AVL01 (location in Fig. 1) evaluated using levelling data (Sudo
et al. 2006) compared with InSAR displacement rates for ERS and
ENVISAT data. ERS and Envisat measurements errors (±1.5 and

±0.9 mm/year respectively) estimated by Pi-Rate are included. The inset
tables report the respective relative mean deformation rate (cm/year) ob-
tained from the three levelling points (1993–1997–2004) and the InSAR
data

Fig. 7 Comparison between GPS
and InSAR baseline variation.
Black plus signs are the GPS
baselines rotated in LOS. The red
lines are the GPS mean velocity
obtained by a linear fit from the
GPS time series. The blue lines
are the mean relative InSAR
velocities for all the pixels within
250 m from the GPS station. We
included the ERS, Envisat and
ALOS deformation rate errors
estimated by Pi-Rate (±1.5, ±0.9
and ± 2.8 mm/year respectively).
The respective distance change
velocities for GPS (vg) and
InSAR (vi) are reported in each
graph
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rates suggests that the subsidence in the central part of the
caldera continued until 2006, even though AVL11 shows a
slower subsidence rate. As for the GPS data, three GPS sta-
tions have been installed inside the caldera since April 1997
(Ohkura and Oikawa 2008; Geospatial Information Authority
of Japan 2011). Stations lie in the plain below the post-caldera
vents (Figs. 1 and 3), far from the area that shows maximum
displacement. In general, the stations show shortening of 1–
5 mm/year on the relative baseline (Fig. 2b), which is
interpreted as subsidence of the central part of the caldera.
An exception occurred between May and November 2003,
when the baselines increased by ∼5 mm; this is interpreted
as uplift associated with a sill intruded at ∼15 km depth
(Ohkura and Oikawa 2008; Unglert et al. 2011). Here, we take
into account GPS data from the three periods covered by
InSAR deformation rate maps. We then rotate the observed
GPS baselines in the respective satellite LOS and evaluate the
mean distance variation with a linear fit (vg). We then extract
the InSAR deformation rate for pixels within 250 m of the
GPS stations and evaluate the relative mean displacement ve-
locity (vi- Fig. 7). For the period covered by ERS data, the
Baseline Variation Velocity (BVV) is similar for the GPS and
InSARmeasurements, and for all stations, it ranges between 0
and 2.5 mm/year. Considering the Envisat data, the BVV is
similar between stations 960701 and 960704 measured with
the two techniques (∼2 mm/year). The relative velocity of
960701 and 960704 with regard to 960703 shows a different
behaviour. The GPS velocity is positive and increases (4–
6 mm/year); the InSAR velocity is negative and decreases
from −2 to −4 mm/year. The ALOS BVV between stations
960703 and 960704 is in broad agreement withGPS data (vg =
8 mm/year and v

i
= 11 mm/year). However, a major difference

is observed for the BVVof 960703 and 960704 with regard to
960701, where the vg varies between 1 and −7 mm/year and vi
between −32 and 42 mm/year. The difference between the
GPS and InSAR velocities may be due to local noise that
affects particularly Envisat and ALOS deformation rate maps.
This is clear for ALOS data where (Fig. 3c) the westernmost
GPS station (960701) is located in a noisy area, where the
signal is +30 mm/year. Instead, the difference in the
ENVISAT data for the northernmost GPS station (960703)
could be due to the GPS measuring correctly the movement
along the NS direction, which cannot be detected by InSAR.
This comparison confirms that, in our analysis, the ERS data
are more reliable than that from the other sensors.

Discussion

Evidence for magma-related deformation

The Pi-RATE software enhances smoothing of the interfero-
metric signal by discarding the noisiest interferograms,

correcting for imperfect orbital knowledge, atmospheric prop-
agation delays and topographic errors before stacking the in-
terferograms. As also shown in Figs. 6 and 7, the displacement
rate obtained with Pi-RATE for the ERS data agrees with the
levelling and GPS deformation field. Even though inversion
of the InSAR data from a single track may not allow an opti-
mal constraint of the spatial parameters of the source, the
modelled sources for the ERS displacement rate map are all
located below the active Nakadake crater. The depth of the
modelled sources ranges between 4 and 5 km below the sur-
face and is consistent with all the available seismic and gas
emission data (Ono et al. 1995; Sudo and Kong 2001; Tsutsui
and Sudo 2004; Abe et al. 2010; Unglert et al. 2011): this
depth suggests a magmatic deformation source, making any
significant contribution from a shallower hydrothermal sys-
tem unlikely. The models account for the subsidence in the
central part of the caldera, while the residuals are mainly as-
sociated with noise in peripheral areas. The weak deformation
signal is only slightly larger than the noise, so the noise con-
tribution to the residual RMS is substantial. The overall loca-
tions of our sources are broadly consistent with those from
previous studies, although with a slight shift (∼2 km to the
north and 1 km to the east—Fig. 5; Sudo and Kong 2001;
Sudo et al. 2006; Unglert et al. 2011). All sources lie above
a low velocity layer located at ∼16 km depth (Abe et al. 2010),
identified also as the source of long period tremors
(Kawakatsu et al. 2000), which may coincide with a deeper
magmatic reservoir feeding the shallower one (Fig. 5).

The 1996–1998 period of subsidence marks an important
point in the recent evolution of Aso, as it follows a long period
of volcanic activity with the 1989–1991 period of
phreatomagmatic eruptions and the mud eruptions in 1992–
1993, 1994 and 1995. Since then, the crater has filled with an
acid water lake. It is challenging to clearly establish whether
our investigated period reflects temporal variation in the pre-
viously detected long-term deflation rate (Sudo et al. 2006) or
if it is simply the result of a different time sampling of the
available SAR images. Also, the subsidence rates deduced
from the levelling, based on only four measurements in
23 years (from 1981 to 2004; Sudo et al. 2006), may not be
representative of a linear behaviour and may rather be charac-
terized by larger, undetected variations, as for example shown
by GPS data in 2003 (Fig. 2b). However, as the calculated
InSAR (ERS) subsidence rates are in general similar to the
ones obtained from levelling (Fig. 6) and GPS (Fig. 7), it is
probable that the detected InSAR deformation is only a por-
tion of a larger, continuous and fairly constant subsidence. In
this sense, our study confirms the subsidence detected through
levelling and GPS data and suggests that the 1996–1998 pe-
riod is representative of the behaviour of the volcano over the
last decades. Below, we use this information to better con-
strain the magmatic sources responsible for the deformation
and the associated processes.
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The importance of outgassing

Aso is intriguingly the onlymonitored caldera experiencing long-
term deflation while characterized at the same time by
phreatomagmatic eruptions, even though minor (VEI = 2). Our
results suggest that the deflation at Aso may reflect pressure vari-
ations inamagmaticsourcelocatedat4and5kmdepth,rather than
topressurefluctuationsofshallowfluidsinahydrothermalsystem.
Several calderashavebeenexperiencing long-termdeflationwith-
out any eruption, as atAskja andKrafla, Iceland (e.g. Sturkell and
Sigmundsson2000;Paglietal.2006;Sturkelletal.2008).Whileat
Askja the subsidence is probably caused by a cooling and
contracting magma chamber (De Zeeuw-van Dalfsen et al.
2013); at Krafla, the post-1984 gravity decrease suggests that the
subsidence is related to drainage from a shallowmagma chamber
(Rymer et al. 1998). At both calderas, a shallowmagma chamber
seems to have played an important role in the subsidence.

Despite the differences in magma composition and tectonic
setting of Askja and Krafla, deflation at Aso may have been
induced by a similar process of contraction of a shallowmagma
chamber. However, in contrast to Krafla andAskja, the repeated
minor eruptions at Aso suggest that the contraction may not be
necessarily related to cooling. Rather, the contraction may be
induced by a significant release of magmatic fluids (mostly
CO2, SO2 andH2O) from themagma reservoir to the hydrother-
mal system and of juvenile magma, enhanced by the diffuse
outgassing. Both the fluids and the magma may be periodically
released through the observed phreatomagmatic eruptions. A
similar mechanism has been suggested for several volcanoes
(e.g. Satsuma-Iwojima and Asama, in Japan; Masaya in
Nicaragua and Llaima, in Chile), where outgassing-induced de-
pressurization may have accounted for the subsidence observed
during quiescence (Girona et al. 2014, and references therein).

Unfortunately, in thecaseofAso,wedonothaveaccess toany
continuous SO2 and CO2 emission rate to better constrain the
outgassingprocess.However, thepossibilityof an important role
playedbyoutgassing ispartly supportedbyavailableestimatesat
the erupted volumes at Aso in the last decades: 5 × 10−3 km3

(DRE) in the 1989–1991 eruption (Ono et al. 1995) and
0.8 × 10−3 km3 (DRE) in the 2014–2015 eruption (Yasuo
Miyabuchi, personal communication). Even though measure-
ments are not available, each phreatomagmatic eruption from
1991 to 2014 is expected to have erupted no more than
0.2 × 10−3 km3 (DRE; Miyabuchi et al. 2008). These estimates
are similar to our inferred volumetric variations in the magma
reservoir, estimated to be between 0.25 × 10−3 and
0.57 × 10−3 km3/year (depending on the source type). All these
features suggest a possible correlation between eruptive
outgassingviahydrothermaleruptionsat thesurfaceandcontrac-
tion of the source. Because of the uncertainties in both the
outgassing and contraction estimates, especially taking into ac-
count fluidcompressibility,weconsider this relationasaworking
hypothesis, to be further tested by future studies. If this

correlation were to be confirmed, it could imply (1) a lack of
shallow magmatic intrusions, suggesting that magma emplaced
into the volcano is currently restricted to the main magmatic
source described in this study and (2) that outgassing may aid
in transferring some limited amount of magma toward the sur-
face, promotingminor phreatomagmatic eruptions.

More generally, many calderas are characterized by continu-
ous outgassing, similarly to Aso; these include Iwo-Jima,
Yellowstone andCampiFlegrei. These outgassing systems, con-
tinuously releasing their energy through magmatic fluids, may
prevent thepressurebuild-uprequiredtotriggermoderateto large
eruptions (Acocella et al. 2015). Aso lies on the upper bound of
these calderas, as it shows that magmatic outgassing may be
accompanied by minor phreatomagmatic eruptions. Even more
important, processes at Aso are associatedwith deflation, unlike
the other calderaswhich commonly show inflation. This raises a
moregeneral andcrucial point,which is that eruptionsmayoccur
in a context of overall subsidence of a volcanic edifice. While
surface inflation may not necessarily be diagnostic for forecast-
ing an impending eruption, at least at calderas (Acocella et al.
2015, and references therein), the possibility that a deflating cal-
dera can erupt remains worrisome; our current understanding of
magmatic models foresees eruptions resulting from an increase
of pressure within the magma reservoir, thus leading to volcano
inflation. Conversely, the example of Aso suggests that
outgassing processes may play a crucial role in triggeringminor
non-magmatic eruptions within open conduit calderas, as also
suggested for other volcanoes (Girona et al. 2014): indeed, if
ourhypothesis is correct, thecrucial ingredient tocauseeruptions
from deflating calderas is substantial outgassing and an open
magmatic conduit. Both features distinguish the repeated
outgassing episodes at Aso, culminating in minor hydrothermal
eruptions, from the non-eruptive unrest episodes at other active
felsic calderas, as for example Campi Flegrei. At Campi Flegrei,
despite the detection of repeated outgassing episodes (Chiodini
et al. 2012, 2015, 2016), the lack of an open magmatic conduit
may currently hinder eruptive activity driven by outgassing
alone. In this way, outgassing may allow energy release from
the system through hydrothermal activity, uplift and seismicity
(e.g. Chiodini et al. 2003).

Our study thus underlines the importance of considering
and trying to better define the eruptive potential from deflating
magmatic systems with open magmatic conduits, where the
energy may be released at different times through hydrother-
mal activity, seismicity and inflation.

Conclusions

We used InSAR data to investigate surface deformation at the
repeatedly erupting Aso caldera, Japan. Despite an overall low
signal-to-noise ratio, we observe a subsidence signal from
1996 to 1998, inferred to be associated with overall
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contraction of a magmatic source below the caldera centre, at
4 to 5 km depth. Available data suggest that the volume of
source contraction is similar to that of erupted material. We
thus propose that the contraction may have been induced by
the release of magmatic fluids, transferring a minor amount of
magma toward the surface and driving phreatomagmatic erup-
tions. If confirmed by further observations, this hypothesis
suggests that outgassing processes may play a crucial role in
triggering minor phreatomagmatic eruptions within open con-
duit calderas, such as at Aso. Based on our study, we propose
that the crucial ingredients for deflating calderas to erupt in-
clude substantial outgassing and an open magmatic conduit.
Under these conditions, the energy may be released at differ-
ent times and places by the hydrothermal activity, seismicity
and inflation that commonly characterize unrest.
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