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Abstract
We investigated the magma conduit system beneath three active craters that have repeatedly generated Vulcanian eruptions 
at Sakurajima Volcano, Japan, by analysing seismic, infrasound, and tilt data. The hypocentres of the earthquakes associ-
ated with the Vulcanian eruptions are distributed separately at shallow depths of approximately 0.5 km beneath the craters. 
Infrasound indicated that the swelling of the crater floor starts approximately 0.2 s after the occurrence of earthquakes and 
that the eruption starts about 0.3 to 0.5 s later. During an eruption, tilt vectors at a station approximately 2.7 km far from the 
active craters indicated a deflationary trend directed toward one of the three active craters. A 1-D conduit flow simulation 
indicated pressure build-up at a depth of 0.4–1.0 km beneath the crater, consistent with previously reported pressure sources 
during eruptions detected by geodesy. Volcanic lapilli emitted from the three craters have the same chemical composition; 
hence, Vulcanian eruptions of all three studied craters originate from a common magma source.
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Introduction

Analyses of volcanic earthquake, infrasound, and ground 
deformation data associated with volcanic eruptions pro-
vide direct information on the eruption dynamics (Dzurisin 
2007; Watson et al. 2022; Zobin 2016). Vulcanian eruptions 
involve the rapid ejection of volcanic bombs, lapilli, and 
ash, thereby generating air shocks, and the fact that they 
often occur repeatedly has allowed for thorough investiga-
tions at various volcanoes (Clarke et al. 2015). Vulcanian 

eruptions are often accompanied by earthquakes called 
explosion earthquakes, infrasound that sometimes accom-
panies shock waves, and ground deformation caused by the 
inflation and deflation of the magma chamber and/or con-
duit (Nishimura and Iguchi 2011). Locating these sources in 
space and time is fundamental for clarifying the Vulcanian 
eruption mechanisms and understanding the magma conduit 
systems beneath the volcanoes.

The hypocentres of explosion earthquakes often occur at 
shallow depths just before and during eruptions, e.g. they 
have been recorded at approximately 1 km depth at the Ubi-
nas Volcano, Peru (Inza et al. 2014), and Lokon-Empung 
Volcano, Indonesia (Yamada et al. 2016), and 0–2 km below 
sea level (b.s.l.) at Sakurajima, Japan (Ishihara 1990). Source 
mechanisms determined from moment tensor analyses often 
display volumetric changes that may indicate magma infla-
tion/deflation, for example at Popocatépetl, Mexico (Chouet 
et al. 2005), Tungurahua, Ecuador (Kim et al. 2014), and 
Fuego, Guatemala (Lyon and Waite 2011). These results 
may allow interpretation of the configuration and size of 
a magma chamber and/or conduit. The single forces that 
represent counter forces of ejecta during eruption also 
explain the observed waveforms of explosion earthquakes, 
for example at Mt. St. Helens, USA (Kanamori et al. 1984; 
Kanamori and Given 1983), Asama and Tokachidake, Japan 
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(Nishimura and Hamaguchi 1993), Asama, Japan (Ohminato 
et al. 2006), and elsewhere (Nishimura 1998).

Infrasound waveforms may inform the pressure release 
processes of volcanic eruptions (Kim et al. 2012), and are 
used for detecting the formation of shock waves (Morris-
sey and Chouet 1997). Infrasound analyses are also used for 
quantifying precise eruption onsets (Ishihara 1985; Yokoo 
et al. 2009), and it is known that the onset of infrasound is 
often preceded by seismic signals, for example at Sakura-
jima, Japan (Ishihara 1985), and Stromboli, Italy (Ripepe 
et al. 2001). These studies suggest that the eruptions are 
triggered by subsurface processes and not by rupture of the 
crater floor. At Colima Volcano, Mexico, long-period seis-
mic waves are often observed before the onset of eruptions, 
implying fluid motion in the conduit (Zobin et al. 2008). 
Studies have shown that long-period seismic signals prior 
to eruptions may be related to magma and/or exsolved fluid 
behaviour in the conduit/magma chamber, such as slug flow, 
churn flow, and fragmented magma flow, e.g. at Stromboli 
(Ripepe et al. 2001; Sugimura et al. 2021), Aso (Ishii and 
Yokoo 2021), and Colima (Zobin et al. 2008) volcanoes. At 
Sakurajima Volcano, studies have revealed pressure waves 
or fluids propagating at a speed of approximately 1 km/s 
in the conduit before eruptions (Ishihara 1985; Tameguri 
et al. 2002); however, such high-speed pressure waves may 
not propagate in the vesiculated magma in the conduit just 
before the explosion due to its poor elastic properties (Mar-
chetti et al. 2004).

Ground deformation indicating inflation and deflation 
associated with eruptions is related to pressurisation caused 
by magma supply and withdrawal, respectively. Inflation pre-
ceding volcanic eruptions is useful for eruption forecasting 
(Kamo and Ishihara 1986; Nishimura et al. 2012, 2013). 
For example, Sakurajima Volcano inflates for a few tens of 
minutes to hours before a Vulcanian eruption because of the 
accumulation of magma, and deflates during the eruption 
due to the removal of magma from the conduit and magma 
chamber (Kamo and Ishihara 1986; Iguchi et al. 2013). 
Deflation is also useful for evaluating the volumes of ejecta 
and their relationship to the erupted volumes (Kozono et al. 
2014; Hreinsdóttir et al. 2014).

Sakurajima Volcano is amongst the most active vol-
canoes in Japan. According to Kobayashi et al. (2013), 
the geological feature and eruptive activity of the volcano 
are summarised as follows. The volcano is a post-caldera 
volcano of Aira Caldera (29 ka) located at the southern 
edge of the caldera. The volcano is composed of two adja-
cent stratovolcanoes: Kitadake (the northern peak, which 
is 1117 m above sea level) and Minamidake (the southern 
peak, which is 1040 m above sea level) with many para-
sitic cones on the flank. All the eruptive products of the 
volcano are andesite to dacite in composition. The erup-
tive activity of the Kitadake Volcano started at 26 ka with 

repeated Plinian eruptions with lava effusion. The activ-
ity of the Minamidake Volcano began at 4.5 ka and has 
continued until the present. Four large eruptions occurred 
in CE 764, 1471, 1779, and 1914. In each event, a Plinian 
eruption ejected voluminous pumice, followed by effusion 
of lava flows. In CE 1946, an eruption occurred on the 
eastern flank (from Showa crater), resulting in effusion 
of lava flows. The recent eruptive activity of Sakurajima 
Volcano is mainly characterised by Vulcanian eruptions, 
which first began at the summit crater, Minamidake crater, 
in CE 1955. The activity has continued at the Minami-
dake and Showa craters with temporary pauses. Annual 
numbers of the Vulcanian eruptions now reach a few hun-
dred times or more according to the Bulletins on Volcanic 
Activity of the Japan Meteorological Agency (JMA) that 
are monthly reported on the JMA website (https:// www. 
data. jma. go. jp/ vois/ data/ tokyo/ STOCK/ month ly_v- act_ 
doc/ month ly_ vact. php).

The volcano is well monitored and studied, using not 
only geophysical observations, i.e. seismic, acoustic, and 
geodetic measurements, but also geochemical and geologi-
cal analyses (Iguchi et al. 2013). Vulcanian explosions at 
Sakurajima Volcano are often preceded by inflation, which 
lasts between 10 min and several hours (Kamo and Ishi-
hara 1986; Ishihara 1990). Explosion earthquakes occur 
approximately 1 s before the eruptions (Ishihara 1990; 
Tameguri et al. 2002), and then, volcanic rocks are rap-
idly ejected from the vent, while occasionally generating 
significant shock waves (Ishihara 1985). Consequently, 
the deflation occurs for a few tens of minutes, causing 
subsidence of the ground surface (Kamo and Ishihara 
1986). Recently, the amount of volcanic ash effused dur-
ing eruptions has been quantified by analysing seismic 
and geodetic measurements (Iguchi 2016). In addition, a 
monitoring system for volcanic ash using Doppler radars 
and disdrometers has been deployed at the volcano, and 
the spatio-temporal distribution of volcanic ash may be 
forecast (Iguchi et al. 2019; Maki et al. 2019).

In recent years, the activity of Sakurajima Volcano has 
resulted in changes to the volcano’s active craters. Here, we 
determine the hypocentres of explosion earthquakes beneath 
multiple craters during Vulcanian eruptions occurring from 
2012 to 2020. It is well known that volcanic structures 
are heterogeneous and that the vertical velocity change is 
important for determining the depths of hypocentres; hence, 
we accurately determined the hypocentres using a velocity 
structure that was recently obtained from artificial source 
experiments. We further analysed the infrasound and ground 
deformation associated with Vulcanian eruptions and dis-
cussed the eruption mechanism and magma reservoir/con-
duit system at Sakurajima Volcano using a multi-phase 
conduit flow model, as well as whole rock compositions of 
volcanic lapilli emitted from three different craters.
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Methods

Hypocentre determination of explosion 
earthquakes

Volcanic explosions are routinely reported by the 
Kagoshima Meteorological Office of JMA, which is 
located about 11 km west southwest of the volcano. More 
than 6000 explosions or eruptions were reported between 
2012 and 2020. Showa crater was active until 2017, 
whereas Minamidake A and B craters were active since 
2018 (Fig. 1a). We downloaded the seismic waveforms of 
six JMA stations deployed on the flank of Sakurajima Vol-
cano, which are located at distances of about 2.8–4.8 km 
from the Minamidake (Fig. 1b), and selected explosion 

earthquakes with good signal-to-noise ratios. The ampli-
tudes of the P-waves of explosion earthquakes are very 
small, especially at distant stations; however, we could 
measure the onset times of the P-waves by visually select-
ing at least five stations for 150 explosion earthquakes 
(Fig. 1c).

Seismic velocity in previous studies (Ishihara 1990; 
Iguchi 1994) used a homogeneous structure with a P-wave 
velocity of 2.5 km/s, whereas this study used a velocity 
structure derived from the analyses of an active experiment 
using artificial sources conducted at Sakurajima Volcano in 
2008 (Miyamachi et al. 2013). More than 300 seismometers 
were deployed along lines in and around Sakurajima Vol-
cano and Aira Caldera, and dynamites embedded at depths 
of a few tens of meters were used to generate seismic waves. 
The P-wave onsets were manually read by the researchers 

Fig. 1  a Eruptive activity of Sakurajima Volcano. Solid and open 
bars represent the numbers of eruptions and explosions, respectively. 
‘Explosion’ is the eruption with large seismic and acoustic signals, 
and ‘eruption’ is the other, which are classified by the Kagoshima 
Meteorological Office. b Locations of the monitoring stations. Cross 

and square symbols represent the seismic and infrasound stations, 
respectively. Red, green, and blue circles indicate the locations of 
Minamidake A and B, and Showa craters, respectively. c Example of 
seismic and infrasound waveform generated by a Vulcanian eruption
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participating in the experiment and the refraction method 
revealed the P-wave velocity structure beneath the survey 
lines. At Sakurajima Volcano, three survey lines were set 
and a unified P-wave velocity model was presented. The 
structure shows low P-wave velocity of 1.5–1.8 km/s in the 
shallowest layer with a thickness of approximately 100 m. 
Then, the P-wave velocity increases from 2.0 km/s at the 
ground surface to 2.8 km/s in the first layer at 1 km b.s.l., 
3.6–4.6 km/s in the second layer between approximately 1 
and 2 km b.s.l. and 4.6–5.0 km/s in the third layer at approxi-
mately 3 km b.s.l. In this study, we neglected the surface 
low-velocity layer, because the seismometers of the JMA 
stations were set at a depth of approximately 100 m, and 
set the P-wave velocity at the ground surface to 2 km/s. The 
velocity increased linearly with depth in each layer (Fig. S1).

We calculated the travel times of P-waves to include the 
seismic velocity beneath the volcano using the TOMO3D 
software (de Kool et al. 2006). Because the software uses 
a finite difference method, we were able to directly include 
the volcano topography and calculate the travel times from 
a hypocentre above sea level to seismic stations. An exam-
ple of ray paths from seismometers beneath an active crater 
is shown in Fig. S1. Because of the velocity gradient, the 
seismic rays first moved downward from the hypocentres 
and reached the stations. We set grid points every 0.01° in 
the east–west and north–west directions, and 0.1 km in the 
vertical direction to calculate the travel times from each grid 
point to each station. We searched for grid points showing 
the minimum residuals between the observed travel time dif-
ferences between the six stations and the calculated values. 
Subsequently, we applied the least-squares method to obtain 
the best solution for the location and onset time by using the 
velocity gradients for the horizontal and vertical directions, 
which were calculated from the travel times at nearby grid 
points.

Analysis of infrasound data

We estimate the lead time from the origin times of the hypo-
centres of explosion earthquakes to the eruption occurrence 
time using the arrival times of infrasound observed at three 
JMA stations to understand the conduit process just before 
eruption. The acoustic sensors deployed on the flank of 
the volcano detected clear infrasound signals, in which the 
waveforms were characterised by a gradual pressure increase 
with a small amplitude, followed by a rapid pressure increase 
with a large main wave (Fig. 2a). The former, which is the 
preceding phase, is considered to be provoked by the defor-
mation of the crater floor (Yokoo et al. 2009), whereas the 
latter is caused by a rapid pressure release followed by a 
rupture of the crater floor, which may sometimes generate a 
shock wave (Ishihara 1985). The time difference between the 

former and latter waves ranged between 0.1 and 0.5 s, while 
the former wave was sometimes not detectable.

We first determined the onset ( te ) of the preceding phase 
of the infrasound. Because of the small amplitude of less 
than a few Pa at a distance (2.7 km) from Amidagawa sta-
tion, the preceding phase can be infinitesimal waves that 
propagate at a speed independent of the amplitude of the 
wave. Since the infrasound wave speed ( va ) depends on 
temperature ( va[m∕s] = 331.15 + 0.61T [°C]), we substi-
tuted the atmospheric temperature at a height between the 
active crater and station for the temperature along the path, 
using the temperature recorded at Kagoshima by JMA and 
the altitudes of the crater and stations. To consider the effect 
of wind speed, we simultaneously estimated the infrasound 
onset time, the average speed, and the direction of the wind 
that blows around Sakurajima Volcano by applying a grid 
search to the observed infrasound onset times. The estimated 
wind speeds and directions are presented in Fig. S2.

Analysis of tilt records

We examine whether each crater is connected to its own 
magma chamber extending down to a few kilometre depth 
by analysing the tilt vectors at Amidagawa station, which is 
located in the northern flank at a distance of 2.7 km from 
these craters. The tilt vector directions at Amidagawa station 
would be different if the three active craters were almost 
aligned in the east–west direction and had their own cham-
bers connecting through their own conduits. The other two 
tilt meters operating at the Seto and Yokoyama stations were 
too far apart to record explosion signals.

Tilt signals associated with eruptions at Amidagawa sta-
tion exhibited amplitudes of  10−8 to  10−7 rad. However, the 
signals were contaminated with not only tidal signals from 
 M2 and  O1 tides, but also by long-period (i.e. a few hours) 
noise, likely originating from the sea water load flowing 
around the volcanic island, forming a narrow water chan-
nel in Kagoshima Bay. Hence, after removing the  M2 and 
 O1 tidal signals, we visually checked the tilt records and 
selected data with relatively good signal-to-noise ratios 
before and after the explosions (Figures S3 and S4).

Whole rock analysis of the lapilli samples

We examine whether the volcanic lapilli emitted from the 
three craters originate from a same chamber or from their 
own chambers. Lapilli samples emitted from Minamidake 
and Showa craters between 2012 and 2020 were collected 
from around the volcano at approximately the same time 
as that of each eruption. The samples were crushed in an 
iron mortar and washed with ultrasonic water. After dry-
ing at 100 °C in an oven, the samples were crushed by an 
agate mill making powders. The whole rock compositions 
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of the lapilli samples were determined by X-ray fluores-
cence using a Spectris MagiX PRO system with an Rh tube 
at Hokkaido University. Major elements were measured 
using glass beads diluted to a 1:2 ratio and prepared by 
fusing the samples with an alkali flux (a 4:1 mixture of 
lithium tetraborate and lithium metaborate). All data are 
listed in Table S1.

Numerical simulation of one‑dimensional steady 
conduit flow model

We investigate the features of the pressure source in the 
conduit prior to Vulcanian eruptions using a one-dimen-
sional steady conduit flow model (Kozono and Koyagu-
chi 2012; Anderson and Segall 2011). By referring to the 

Fig. 2  a Preceding phase and impulsive compressional wave. b His-
togram of the time differences (tic − tpp ) between preceding phase and 
impulsive compression wave of infrasound generated by explosions 
from the three craters. The numbers in brackets are the characteristic 
times required for destruction of the crater floor. c Temporal changes 
of lead times from the origin time of explosion earthquake ( to ) to the 
onset ( te ) of the preceding phase of the  infrasound ( tpp ). Red, green, 
and blue solid dots represent the data of Minamidake A and B, and 

Showa craters, respectively. These data are corrected by temperature 
and wind (see text for details). Open circles and squares, and plus 
symbols are the lead times estimated from the data at each station 
(Amidagawa, Yokoyama, and Seto stations) with a temperature cor-
rection. d Histogram of the lead times with a temperature and wind 
correction. Data of Minamidake A crater are not shown because of 
their small amount
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observed solid plug formation at the crater floor (Yokoo 
et al. 2009), we considered a model composed of viscous 
flow and solid plug regions at deeper and shallower levels 
of the conduit, respectively. Detailed formulations of the 
model are shown in Appendix 1.

For the viscous flow region, we model a one-dimen-
sional steady flow through a cylindrical conduit based on 
Kozono and Koyaguchi (2012). Prior to Vulcanian erup-
tions, magma has a low ascent velocity, with timescales 
for volatile exsolution and crystallisation much longer than 
the timescale for magma ascent. Efficient gas escape is 
considered to occur in the conduit. We assume equilibrium 
vesiculation and crystallisation, and consider a vertical gas 
escape by allowing relative motion between the gas and 
the melt-crystal mixture. We also consider the depend-
ences of melt viscosity on dissolved  H2O and temperature 
(Giordano et al. 2008), and the dependences of magma 
viscosity on crystallinity, aspect ratio of the crystal, and 
strain rate (defined as the ascent velocity divided by the 
conduit radius) (Frontoni et al. 2022). Crystallinity was 
expressed as a function of pressure, which was obtained 
from exponential fitting for the simulation of isothermal 
decompression-driven crystallisation using the rhyolite-
MELTS software (Fig. S5a) (Gualda et al. 2012). From 
the simulation result, we also obtained a power-law fitting 
function for the dissolved  H2O concentration as a function 
of pressure (Fig. S5b) and a third-order polynomial fitting 
function for the melt viscosity as a function of dissolved 
 H2O, following Giordano et al. (2008) (Fig. S5c). For the 
solid plug region, the motion of the solid plug is based on 
the model by Anderson and Segall (2011), in which the 
solid plug is subjected to an upward force due to magma 
pressure in the conduit, and downward force due to the 
weight of the plug and frictional resistance due to slip on 
the marginal faults. We assume that the transition from a 
viscous flow to a solid plug occurs when the viscous resist-
ance in the viscous flow matches the frictional resistance 
of the solid plug (Schneider et al. 2012).

The conduit length was set to 4000 m based on geodetic 
observations revealing a deep pressure source (Hotta and 
Iguchi 2021). The magmatic parameters were set according 
to petrological observations of the ash samples emitted from 
Minamidake and Showa craters (Miwa et al. 2013; Matsu-
moto et al. 2016): the temperature was set to 1000 °C based 
on the two-pyroxene geothermometer (Putirka 2008), and 
the melt compositions, which were used as initial condi-
tions in the crystallisation simulation, were set based on the 
average groundmass (glass + microlite) composition (Miwa 
et al. 2013; Matsumoto et al. 2016). The crystallinity in the 
magma chamber (i.e. the phenocryst volume fraction) was 
set to 30 vol% based on the phenocryst mode analysis. The 
initial bulk  H2O content was set to 4 wt% to achieve water-
saturated magma in the magma chamber.

Results

Hypocentres of explosion earthquakes associated 
with eruptions at three active craters

The obtained hypocentres are shown in Fig. 3, and the 
errors (one standard deviation) of the hypocentre loca-
tions are shown as histograms (Fig. S6). The Kagoshima 
Meteorological Office defines two distinct craters (Minam-
idake and Showa craters) for the eruptions in 2012–2019 
and three craters (Minamidake A and B, and Showa) for 
the eruptions in 2020. Comparing them with the arrival 
time differences of infrasound recorded at the three JMA 
stations (Fig. 1b), we determined the erupted crater for 
each explosion earthquake during the observation period. 
Figure  3 plots the hypocentres with different colours 
by the crater erupted. Evidently, the hypocentres of the 
explosions occurring at Minamidake A and B, and Showa 
craters are located closely to the corresponding craters 
aligned from west to east. The hypocentres are located 
separately, beyond the estimation errors of a few hundred 
meters (Fig. S6). The depths of the hypocentres are very 
shallow: 0.2–0.8 km beneath the craters (i.e. 0.0 to 0.6 km 
above sea level).

The depths of hypocentres depend on volcanic struc-
tures, especially at shallow depths around the active cra-
ters, which may not be well determined by the refraction 
survey because seismometers were not deployed around 
the crater due to the high explosive activity of Sakurajima 
Volcano (Miyamachi et al. 2013). Setting the lower/higher 
velocity of the ground surface may result in shallower/
deeper hypocentre estimate.

Results of infrasound data analysis: rupture 
of the crater floor and eruption

Figure 2c and d show a plot of the lead time ( te − to ) deter-
mined from the onset of the explosion earthquake ( to ) to 
the onset of the preceding phase of the infrasound ( tpp ). 
The lead time ranged from 0.0 to 0.4 s, with an average 
of 0.2 s. No significant difference was observed between 
the explosions at the three craters. The lead time may cor-
respond to the lapse time at which the pressure wave/flow 
reaches the crater floor from the hypocentre. Since the 
maximum speed of the pressure wave can be 1–2 km/s, 
which is the P-wave velocity of magma or surrounding 
rocks, the depths of hypocentres are equivalent to depths 
between 0.2 and 0.4 km beneath the crater floor. These 
estimates are consistent with the results of the previous 
section (hypocentres determined from the P-wave arrival 
times). When the seismic source region consists of gas 
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and/or vesiculated magma, the speed of the pressure wave 
is smaller (i.e. of the order of 100 m/s; Kieffer 1984; Ichi-
hara and Kameda 2004), and the source depths of hypo-
centres are much shallower, i.e. approximately a few tens 
of meters.

Next, we examined the time difference between the onset 
of the preceding phase ( tpp ) and the onset of the impulsive 

compressional wave ( tic ) to quantify the time required to 
rupture the crater floor after the triggering of the explosion 
earthquake. We analysed not only the data in Fig. 3, but 
also other data with good signal-to-noise ratios because the 
time differences were measured only from the infrasound 
data. For the data for which we could measure both tpp and 
tic , the time differences mostly ranged between 0.0 and 

Fig. 3  Hypocentres of volcanic 
explosion earthquakes. Red, 
green, and blue circles represent 
the hypocentres of explosion 
earthquakes associated with 
Vulcanian eruptions occurring 
at Minamidake A and B, and 
Showa craters, respectively. 
Red, green, and blue lines in the 
top panels indicate the craters 
of the hypocentres. Several 
hypocentres located above the 
ground surface are due to hypo-
centre determination errors
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0.5 s (Fig. 2b). The histograms of the time differences of 
all eruptions at Minamidake A and B, and Showa craters 
obey exponential distributions ( N = N0exp(−t∕�) ) (Fig. 2b). 
The characteristic times required for destruction of the crater 
floor ( � ) were estimated from the data at the three stations 
as 0.26, 0.47, and 0.45 s for the Minamidake A and B, and 
Showa eruptions, respectively. The characteristic times of 
Minamidake B and Showa craters were almost the same, 
suggesting that the rupture processes and physical proper-
ties of their crater floors are similar. The characteristic time 
of Minamidake A crater was shorter than those of the oth-
ers; however, this may be due to the scarcity of data. The 
characteristic time may not directly represent the time nec-
essary for destruction, as Ishihara (1985) observed shock 
waves radiating from active craters and measured a propaga-
tion velocity of 441 m/s in the atmosphere, approximately 
800 m above the crater, using video images. In this study, 
we estimated the difference in propagation time using the 
shock wave model of Médici et al (2014). The amplitude of 
infrasound generated by the eruptions from 2012 to 2020 is 
approximately one order of magnitude smaller than that in 
the 1980s, and the pressure amplitude at Amidagawa sta-
tion ranges from approximately 1 to 100 Pa. The distance 
( Dt ) of the transition from supersonic to sonic flow was esti-
mated to be 8 m for 10 Pa, and 77 m for 100 Pa. Assuming 

a propagation velocity of 400 m/s for the supersonic wave, 
we estimated the difference of propagation time to be 0.006 s 
for 10 Pa, and 0.060 s for 100 Pa. This suggests that shock 
waves may have been generated from the active craters; how-
ever, their effect on the propagation velocity (i.e. the time 
required for destruction of the crater floor) was small.

Results of tilt record analysis: magma reservoir/
conduit depressurisation during eruption

Figure 4 shows the tilt vectors before and after several Vul-
canian eruptions at Minamidake A and B, and Showa cra-
ters. The observed tilt vectors are directed approximately 
along the NS to NNE–SSW directions, with uplift toward 
the active craters before eruptions, showing zigzag traces 
because of long-period noise. The tilt vectors then change 
in the opposite directions, with a downward trend toward the 
active craters. These deflation phases exhibit relatively short 
durations of a few tens of minutes; hence, the tilt vectors are 
not disturbed by noise, while being directed toward Minami-
dake A crater for all explosions occurring at Minamidake 
A and B, and Showa craters. Furthermore, the tilt vectors 
soon begin to exhibit a downward trend toward Minamidake 
A crater, without significant directional changes during the 
deflation phase, suggesting that the source soon starts to 

Fig. 4  Examples of tilt vectors at Amidagawa station before and dur-
ing eruption. The solid dots represent the beginning of the data. The 
directions toward Showa crater and Minamidake A crater are indi-

cated by an arrow at the right side in the upper panel and lower one, 
respectively. Dotted lines are additional ones to compare the direction 
toward Minamidake A crater with each of tilt vectors
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deflate after the occurrence of an eruption. These charac-
teristics strongly suggest that the three active craters have 
the same conduit feeding system; however, their associated 
vertical extent cannot be inferred from tilt data analyses at 
one station.

Compositions of volcanic lapilli emitted 
from Minamidake and Showa craters

Matsumoto et al. (2013) indicated that the whole rock com-
positions of juvenile materials from Minamidake craters 
between 1955 and 2000 were consistent with the juvenile 
material emitted from Showa crater between 2007 and 2011. 
We examine juvenile material emitted from the Showa and 
Minamidake craters between 2012 and 2020. Figure 5 shows 
a Harker diagram of whole rock compositions of juvenile 

materials since 1957. Results showed that all juvenile mate-
rial from Minamidake and Showa craters has a very simi-
lar chemical composition. This result strongly suggests the 
magmas originate from the same conduit system.

Results of numerical simulation of one‑dimensional 
steady conduit flow model: pressure build‑up 
in the conduit

Using the conduit flow model, we obtained the relationship 
between the pressure in the magma chamber and the magma 
flux (Fig. 6a), in which the conduit flow satisfies the condi-
tion that the conduit length is equal to the sum of the lengths 
of the viscous flow and solid plug regions. This relationship 
was used to select a stable steady solution: the conduit flow 
is stable when there is a positive correlation between the 

Fig. 5  Harker diagrams of 
whole rock compositions of 
juvenile materials since 1957. 
Red, green, and blue solid dots 
are the data of Minamidake 
A and B, and Showa craters, 
respectively. Open black circles 
are data from Minamidake A 
and B craters taken from Matsu-
moto et al. (2013)
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Fig. 6  Numerical results of the one-dimensional steady conduit flow 
model for r = 30 m and Rβ = 5 with varying k0. Here, r is the conduit 
radius, Rβ is the aspect ratio of crystals that controls the effect of 
crystals on magma viscosity (Frontoni et al. 2022), and k0 is the per-
meability coefficient controlling the scale of the permeability (Costa 
2006). a The relationship between the chamber overpressure with 
respect to the lithostatic pressure and magma flux, where solid circles 

correspond to selected stable steady solutions with lithostatic cham-
ber pressure. b–d Overpressure with respect to the lithostatic pressure 
(b), pressure (c), and gas volume fraction (d) with depth for the sta-
ble solutions selected in a. The solid circles in b, c, and d represent 
the transition points from the viscous flow to the solid plug, and the 
dashed line in c is the lithostatic pressure
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chamber pressure and the magma flux (Kozono and Koya-
guchi 2012). In this study, we selected a stable solution with 
a lithostatic chamber pressure (i.e. the chamber overpressure 
was equal to zero) to investigate the features of the conduit 
flow, such as the distributions of the overpressure, pressure, 
and gas volume fraction inside the conduit (Fig. 6b–d). 
The chamber pressure-magma flux relationship depends on 
permeability coefficient for gas escape (k0), which leads to 
higher magma flux of the selected conduit flow for lower 
k0 (Fig. 6a). The higher magma flux is caused by higher 
gas volume fraction or lower magma density in the con-
duit due to inefficient gas escape for lower k0 (Fig. 6d): the 
gravitational load of magma is smaller for lower magma 
density, leading to lower resistance against the magma flow 
and higher magma flux.

The numerical results of the conduit flow show that an 
overpressure (with respect to the lithostatic pressure) is 
generated inside the conduit (Fig. 6b). This overpressure 
generation originates from magma vesiculation (Fig. 6d), 
which causes lower magma density, leading to a decrease in 
the magnitude of the pressure gradient in the region below 
the plug (Fig. 6c). The overpressure maximises in the region 
just beneath the plug (Fig. 6b). Figure 7 shows the depth 
at which the overpressure maximises as a function of k0, 
with varying the conduit radius (r) and the aspect ratio of 
crystals (Rβ). Here, k0 was set in the range of  10−13–10−10 
 m2 to cover the reported permeabilities of the lava dome 
samples (Gonnermann and Manga 2007). The range of Rβ 
was constrained from petrological data of the ash samples 
from Vulcanian eruptions at Sakurajima: the average aspect 
ratio of the plagioclase microlite ranges from 4 to 14 (Miwa 
et al. 2009). Since there is no direct information about the 
conduit radius, the range of r was widely set to 10–50 m. 
The results for Rβ = 4 in the case of r = 40 and 50 m are 
not shown, because the magma flux was determined to be 

unrealistically high (>  106 kg  s−1). Under the above ranges 
of k0, r, and Rβ, the depth at which the overpressure max-
imises is approximately in the range of 0.4 to 1.0 km from 
the ground surface (i.e. crater floor) (Fig. 7). This depth is 
located just beneath the hypocentres of the explosion earth-
quakes occurring at the three craters.

Discussion

Recent analyses using data from multiple strain and tilt 
meters deployed at Sakurajima Volcano by Kyoto University 
indicate a pressure source depth of 0.5 km b.s.l. for about 
3 min just after the 17 November 2017 eruption at Minami-
dake craters, followed by an inflation source at a depth of 
0.5 km and long-term deflation at a depth of 3.3 km (Hotta 
and Iguchi 2021). The pressure sources for the eruptions 
in 2009 at Showa crater are located at depths between 0.5 
and 1.5 km, as revealed by analyses of radial and tangential 
strains recorded at Arimura station, 2.2 km SSE of the crater 
(Iguchi et al. 2013). These values were estimated from the 
analytical solution of a spherical source for a semi-infinite 
homogeneous half space, although Hotta and Iguchi (2021) 
corrected the station elevation and source depths. To exam-
ine the effects of volcano topography, we numerically calcu-
lated the tilt, and radial and tangential strains generated by 
a pressure source beneath the summit, while approximating 
the volcano as a cone with a height of 1000 m and a radius 
of 5000 m at the base (Appendix 2). Results showed that the 
depth of the analytical solution can be directly converted to 
the depth from the summit crater for the analyses of strain 
data at a distance of more than 2 km caused by a spheri-
cal source (Mogi 1958) or a closed pipe (Bonaccorso and 
Davis 1999) (Figs. S7 and S8). Hence, the aforementioned 
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source depths estimated in previous studies were converted 
to depths from the summit crater.

Figure 8 shows a schematic view of the magma and con-
duit system of the Vulcanian eruptions at Sakurajima Vol-
cano. The hypocentres of the explosion earthquakes were 
located at a depth of a few hundred meters below each crater. 
Since the seismic moment of the P-wave of the explosion 
earthquake is estimated to be about  1010–1011 N∙m, which 
corresponds to an earthquake magnitude of 0.6–1.3, the 
seismic source region beneath each crater is explained by 
a sphere with a radius of 10–47 m and a pressure change of 
0.1–1 MPa (Appendix 3). The radius is almost equal to the 
vent radius estimated from the video records and infrasound 
data (Muramatsu et al. 2018). The seismic source regions 
may be related to density changes that have recently been 
captured using muography (Oláh et al. 2019, 2023). Video 
observation detected temporal changes of the volcanic glow 
intensity approximately 1 s before an explosion, which is 
inferred to be related to the opening of tensile cracks on the 
crater floor before eruption (Muramatsu et al. 2023). Such 
a process appearing just before an explosion may be related 
to the lead times from the origin time of explosion earth-
quake to eruption. The overpressure region that is predicted 
from the one-dimensional conduit flow model, in which the 

depth at which the overpressure maximises is located in the 
range of 0.4 to 1.0 km from the crater floor (Fig. 7), is well 
matched with the inflation and deflation sources detected 
for about 3 min after the explosion by geodetic measure-
ments, and is located just beneath the hypocentres of the 
explosion earthquakes occurring at the three craters. This 
suggests that the overpressure generated by the conduit flow 
triggers the explosion earthquakes. Based on these results, 
we infer the following mechanism of Vulcanian eruption: 
(1) Conduit flow generates overpressure inside the conduit 
due to magma vesiculation; (2) when the pressure reaches 
a critical level, a shallow region beneath the crater inflates 
to excite a P-wave; (3) the crater floor starts to deform due 
to the P-wave pressure and ruptures, resulting in eruption; 
(4) the volcanic materials are rapidly ejected to generate 
an explosion earthquake and infrasound, and rarefaction 
waves deflate the conduit and/or magma chamber beneath 
the Minamidake craters. Long-term deflation at a depth of 
3.3 km (Hotta and Iguchi, 2021) may occur in case of a large 
eruption.

Some of the eruptions of Sakurajima Volcano were 
characterised by large magnitudes, for example the Plinian 
eruptions that occurred in 1471, 1779, and 1914 (Iguchi 
et al. 2020). Araya et al. (2019) inferred that the volcanic 

Fig. 8  a Overpressure distribution obtained from the one-dimensional 
steady conduit flow model, with varying r (10, 30, and 50 m), Rβ (4, 
5, 6, and 7), and k0  (10−13,  10−12,  10−11, and  10−10  m2). b Schematic 
illustration of the magma supply system at Sakurajima Volcano. We 
note that the depth is taken from sea level but is adjusted vertically 

to the depth of the one-dimensional steady flow model. Red, green, 
and blue filled circles represent the eruption triggering points inferred 
from the hypocentre determination. Grey areas represent the pressure 
sources detected from geodetic measurements
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materials erupted during these Plinian eruptions were stored 
at depths of 0.9–3.2 km beneath the crater based on the con-
centrations of volatiles in phenocryst-hosted melt inclusions 
and plagioclase rim equilibration. The storage regions were 
located below the inflation and deflation sources for Vulca-
nian eruptions, which suggests a different behaviour of the 
geodetic signals before and during eruptions (Fig. 8).

It should be noted that the hypocentres of explosion earth-
quakes in 1975–1976 (Nishi 1976) and in 1980–1986 (Ishi-
hara 1990) as well as volcanic earthquakes called B-types 
associated with Strombolian eruptions in 1987–1988 (Iguchi 
1994) were located at a depth of 0–2 km b.s.l. (ca. 1–3 km 
beneath the craters). These previous studies assumed a 
homogeneous structure with a P-wave velocity of 2.5 km/s, 
and determined their hypocentres using arrival times of 
6–8 seismic stations deployed around the volcano. The 
newly determined hypocentres in this study are quite shal-
low (0.2–0.8 km beneath the craters) compared to those in 
previous studies. Because the hypocentres of the explosion 
earthquakes used in this study are located at 0–2 km b.s.l. 
when a homogeneous structure with a P-wave velocity of 
2.5 km is assumed (Fig. S9), the seismic velocity model 
revealed from a seismic exploration is necessary to correctly 
determine the depths of the hypocentres and understand 
the eruption mechanism. The pressure source determined 
from analyses of tilt and strain meters at Harutayama sta-
tion, which is 2.7 km west of Minamidake craters (Ishihara 
1990), was estimated to be 2–6 km b.s.l. for the Vulcanian 
eruptions at Minamidake craters. Tateo and Iguchi (2009) 
estimated the inflation and deflation sources to be 3–4 km 
b.s.l for the Vulcanian eruptions and Strombolian eruptions 
accompanying BL-type earthquakes in 1986–1988. These 
pressure sources are much deeper than those determined for 
the 2012–2020 eruptions. This difference may be due to the 
difference of magnitude of eruption (the eruptions in 1980s 
are larger) and/or geodetic stations used in the analyses. Fur-
ther observations and detailed comparison of the geodetic 
data can be used to compare them with the seismic results 
and numerical simulations to elucidate the magma system 
and conduit flow.

Conclusion

We have analysed seismic, infrasound, and tilt data associated 
with Vulcanian eruptions occurring at three active craters of 
Sakurajima Volcano. Precise hypocentre determination using 
a realistic seismic velocity structure deduced from artificial 
seismic experiments enabled us to locate the eruption trigger-
ing point at a shallow depth of approximately 0.5 km beneath 
each of the three craters. Infrasound data analysis indicates 
that swelling of the crater floor starts approximately 0.2 s after 
the origin time of explosion earthquake, and that the crater 

floor experiences an eruptive burst about 0.3 to 0.5 s later. No 
significant difference was observed between the explosions at 
the three craters, which suggests that the rupture processes and 
physical properties of their crater floors are similar. During an 
eruption, tilt vectors at a nearby station indicated a downward 
trend directed toward one of the three active craters. Whole 
rock analysis indicates that erupted material from the three 
craters is geochemically identical. We conclude that Vulcanian 
eruptions of all the three craters originate from a common shal-
low magma storage and conduit system. A one-dimensional 
steady conduit flow model predicts an overpressure at depths 
of approximately 0.4 to 1.0 km beneath the crater floor. The 
overpressure location is well matched with the inflation and 
deflation sources detected for about 3 min after the explosion 
by geodetic measurements in previous studies (Hotta and Igu-
chi, 2021). The overpressure region is also located just beneath 
the hypocentres of the explosion earthquakes occurring at the 
three craters. These results clarify the shallow magma con-
duit system consisting of triggering points separately locating 
beneath the three active craters and a common deflation source 
during eruption at Sakurajima Volcano. Since many volcanoes 
sometimes change their active craters and erupt with the same 
or different styles and magnitudes, our findings are useful for 
elucidating the eruption mechanisms of Sakurajima Volcano 
and other volcanoes around the world.

Appendix 1. One‑dimensional steady 
conduit flow model

In this appendix, we show detailed formulations of the numeri-
cal simulation of one-dimensional steady conduit flow model. 
For the viscous flow region based on Kozono and Koyaguchi 
(2012), the mass conservation equations for the gas and the 
liquid-crystals phases are expressed as

and

respectively, and the momentum conservation equations for 
the gas and the liquid-crystals phases are expressed as

and

respectively, in which the inertia terms are assumed to be 
negligible. Here, r is the conduit radius, ϕ is the gas volume 

(1)πr2ϕ�gwg = nQ,

(2)�r2(1 − �)
[
(1 − �)�l + ��c

]
wl = (1 − n)Q,

(3)0 = −�
dp

dz
− ��gg − Flg,

(4)

0 = −(1 − �)
dp

dz
− (1 − �)

[
(1 − �)�l + ��c

]
g + Flg − Flw,
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fraction (porosity), ρ is the density, w is the velocity, β is the 
crystal volume fraction (crystallinity), n is the mass-flow-
rate fraction of gas, Q is the magma flux in kg  s−1, p is the 
pressure, g is the acceleration due to gravity, and the sub-
scripts g, l, and c for ρ and w denote the gas, liquid, and crys-
tal phases, respectively. The gas density (ρg) is expressed as

where R is the gas constant, and T is the temperature. The 
liquid and crystal densities (ρl and ρc) are assumed to be 
constant (= 2500 kg  m−3). The mass-flow-rate fraction of 
the gas is expressed as

where nl is the mass fraction of the liquid with respect to the 
liquid-crystals mixture expressed by

and c is the dissolved  H2O.
The momentum conservation equations include two 

external forces: the interaction force between the gas and the 
liquid-crystals mixture (Flg), and the friction force between 
the liquid-crystals mixture and the conduit wall (Flw). The 
forms of these forces are formulated as

and

where ηg is the gas viscosity (set to  10−5 Pa s), k is the gas 
permeability in the magma, and η is the magma viscosity. 
The form of k is expressed following Costa (2006) as

where k0 is the constant representing the permeability scale. 
The magma viscosity is controlled by various factors such 
as composition, temperature, and crystallinity, and it is for-
mulated as

where ηl is the liquid viscosity, and �′
r
 represents the non-

dimensional relative viscosity describing the viscosity 
dependence on β, the aspect ratio of the crystals Rβ, and the 
strain rate �̇� formulated by Frontoni et al. (2022), where �̇� 
is calculated from wl/r in this study. Although the viscosity 

(5)�g =
p

RT
,

(6)n =
n0 − nlc

1 − nlc
,

(7)nl =
(1 − �)�l

(1 − �)�l + ��c
,

(8)Flg =
�g

k
�2

(
wg − wl

)
,

(9)Flw =
8�

r2
wl,

(10)k = k0
�3

1 − �
,

(11)𝜂 = 𝜂l𝜂
�
r

(
𝛽,R𝛽 , �̇�

)
,

also depends on the porosity in a complex manner (Llewellin 
et al. 2002), we do not consider this effect because the poros-
ity is not so high in the conduit during no-eruption phase.

The fitting functions for the equilibrium crystallinity of 
microlites (βeq), the dissolved  H2O (c), and the liquid viscos-
ity (ηl), which were constrained from the rhyolite-MELTS 
program, are formulated as

and

where the constants are set as follows: Cβ0 = 0.425; 
Cβ1 =  − 4.63 ×  10−8   Pa−1; s = 7.27 ×  10−7   Pa−0.586; and 
m = 0.586; Cη0 = 6.98; Cη1 =  − 2.56 ×  102; Cη2 = 6.85 ×  103; 
and Cη3 =  − 7.32 ×  104. The total crystallinity β is calcu-
lated as βph + (1 − βph)βeq, where βph is the crystallinity at 
the magma chamber (i.e. phenocryst volume fraction). The 
functions of Eqs. (12), (13), and (14) are shown in Fig. S5.

For the solid plug region based on Anderson and Segall 
(2011), the force balance at the solid plug is expressed as:

where pp is the pressure at the plug base, pa is the atmos-
pheric pressure, � p is the plug density (set to 2500 kg  m−3), 
Hp is the plug height, and τp is the velocity-dependent shear 
stress on the margin of the plug. Here, τp is expressed as

where wp is the sliding velocity, f0 is the coefficient of fric-
tion (set to 0.4) at the reference sliding velocity wr (set to 
0.001 m  s−1), a is the direct effect (set to 0.08), and �̄� is the 
mean effective normal stress (depth average of normal stress 
minus pore fluid pressure) on the sliding surfaces:

where σc is a coefficient relating lithostatic pressure to nor-
mal stress on the plug (set to 0.3).

The critical condition for the transition from the viscous 
flow to the solid plug is expressed as

At the boundary of the viscous flow and the solid plug, 
the following relationship for the mass conservation should 
be satisfied:

(12)�eq = C�0
exp

(
C�1

p
)
,

(13)c = spm,

(14)log10�l = C�0
+ C�1

c + C�2
c2 + C�3

c3,

(15)0 =
(
pp − pa

)
r − �prHpg − 2Hp�p,

(16)𝜏p = a�̄�arcsinh

(
wp

2wr

exp
f0

a

)

,

(17)�̄� = 𝜎c𝜌lgHp∕2,

(18)
8�wl

r2

|
|||z=−Hp

=
2�p

r

|||
||z=−Hp

.
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The equations for the viscous flow are solved to satisfy 
the boundary conditions at the bottom (i.e. magma chamber) 
and the top (i.e. the plug base) ends of the flow with a length 
of Ltotal − Hp where Ltotal is the conduit length. The boundary 
condition at the bottom is the pressure at the magma cham-
ber, and the flow variables (p, wg, wl, ϕ, and β) at the top of 
the flow (i.e. the plug base) should satisfy Eqs. (18) and (19).

Appendix 2. Effect of volcano topography 
on ground deformation

We numerically investigated the effect of volcano topog-
raphy on ground deformation caused by a pressure source 
beneath the summit, based on the finite element method 
(COMSOL Multiphysics® software). A homogeneous elas-
tic medium was modelled by assuming axial symmetry, and 
the topography of Sakurajima Volcano was approximated 
by a cone with a height of 1000 m and a radius of 5000 m. 
The entire size of the medium, which was characterised by 
the depth and horizontal distance from the vent, was set to 
300 km to eliminate any boundary effects on the calculation. 
The pressure source was assumed to be a sphere or closed 
pipe located just below the summit. The numerical results 
of the ground deformation (tilt, and radial and tangential 
strains) were compared with the analytical solutions for a 
semi-infinite elastic medium with a flat surface (Mogi 1958; 
Bonaccorso and Davis 1999) to assess the effect of the vol-
cano topography (Figs. S7 and S8). In the case of a spherical 
source, the distance and displacement were normalised by 
the source depth and the analytical solution of the vertical 
displacement at the surface above the source, respectively 
(Fig. S7). In the case of the closed pipe, the distance was 
normalised by the depth of the top of the pipe ( d1 ), and the 
displacement was normalised by the analytical solution of 
the vertical displacement at the surface above the source in 
the d2 → ∞ limit, where d2 is the depth of the bottom of the 
pipe (Fig. S8). We set d1 and d2 to 500 m and 1000–1500 m, 
respectively, to cover the observed range of the source depth. 
The pipe radius was varied in the range of 10–50 m.

Appendix 3. Estimation of the source 
parameters of the P‑waves of explosion 
earthquakes

From the velocity amplitudes of the P-waves and the pulse 
width of the P-waves (approximately 0.2 s), the displace-
ment of the P-waves was estimated to be approximately 
 10−7–10−6 m at Amidagawa station. Assuming a hypocentral 

(19)�pwp =
[
��gwg + (1 − �){(1 − �)�l + ��c}wl

]|
|
|z=−Hp

.
distance of 2.7 km, P-wave velocity of 2.5 km/s, and density 
of the structure of 2700 kg/m3, we estimated the seismic 
moment ( Mo ) to be about  1010–1011 N∙m, which is equiva-
lent to a seismic magnitude of 0.6–1.3. Assuming a spherical 
pressure source for the P-wave generation (Tameguri et al. 
2002) and a pressure increase ΔP of 0.1–1.0 MPa, which 
was substituted from the estimation of the main phase of 
explosion earthquakes (Nishimura 1998), a radius (a) of 
10–47 m was estimated from the relation Mo = 3�a3ΔP 
(Kanamori et  al. 1984). If the fault was a source, the 
fault length and slip amount were estimated to be 3–8 m 
and < 1 mm, respectively.
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