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craters of Sakurajima volcano before the 2023
eruption of Showa crater inferred from ground
deformation and muon monitoring
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Abstract

Ground deformation source modeling and muographic mass density monitoring were applied for studying the plumb-
ing system of Sakurajima volcano, Kyusu Japan using data collected by Interferometric Synthetic Aperture Radar

and Sakurajima Muography Observatory. Lateral movement of ground deformation source was observed to east
beneath the active craters around sea level that resulted in the shift of eruption frequency between the Minamidake
craters. During the same period, muography showed opposite trends in mass changes for adjacent craters: mass
decreased beneath the Minamidake A and B craters and mass increased beneath the Showa crater that also sug-

gests the lateral movements of materials towards east. Thereafter, the ground deformation source started to rise

and the eruption sequence of Showa crater started when the deformation source reached a depth of about 350-450 m
beneath the craters. The muographically measured mass increased beneath Showa crater before the start of the erup-
tion sequence. During eruption episodes of Minamidake A and B craters, the mass did not change beneath these
craters and decreased beneath Showa crater, suggesting a connection between the adjacent craters. These obser-
vations suggest the presence of a deep magma channel around sea level which feeds Minamidake A and B craters

and the existence of a shallow magma chamber about 350-450 m beneath the active craters which feeds all craters.
Joint measurement of ground surface deformations and cosmic-ray muons allows simultaneous monitoring of shal-
low volcanic processes that may allow more reliable assessment of impending eruption sequences of Showa crater

of Sakurajima volcano.
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1 Introduction

Integration of complementary geophysical, geochemical,
and petrological observations may allow us to explore the
magma plumbing system, to study the volcanic processes
that generate magma movements, and to elucidate how
magma intrusion affects volcano deformation, eruption
dynamics, etc. (Sparks et al. 2012; Magee et al. 2018).
Monitoring the spatio-temporal evolution of magma has
successfully been utilized for determining the spread of
volcanic edifice (Donnadieu & Merle 2001; Donnadieu
et al. 2001), localizing the onset of impending eruptions
(D’Auria et al. 2012; Cannavo et al. 2015), and reveal-
ing the opening of new fissures (Pagli et al. 2012). These
developments allowed the assessment of the occurrence
of flank failures (Cervelli et al. 2006; Bonforte & Gug-
lielmino 2015) and their possible secondary effects, such
as tsunamis (Cervelli et al. 2002) or pyroclastic density
currents (Belousov et al. 2020) that can affect even dis-
tant areas and result in more devastation.

Interferometric Synthetic Aperture Radar (InSAR)
allows the detection of magma accumulation and track-
ing magma migration (Biggs et al. 2014). InSAR meas-
ures either pre-eruptive inflation of the ground surface
due to magma intrusion (Patané et al. 2003) or syn-erup-
tive deflation of the volcanic edifice due to the release
of volcanic ejecta (Massonnet et al. 1995). InSAR can
be applied even at remote, inaccessible volcanic edi-
fices. Modeling allows us to create a linkage between
subsurface deformation sources and the measured
surface deformation; it helps to interpret ground sur-
face deformations and determine the position, volume,
and pressure changes of magmatic ground deforma-
tion sources (e.g., Mogi 1958; McTigue 1987; Yang et al.

1988). Compiling global InSAR data sets and interpreting
ground deformation and other monitoring data allowed
us to reveal some limitations of InSAR: (A) about half of
volcano deformations were followed by eruptive activi-
ties, and less than one-tenth of volcanoes erupted with-
out precursory ground surface deformations (Biggs et al.
2014; Reath et al. 2019). (B) The ground surface deforma-
tions are indirect effects of subsurface phenomena, e.g.,
dormant craters can also uplift due to inflation sources
located beneath the adjacent craters on multi-vent vol-
canoes (Olédh et al. 2023). (C) Elastic models cannot dis-
tinguish whether the effects on the intrusion are caused
by pressure change or magma recharge (Ferndndez et al.
2001). (D) Modeling is sensitive to the presence of weak
materials within the caldera (Masterlark 2007).

Applying density-sensitive complementary techniques,
such as gravimetry (e.g., Ferndndez et al. 2001; Battaglia
& Segall 2004; Poland & Anderson 2020) or muography
(e.g., Tanaka 2019; Tanaka et al. 2023; Gibert et al. 2022;
Macedonio et al. 2022), not only contributed to reveal-
ing the aforementioned limitations, but these may help to
distinguish whether ground deformations are caused by
either pressure changes or mass movements (Ferndndez
et al. 2001; Olah et al. 2023). Muography is based on the
measurement of the yield of cosmic-ray muon particles.
Muons are naturally occurring elementary particles cre-
ated at 10-15 km altitude in Earth’s atmosphere as the
end product of particle physics processes induced by
collisions of primary cosmic rays with the atmospheric
nuclei. Muography allows remote, passive, and high-res-
olution scanning of the internal structure of large-sized
structures, including volcanic edifices. The finite yield of
muons (10,000 per square meter per minute at sea level)
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is reduced by 3—4 orders of magnitude after penetrating
rocks with a thickness of a few hundred of meters; thus,
the applicability of muography is limited for the craters
and upper conduits of volcanoes. Magmatic materials
have already been imaged and monitored by muogra-
phy. Tanaka et al. (2014) observed the uprise of magma
in the conduit of Satsuma-Iwojima volcano during the
2013 eruption. Kusagaya & Tanaka (2015) revealed a
dense region in Usu volcano that was interpreted as a
past magma intrusion. Joint inversion of muographic
and gravimetric data revealed an intruded magma body
with a cylindrical shape in the Showa—Shinzan lava dome
(Nishiyama et al. 2017). Multi-directional muography
explored the highly welded vent of the scoria cone and
three-directional radial dikes extending from the central
vent in the Omuro-yama scoria cone (Nagahara et al.
2022). A magmatic body was visualized in the summit
of Puy de Dome volcano (Portal et al. 2013). We imaged
plug formation (Oldh et al. 2019), explained a linkage
between ground surface deformation and eruption fre-
quency (Oldh et al. 2023), and explored the conduit
structure (Oldh et al. 2024) in Sakurajima volcano, Japan.

Sakurajima volcano is supplied with magma from the
Aira caldera located in northern Kagoshima Bay, and its
southern peak is erupting from three craters, namely,
Minamidake A, Minamidake B, and Showa. The type of
eruptive activity is primarily Vulcanian (Gabellini et al.
2022). Eruption mechanism has been understood (Uhira
& Takeo 1994; Iguchi 2013; Iguchi et al. 2013; Kaza-
haya et al. 2016). Different parts of the plumbing system
have already been explored: continuous magnetotelluric
observations revealed electrical resistivity changes due
to movement of a mixture of magma and groundwater
around the sea level (Aizawa et al. 2011). Absolute grav-
ity measurements reconstructed the possible altitude
of the magma head between 400 and 800 m altitudes
above sea level (ASL) (Okubo et al. 2013). A dike intru-
sion event was also observed beneath the Showa crater
between — 500 m and 300 m ASL by three-dimensional
deformation mapping based on right- and left-loking
ALOS2 InSAR (Morishita et al. 2016). Vent radius of
Showa was estimated between 6.4 m and 42.3 m with a
mean of 23.8 m from infrasound data (Muramatsu et al.
2018). The hypocenters of the earthquakes associated

(See figure on next page.)
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with explosive eruptions are estimated to be at the depth
of 500 m beneath the bottom of the active craters by the
seismic structure of the artificial seismic experiment
(Nishimura et al. 2024). Muographically measured mass
density changes allowed us to infer a branched con-
nection between the Minamidake B and Showa craters
(Olah et al. 2024). In recent years, the eruptive frequency
was observed to be typically a few tens of eruptions per
month with a few dormant periods (Fig. 1a—c). Minami-
dake A and B craters erupted in recent years, and the
Showa crater was active from 8 February to 4 August
2023. In this work, we analyze ground surface deforma-
tion and muon monitoring data to track the possible pre-
cursory magma migration before the eruption sequence
of 2023 of Showa crater and infer the structure of the
plumbing system.

2 Data collection and analysis methods

2.1 Experimental setting and data collection

Ground surface deformation of the volcanic edifice and
the yield of cosmic-ray muons across the region of active
craters were measured to observe simultaneously and
interpret together both deep and shallow signals of vol-
canic activities. Our experimental setting is presented
in Fig. 1d. Vertical displacements of the southern peak
around the active craters were determined using the
Phased Array type C-band Synthetic Aperture Radar
images acquired by Sentinel-1 (The European Space
Agency 2025) with a periodic time of 12 days (NEC 2025).
NEC Corporation analyzed the InSAR images indepen-
dently from this work and provided the vertical uplift
data (Olah et al. 2023, 2024). The vertical displacements
were determined relative to the ground level measured
on 6 April 2021 at 150 locations for the period from April
2021 to April 2023. Uncertainties of vertical uplifts meas-
ured by InSAR range between 0.005 m and 0.02 m in the
crater region (e.g., Remy et al 2003). The yield of cosmic-
ray muons was monitored across the southern peak of
Sakurajima volcano with the multi-wire proportional
chamber (MWPC)-based muography observation system
(MMOS) of Sakurajima Muography Observatory (Oldh
et al. 2019, 2023, 2024). The MMOS is a modular system
that is operated with ten tracking system modules at a lat-
itude of 31.557°N and a longitude of 130.650°E at 150 m

Fig.1 a, b, c Eruption frequencies are shown on a monthly basis for the three active craters of Sakurajima volcano, namely, Minamidake A,
Minamidake B and Showa. d Map of the measurement site is shown with the topography Sakurajima volcano (GSI 2024) and our experimental
settings. Vertical uplifts were monitored by InSAR (ESA 2025) at the locations highlighted with red-colored dots. PQ line shows a slice

that was selected across the crater region. O indicates the location of Sakurajima Muography Observatory at a latitude of 31.557° and a longitude
of 130.650°. The black arrow indicates the orientation of muographic observation instruments. The inner map (Natural Earth 2025) shows

the location of our experiment at Sakurajima volcano in Kagoshima Bay, Kyushu, Japan
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ASL at a distance of approx. 2,800 m from the active cra-
ters of Sakurajima volcano. The MMOS has already been
presented extensively in Refs. (Oldh et al. 2018, 2021;
Varga et al. 2020). We conducted data collection continu-
ously between 1st October 2020 and 29th February 2024.
Collection of muographic data has been stopped once per
year when maintenance of MMOS was conducted.

2.2 Modeling of ground surface deformations

Ground surface deformations were localized near the peak
region around the active craters, which hinted that the
source of deformations may be located near the surface of
the volcanic edifice. We localized the deformation source
via quantifying the depth (D), the longitude, and the lati-
tude coordinates by Mogi modeling (Mogi 1958; McTigue
1987) and Yang modeling (Yang et al. 1988) of vertical dis-
placements (U,). Figure 2a, andb, respectively, visualizes
magma bodies as small spherical and ellipsoidal pressure
sources of ground surface deformations. The spherical
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magma body has an 7 radius that is significantly smaller
than its D depth. The surface displacement occurs in radial
directions due to pressure change in the small spherical
volume. The vertical component of ground surface defor-
mation (U/,) at an R radial distance from the deformation
source is expressed by the following equation:

Upnoa,y(R) = 3AVD/[Am(R* + D?)*/?] 1)

For the ellipsoidal Yang source, the vertical component of
ground deformation is expressed as follows:

Uppody(R) = APabcD/[n(R* + D)3/ @)

where AP is the pressure change in the source, 4, b, and ¢
(a>b, a>c) are the three axes of the ellipsoid, and g is the
shear modulus of the surrounding medium.

Parameter estimation procedure based on grid search-
ing via minimizing the square of relative difference

Ellipsoidal Yang Source

(b)
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Fig. 2 a Schematic drawing of Mogi modeling shows a spherical pressure source with the radius r at depth D. The AV volume change of the Mogi
source causes U, vertical deformation on the surface of the volcanic edifice at an R radial distance. b Schematic drawing of Yang modeling

shows an ellipsoidal pressure source with g,b, and ¢ axes at depth D. The AP pressure change of the Yang source causes U, vertical deformation

on the volcano's surface at an R radial distance. ¢, d Vertical uplift is plotted as a function of radial distance from the deformation source. The
red-colored line and the blue-colored line indicate the optimal U,(R) curve for the Mogi model and Yang model, respectively. Black dots show

the experimental vertical ground deformation data as a function of radial distance. Errors of U, values range from 0.005 m to 0.02 m (e.g., Remy et al

2003)
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between the measured and modeled vertical uplifts of
ground surface (C?) as a function of the radial distance
of the measurement point from the deformation source:

C2 = Z [Umeas,v(R)i_umod,v(R)i} Z/Urnod,v(R)i2
l

3)
where R was determined by the haversine formula from
the latitude and longitude coordinates. The measured
vertical uplift data were considered for altitudes above
700 m ASL. For optimization of the Mogi model, the
AV volume change was set to be 40 Mm?, For optimiza-
tion of the Yang model, the pressure change was set to
be 10 MPa and the shear modulus was set to be 6 GPa.
All these fixed parameters were found by grid search with
larger steps for other parameters. The a axis of the ellip-
soid was varied from 200 to 300 m. The b and c axes of
the ellipsoid were varied from 100 to 200 m. Step size was
set to be 50 m for each axis. Other parameters were set
to different values within the same ranges with the same
steps for both models: the longitude and latitude coordi-
nates were, respectively, varied in a range from 130.658°
to 130.666° and from 31.579° to 31.581°. The step size
was set to 0.00025° and 0.00050° for the longitude and
the latitude, respectively. The depth from the crater floor
was varied from 100 to 1000 m with a step size of 20 m.
Figure 2c, d shows examples for comparison of vertical
uplifts versus radial distance from source location for
the experimental (black dots) data set and for the Mogi
modeling (red-colored line) and for the Yang modeling
(blue-colored line). Further data are presented in the sup-
plementary materials. It is worth noting that the vertical
uplifts varied within 2—3 mm at the same distances due
to the deposition and removal of volcanic ejecta mate-
rials, which were not taken into account in the analysis
of InSAR data. An F test (e.g., Gambino & Guglielmino
2008) was conducted to compare the two models. The F
ratios were found to be below 1 for 55 of the 58 cases,
which suggested that the Mogi model fits better onto the
InSAR data. In this work, the errors of model parameters
were derived from the grid size. We related the param-
eters of both models to the eruption frequencies and the
muon monitoring data.

2.3 Muon data analysis and modeling

Event-by-event analysis procedure has been presented
extensively in Ref. (Oldh et al. 2024). Here, we describe the
analysis procedure in a nutshell. The procedure is initiated
with reconstruction of clusters of muon hits on chamber
by chamber. This reconstruction determined the cluster’s
centroids, sizes, and numbers. Thereafter, a combinatorial
algorithm gathered the cluster centroids into track candi-
dates and ordered them based on the goodness of line fit
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(chi-square per number of degrees of freedom, x*/ndf,
where the ndf equals the number of detectors minus two),
and selected the best-fitting track candidate with the small-
est °/ndf. In the last step, a track count histogram with a
bin size of 0.023 in both directions was filled based on the
horizontal and vertical slopes of tracks. After filling the
track count histogram, flux was calculated for each angular
bin by dividing the track counts by sensitive surface area,
solid angle, and effective measurement time. Statistical flux
error was determined by dividing the square root of track
counts with the same quantities. Forward modeling of flux
was conducted to determine the density across the vol-
canic edifice. The modeled flux was determined with dif-
ferent density lengths (density integrated over path length)
by integrating the energy and elevation angle dependent
spectra of muons (Tang et al. 2006) from threshold energies
that are required for muons to penetrate the given density
lengths (Groom et al. 2002). Path lengths were calculated
using the digital elevation model of the edifice (Geospatial
Information Authority of Japan 2024). The density value
was extracted when the difference between the measured
and modeled muon fluxes was found to be minimal. Fig-
ure 3 shows the densities for the measurement period with
a bin size of 0.023 in both horizontal and vertical direc-
tions. This bin size corresponds to a spatial resolution of
about 60 m beneath the active craters which located about
2800 m from the MMOS. The mass (1) was calculated for
each region as follows:

m =N,0meanTmean[D2A2 + D + Tmean)2A2
+ DD + Toean) A*1/3 (4)

where N is the number pixels, p,,.,, is the aritmethic
mean of density values within the selected region, and
the following factors express the volume of a truncated
rectangular pyramid, in which T, .., is the mean thick-
ness of the selected region, D is the distance between
the MMOS and the selected region that is 1820 m to the
Minamidake A and Minamidake B craters and 1790 m to
the Showa crater, and A=Atan(0,)= Atan(ey) is the slope
bin size.

3 Results
3.1 Tracking magma migration by modeling ground
deformation source

Figure 4 shows, respectively, the variations of the mod-
eled parameters of the Mogi source (red-colored rec-
tangles) and Yang source (blue-colored rectangles) from
April 2021 to April 2023 and the eruption frequencies
of active craters (colored boxes) from January 2021 to
December 2023. The source kept its latitude within a
range of 31.579°-31.581", i.e., it moved neither north nor
south throughout the measurement period from beneath
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Fig. 3 Density images of the crater region of Sakurajima volcano are shown for a period from October 2020 to February 2024. Each image
was produced using data collected throughout 6 months. A solid line indicates the cross section of volcanic edifice along the PQ line of Fig. 1d.
Black rectangles designate the selected regions beneath the craters Minamidake A (A), Minamidake B (B) and Showa (S), respectively
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the active craters (Fig. 4a). The variations of longitude
coordinate indicate that the source of ground deforma-
tion shifted from the region located beneath Minamidake
A crater to a region located beneath Minamidake B and
Showa crater from April 2021 (Fig. 4b). This horizontal
movement may resulted in the shift of eruptive activity
from Minamidake A (blue-colored boxes) to Minamidake
B (green-colored boxes). Throughout the entire measure-
ment period, the deformation source rose from 900 m
depth to 350-400 m depth relative to the level of Showa
crater’s floor (700 m ASL) (Fig. 4c). Since the latitude of
the Mogi and Yang sources remained within a narrow
range, we combined the longitudinal and the vertical var-
iations of the deformation source in Fig. 4d, e. Here, the
horizontal coordinates are shown relative to the observa-
tion axis (black arrow of Fig. 1d) of the muography obser-
vation instrument. The depth is measured relative to the
floor of Showa crater. The shape of crater floors (black
solid line) were extracted along the PQ line of Fig. 1d.
Two phases are indicated for the movement of the defor-
mation sources: (1) a rapid horizontal shift between the
Minamidake A and Minamidake B occurred in 2021 and
(2) a slower rising. The eruption sequence of Showa cra-
ter started (red-colored boxes in Fig. 4c) when the source
reached the depth of about 350-400 m beneath the crater
floor in February 2023.

3.2 Muon monitoring of shallow material transfers

We conducted offline analysis of muographic data
(Oldh et al. 2024). The analysis procedures are pre-
sented in a nutshell in Methods section. In this work, we
reconstructed the mass density images across the cra-
ter region and determined the total mass beneath the
active craters. Figures 5a—c shows the 6-month average
(arithmetic mean values) of masses with one standard
deviation (black dots with error bars) for the regions
beneath Minamidake A, Minamidake B, and Showa cra-
ters (black rectangles in Fig. 4d, e) and the monthly num-
ber of eruptions (colored boxes) from January 2021 to
January 2024. Simultaneous changes were observed in
the masses from January 2021 to March 2022: the total
mass decreased beneath Minamidake A and Minami-
dake B by about 15-20 megatons (Mt) and increased

(See figure on next page.)
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beneath Showa by about 10 Mt. Throughout the same
period, the eruptive activity shifted from Minamidake A
(blue-colored boxes) to Minamidake B (green-colored
boxes). The masses did not change beneath the craters
during a relatively dormant period from March 2022 to
May 2022. The masses increased beneath Minamidake A
and B craters and decreased beneath Showa crater dur-
ing the eruptive activities of the former two craters from
May 2022 to October 2022. From November 2022 to
May 2023, the mass started to decrease beneath Minam-
idake A and Minamidake B until the end of their erup-
tion episodes, and the mass increased beneath Showa
crater. Between May 2023 and August 2023, the mass
decreased beneath Showa crater until the end of the
eruption sequence. During the same period, the masses
increased beneath the dormant Minamidake A and B
craters. After the end of the eruption sequence in August
2023, the mass did not change beneath the Showa crater.
Besides the crater regions, the average mass was moni-
tored across a reference region in which volcanism did
not occur, and the mass did not change here during the
entire data collection period (Oldh et al. 2024).

4 Conclusions and discussion

Joint observation of Sakurajima volcano has been con-
ducted with ground deformation and muon monitoring.
Ground deformation source was modeled for tracking
the shallow processes. Muography was conducted for
monitoring the mass changes across the upper part of
the volcanic edifice. The finite yield of muons allowed the
imaging of the upper 120 m parts of conduits and craters
of Sakurajima volcano during the measurement periods
of 6 months. The mass sensitivity of muography allowed
us to localize the ground deformation source more accu-
rately than InSAR, e.g., in a previous work, the ground
deformation data showed uplift in the region of Showa
Crater, but it was caused by the magma located beneath
Minamidake B crater (Oldh et al. 2023). Furthermore,
muography helped to distinguish between the pressure
change induced or mass intrusion induced ground defor-
mations. Although muography could not pinpoint the
source of ground deformation in these regions, the mass
changes due to compressions and decompressions in

Fig. 4 Time evolution of the parameters of the ground deformation source was determined by Mogi modeling (red-colored rectangles) and Yang
modeling (blue-colored rectangles) for the period from April 2021 to April 2023. a Longitude of ground deformation source versus time. b

Latitude of ground deformation source versus time. Eruption frequencies of Minamidake A and B craters are, respectively, shown by blue-colored
and green-colored boxes. ¢ Variation of the depth of the deformation source from the floor of Showa crater over time. Eruption frequency of Showa
crater is also shown by red-colored boxes. d, e Combination of panels (b) and (c) is shown. Black lines show the shape of Sakurajima volcano

along the PQ line of Fig. 1d. Black rectangles indicate the regions of Minamidake craters A (A) and B (B), and Showa crater (S) that were monitored

by muography
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Fig. 5 Time series of total masses across the three active crater regions of Sakurajima volcano. The mass values (black dots) are shown with 1
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the mixture of gaseous and liquid materials beneath the
volcanic plug could be quantified, and shallow volcanic
processes could be studied more accurately. The obser-
vational results are discussed together for the following
periods as follows.

From January 2021 to March 2022, a lateral movement
of ground deformation source may occurred at a depth
of 700-900 m beneath the floor of Showa crater. During
the same period, the mass changes were, respectively,
observed beneath the two Minamidake craters and the
Showa crater to be minus 10 to minus 25 Mt and plus
10 Mt, which also indicates material transfer towards
the Showa crater. Our interpretation is that the observed
material transfers resulted in the shift of eruptive activi-
ties from Minamidake A (blue-colored boxes in Fig. 4b)
to Minamidake B (green-colored boxes in Fig. 4b). The
depth of lateral movement of the ground deformation
source was found to be consistent with the depth of a
fracture network reconstructed with magnetotelluric
measurements conducted at 3.3 km east and 3 km west
from Minamidake crater in 2008-2009 (Aizawa et al.
2011). The resistivity increased around sea level beneath
the eastern measurement site in coincidence with the
volcanic unrest. This resistivity increase was interpreted
as a sign of lateral degassing of volatiles from a magma
body. The results suggested the presence of a fracture
network at a depth around sea level in which a mixture

of groundwater and degassed volatiles can migrate lat-
erally. Results of ground deformation source modeling
also indicate a later path for magma that may support the
presence of the fracture network.

During the eruption sequences of Minamidake B and
Minamidake A craters occurred from May 2022 to October
2022; the masses increased by about 20 Mt beneath Minami-
dake A and B craters and decreased by about 15 Mt beneath
Showa crater. These trends suggest material transfer from
a shallow region beneath Showa crater to a shallow region
beneath Minamidake craters. Magma intrusion may has
caused the remaining mass increase.

During the period from November 2022 to May 2023,
mass started to decrease beneath Minamidake A and
Minamidake B until the end of their eruption episodes, and
densities increased beneath Showa crater. Eruptive activi-
ties started in the Showa crater in February 2023 when the
ground deformation source rose from a depth of 700-900 m
to a depth of about 350-450 m beneath the bottom of the
Showa crater. These observations suggest that the Showa
crater activates when the magma reaches a sufficiently shal-
low depth beneath the active craters. This is similar to what
was observed before earlier eruption episodes of Showa
crater when the magma head was quantified between 400
and 800 m ASL by the absolute gravity measurements
(Okubo et al. 2013). It is worth noting that the difference
between the altitude of the current floor level and the earlier



Olah et al. Earth, Planets and Space (2025) 77:196

reconstructed source altitude originates from the deepen-
ing and widening of the Showa crater (Japan Meteorological
Agency 2018).

Between May 2023 and August 2023, the mass
decreased by about 15 Mt beneath Showa crater until
the end of the eruption sequence. We interpret this mass
decrease as a decrease in magma feeding and release of
volcanic ejecta. The former one resulted in the stop of
eruptive activity. This is consistent with our earlier obser-
vations for the active Mindamidake craters (Oldh et al.
2023, 2024).

Observing a mass transfer between the active craters
at shallow depth and activation of Showa crater as the
ground deformation source reaches shallow depths of
350-450 m beneath the crater floor supports the pres-
ence of a common shallow magma storage and conduit
system beneath the three craters. Seismic sources of
explosive eruptions are located in and around a region at
a depth of 400 m (Nishimura et al. 2024). Furthermore,
geochemical analysis of samples from ejected rocks indi-
cated that these rock samples are identical and originate
from the same source (Matsumoto et al. 2013). A similar
structure was observed at Mount Etna, in which short-
term magma storage occurred close to the surface before
a flank eruption and summit eruptive activity from a
source located at a larger depth (Sanderson 1982).

We demonstrated that the joint analysis of ground
deformation and muon data improves the reliability
of the monitoring of the shallow parts of the volcano’s
plumbing system. Besides these data sets, we will ana-
lyze volcanic gas emission rates and earthquake data to
provide a more robust assessment of impending eruption
sequences of the active craters of Sakurajima volcano.
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