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ABSTRACT

Muography is a geophysical monitoring technique that allows passive, remote, and high-definition density imaging of volcanoes by measur-
ing the yield of penetrated cosmic-ray-induced muon particles. This review focuses on joint muon and ground surface deformation moni-
toring of active volcanoes and its application for exploring the structures of upper plumbing systems, characterizing the eruptive activities,
and contributing to intermediate-term (multi-month) hazard assessment. Our work is based on the data acquired at the active Sakurajima
volcano in Japan by the Sakurajima Muography Observatory and synthetic aperture radar. An inverse correlation was found between the
muographically measured densities through the conduits of the adjacent craters, suggesting a branched linkage between these conduits. The
muographically measured densities were related to the vertical ground surface displacements and monthly number of eruptions and gas
emission rates. Periods of low eruption frequency were associated with the formation of a dense plug in the conduit, which caused the infla-
tion of the edifice by trapping pressurized magmatic gas and increased mass density. Periods of high eruption frequency were associated 3
with the release of volcanic gases that caused the deflation of the volcanic edifice and decrease in the mass density. Muography can be uti-
lized to explain the linkage between ground surface deformation and eruptions by revealing the causal physical mechanism. The volcanic
unrest index was determined using mass density, vertical displacement, and gas flux data monitored from September 2018 to July 2023.
Minor unrest was quantified from September 2019 to December 2020.
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I. INTRODUCTION of ten non-deformed volcanoes erupted.” These results emphasized
that the interpretation of ground deformation monitoring signals
relies on correlation and the necessity for applying complementary
techniques to elucidate the causative volcanic phenomena before
the onset of eruptions. Monitoring of the signals induced by the
evolution and movement of magmatic materials in the conduits by
density-sensitive techniques, such as gravimetry’ or cosmic-ray
muon imaging (muography),” may aid the aforementioned limita-
tions of ground deformation monitoring. Here, we focus on joint

Forecasting the location, magnitude, duration, and time of
impending volcanic eruptions is a key task in applied volcanology.'
Integrated processing of geophysical, petrological, and geochemical
signals may elucidate subsurface volcanic phenomena and improve
volcanic hazard assessment.” Ground surface deformation monitor-
ing has revealed pre-eruptive inflation” and syn-eruptive deflation®
of active volcanoes. Nowadays, satellite-based synthetic aperture

radars routinely measure the ground surface displacements on SAR and muon imaging.
active volcanoes every few days.” Synthetic aperture radar (SAR) is Cosmic-ray muography allows us to perform passive, remote,
even applicable to inaccessible and unmonitored volcanic edifices. and non-destructive imaging of large structures, such as
Compilation of SAR data acquired at 198 volcanoes showed that  volcanoes.””'’ The imaging is based on measuring the directionally
just about half of deformed volcanoes erupted, and about one out dependent flux of cosmic-ray-induced, omnipresent, and highly
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penetrating muon particles arriving across the scanned structures
into tracking detectors. Muography produces density images and
resolves the internal structure and composition of volcanoes with
an unprecedented spatial resolution of a few meters from a safe dis-
tance of a few kilometers.'' The implementation of muography as a
complementary technique for volcano monitoring is still underway
in combination with other techniques for different purposes:
(A) monitoring of hydrogeomorphic changes caused by volcanic
ejecta deposition, erosion, and lahars on the surface of the edifice;'>"”
(B) reconstructing conduit and crater structures for modeling of erup-
tive activities;' ' (C) assessing the structural features and composition
of volcanic peaks and lava domes for reconstructing past evolution
and conducting structural stability analysis;'°' and (D) monitoring
of subsurface hydrothermal activities and magmatic processes.”””
Machine learning was utilized for processing daily muographic
images for predicting the occurrence of the eruptions of
Sakurajima volcano on the next day, and sensitivities and false
rates were achieved around 0.75 and 0.2, respectively.”**> These
results are not adequate to integrate this innovative technique into
complex forecasting systems due to sparse data sets obtained over
relatively short periods. Currently, muography has the potential to
contribute to the intermediate-term assessment of volcanic erup-
tion sequences.

Here, we are focusing on Sakurajima volcano, which is an
active stratovolcano fed with magma from the Aira caldera located
beneath Kagoshima Bay, Japan. Primarily, Vulcanian-type erup-
tions have occurred from two active craters in recent years, with an
eruption frequency ranging from a few dozen to a few hundred
eruptions per month.”*® We review how muography is utilized
for density imaging of the upper conduits of the Sakurajima
volcano month by month and relate densities to measurements of
vertical ground surface displacements, the SO, gas emission rate,
and the eruption frequency to explore the plumbing system and
study eruption mechanisms. Section II describes the data collected
by muography and SAR and the main steps of the analysis proce-
dure. Section III presents the observational results on the conduit
structure, eruption mechanism, and the first trial to identify the
periods of unrest. Finally, Sec. IV summarizes our findings and dis-
cusses the future perspective of hazard assessment.

1l. DATA ACQUISITION AND PROCESSING
A. Density monitoring with muography

Muographic data were acquired at the Sakurajima Muography
Observatory (SMO) for this study. The SMO is a modular infra-
structure that is partly operated with ten multi-wire proportional
chamber-based muographic observation systems (MMOSs) by
HUN-REN Wigner RCP and the University of Tokyo. The tracking
systems, their operational performance, and the power and gas
supply systems have been described in detail in previous
papers.' > *?"** Figure 1 shows the topographic map of Sakurajima
volcano™ with the measurement setting. The SMO (O) is operating
at a latitude of 31.557 °N and a longitude of 130.650 °E at a distance
of about 2.8 km in the southwest direction from the two craters of
Minamidake (A and B) and the Showa (S) crater. The azimuthal ori-
entation of the MMOS is set to 30.25° from north (defined as tan
(65) =0). Each tracking system is set horizontally (defined as tan
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FIG. 1. A topographic map of Sakurajima volcano is shown with the experimen-
tal setting. The letter O indicates the location of SMO at a latitude of 31.557°N
and a longitude of 130.650°E. The black arrow indicates the orientation of the
MMOS. Locations of vertical ground surface displacement measurements are
shown with blue crosses. The PQ line shows a slice that was selected across
the crater region. The letters A, B, and S correspond to craters Minamidake A,
Minamidake B, and Showa, respectively.

(6y) =0). The data presented here were collected from 1 September
2018 to 1 July 2023. The data acquisition was interrupted for a few
days biannually when the MMOS was stopped for maintenance
work and installation of new detectors.

The main steps of muographic data processing are presented
in Refs. 13 and 34 and are just overviewed hereafter in a nutshell.
Quality assurance of the data was conducted by offline analysis.
Periods with low-quality data (e.g., malfunctioned electronics and
detectors) were excluded from the analysis. Analysis of data
acquired by independent MMOS modules built up from the follow-
ing steps: As a first step, offline alignment of tracking layers and
exclusion of malfunctioned electronic channels were conducted by
a pre-analysis of a smaller data sample (a few thousand events).
The event-by-event analysis was initiated by reconstructing muon
hit clusters by quantifying their numbers, sizes, and centroids on
each tracking layer in both horizontal and vertical directions.
Thereafter, a combinatorial track reconstruction algorithm was
applied to measure the track slopes and intercepts. Tracks were
counted as a function of horizontal [tan(6,)] and elevation
[tan(8,)] track slopes. Flux was calculated by dividing the counts
by the detector acceptance, solid angle, and measurement time.
Muon fluxes measured by independent modules were merged.
The density lengths across the edifice were derived by forward
modeling of muon fluxes through different-density lengths via
numerically integrating directional dependent energy spectra of
cosmic-ray muons’~ from minimal energies, which required the
muons to penetrate the given density lengths.”® The densities
were determined by dividing the density lengths by the path
lengths of muons across the volcano, which were calculated from
the digital elevation model of the edifice.
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B. Ground surface deformation monitoring with
synthetic aperture radar

Ground surface deformations of the volcanic edifice were mea-
sured by the Phased Array type C-band Synthetic Aperture Radar
of the Sentinel-1 satellite every 12 days.”” Blind independent proto-
col was applied for data processing, i.e., the analysis of SAR images
was conducted independently by NEC from our muographic data
processing in order to minimize the biased interpretation. Vertical
displacements of the surface of the volcanic edifice were calculated
relative to the vertical positions quantified for the data that were
acquired on 31 October 2018 and 6 April 2021. In Fig. 1, the blue-
colored crosses indicate the locations where vertical displacements
were calculated.

I1l. OBSERVATIONAL RESULTS

A. Exploring shallow conduit structure with
time-sequential muography

Figure 2 shows the density images measured for periods of 6
months through the crater region (black line) of Sakurajima
volcano from 1 January 2021 to 31 May 2023.”* Here, the pixel size
corresponds to a spatial resolution of about 60 m by 60 m. Black
rectangles indicate the designated regions beneath the eastern part
of the Minamidake crater (M), beneath the Showa crater (S), and
across a reference region (R). Figures 2(n)-2(x) visualize the unifi-
cation of conduits beneath the regions M and S from February
2022 and continuous slanting toward the east. These observations
were found to be consistent with other monitoring data reported by
the Japan Meteorological Agency (JMA): (1) Infrared thermal images
indicated the geothermal areas in both craters in October 20217 and
in February and October 2022.”° (2) The seismic hypocenters were
observed at shallow depths (<400 m) beneath both craters between
June and December in 2021, when the densities increased through
this unified region. (3) After the unification of regions M and S, the
eruptive activity switched from the Minamidake crater to Showa
crater in June 2023.”° These results suggest a linkage between the
conduits of Minamidake and Showa craters.

Arithmetic mean values of the densities were calculated for
the regions M, S, and R for quantifying the relation between the
densities measured beneath the two craters and relating these den-
sities to other monitoring signals. Figure 3 shows the averaged den-
sities measured beneath the Showa crater as a function of averaged
densities measured beneath the Minamidake crater for the entire
data collection period.” Pearson’s coefficient was calculated to be
—0.52, which indicates a moderate inverse correlation between the
densities. The simultaneous and inverse change in densities
through the adjacent conduits suggests a preferential pathway for
degassing that is regulated by the changes in the gas pressure.
Similar flow dynamics were quantified for fluid transport between
tubes with a branched structure.”” At Mount Etna, which is a
similar multi-vent volcano, simultaneous changes in the eruptive
activity and switching of the infrasonic source location,"' thermal
activity,”” and tremors*’ were observed between the adjacent Bocca
Nuova and South East Crater, and a branched conduit structure
was inferred. Muography suggested a similar branched conduit
structure for the Minamidake and the Showa craters of Sakurajima
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volcano. Geochemical analysis of volcanic ejecta samples from the
adjacent craters found that the samples are identical,” which is
consistent with the muographic observations. Recently, active
seismic surveys of Sakurajima volcano have suggested a unified
shallow (<400 m) reservoir beneath the active craters, which feed
the conduits with magma.*’

B. In-conduit processes inferred from muon and
ground deformation monitoring

Figure 4 shows the time evolution of averaged densities with
one standard deviation (black dots with error bars) for the
Minamidake crater [Fig. 4(a)], the Showa crater [Fig. 4(b)], and the
reference region [Fig. 4(c)] from September 2018 to July 2023.”*
The monthly numbers of eruptions are plotted with orange histo-
grams. The colored lines show the vertical displacements measured
around the active craters relative to the ground levels determined
for 31 October 2018 and 6 April 2021, respectively. The brown
dots with error bars show the emission rate of SO, gas measured
by JMA. As was expected, the density changes were found to be
minimal across the reference region in which volcanism did not
occur. The observational results and interpretations are discussed
for the two active craters in the following paragraphs.

Beneath the Minamidake crater [Fig. 4(a)], the densities
increased before the onset of eruptions, and densities decreased
during the eruptions. The increase in the density is interpreted as a
sign of the formation of a dense magmatic plug in the upper
(<200m from the crater floor) part of the conduit during the
periods of low eruption frequency.””*® The inflation of the volcanic
edifice during this period is consistent with plug formation driven
by pressure from below as the conduit refills with fresh magma.
Magma intrusion into the gas pocket may have caused the ener-
getic explosions in June 2020. High-temperature regions and
glowing material were observed in the craters. These materials orig-
inated from the hot and dense magma plug. The densities corre-
lated with SO, emission rates, which is interpreted as density
increased as a result of magma degassing. The decrease in the
density and vertical displacements during the periods of high erup-
tion frequency is consistent with the presence of gas pockets in the
conduit.”® The cessation of magma recharge and temporary
decrease in the lava level in the conduit may result in the simulta-
neous deflation of the edifice. The Pearson coefficient was quanti-
fied to be —0.66 between the density beneath Minamidake crater
and its eruption frequency from October 2019 to May 2021."" As
shown in Figs. 4(a) and 4(b), the density increased beneath the
Minamidake crater and decreased beneath the Showa crater during
the eruptions of the Minamidake crater during the second half of
2022. The cause of material transfer is assumed to be magma
movement beneath the active craters toward the east. This material
transfer may have caused the weakening of the inverse correlation
between eruption frequencies and densities over time. Modeling of
the ground deformation source will allow us to track shallow
magma movements and explain the change in eruption processes
in 2022 and the shift of eruptive activities from the Minamidake
crater to the Showa crater in February 2023.

Beneath the Showa crater [Fig. 4(b)], the density increased in
January 2019 and in August 2021 due to uprising magma.
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FIG. 2. The density images of Sakurajima volcano. (a)—(x) The densities (p) are visualized as a function of horizontal and elevation directions with slope bin widths of
0.023 x 0.023. Each image date was acquired during a period of 6 months. Black rectangles show the studied regions beneath the Minamidake crater (M), the Showa
crater (S), and the reference region (R). The black lines show the shape of the craters along the PQ line of Fig. 1. Reproduced with permission from Olah et al. JGR Solid
Earth 129, e2023JB028514 (2024). Copyright 2024 Author(s); licensed under a Creative Commons Attribution (CC BY) license.**

Contrary to the Minamidake crater, the consecutive density
decrease was not associated with eruptive activities at the Showa
crater. Here, the gas pressure was not sufficient beneath the plug to
break it. The decrease in the density is interpreted as bubble forma-
tion by convective magma degassing in the conduit.*® After plug
formation, the surface of the volcanic edifice around the crater was
not significantly heightened, indicating the lower pressure gas

beneath the plug. The SAR data indicates that later, the gas pressure
increased beneath the plug and reached a sufficient level to trigger
eruptions from February 2023. We have to note that volcanic phe-
nomena occurred in the conduit of the Minamidake crater, but the
inflation of the Showa crater was also observed. This effect is
observed due to the lateral pressure caused by the enlargement and
movement of the deformation source.
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T T T T C. Assessing unrest level using volcanic unrest index

The volcanic unrest index (VUI)*” has been introduced for the
semi-quantitative rating of unrest intensity relative to the past level
of unrest. The unrest is defined as a level of volcanic activity at a
given time relative to the level of activity usually observed. The
VUI is not an eruption forecasting tool itself; rather, it helps to

LB
5
2

_g 13 L i communicate the complex and large sets of monitoring data to the

2 society, and it provides input to hazard assessment, specifically to

§ 12 |- | event tree models that are applied for hazard level assessment. Five

5 indices are defined for VUTI: 0 for no unrest, 1 for negligible unrest,

"; 11 L =) 2 for minor unrest, 3 for moderate unrest, and 4 for heightened

B unrest. The indices are quantified by the integer part of the arith-

& 1| ) metic mean of indices determined for local earthquake data, local

e deformation data, geothermal systems, and degassing data.”””’

09 |- p Here, we utilized the monthly muographic data measured

1 1 1 ] 1 1 ] 1 beneath Minamidake crater, the SAR data measured around

11 12 13 14 15 16 17 18 Minamidake and Showa craters, and the JMA’s gas measurement

Density beneath Minamidake (g cm'3) data collected at both of the craters to quantitatively interlink the

mass density rate, the vertical ground displacement rate, and

FIG. 3. A scatterplot of mass density values with 1 standard deviation error the SO, gas discharging rate observed from September 2018 to

bars measured beneath the adjacent Minamidake and Showa craters is July 2023. Table T shows the VUI table of this selected period.

shown.** A moderate inverse correlation was quantified between the density In this table, minor unrest (VUI 2) was set when the three kinds

values with a Pearson coefficient of —0.52. Olah et al., JGR Solid Earth 129, of monitoring data rates increased to maximum (September

€2023JB028514 (2024). Copyright 2024 Author(S); licensed under a Creative

Commons Attribution (CC BY) license.

2019-December 2020). VUI 2 is associated with the period during
which the eruption frequency was observed to be the highest.
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densities (black dots) are plotted for a period between 1 September 2018 and 1 July 2023.%* The dots refer to the middles of six-month periods. The colored lines show
the vertical ground surface displacements calculated from data acquired by SAR. The eruption frequencies are shown by orange-colored histograms. The SO, emission
rates are visualized with brown-colored rectangles with error bars. Olah et al., JGR Solid Earth 129, €2023JB028514 (2024). Copyright 2024 Author(s); licensed under a
Creative Commons Attribution (CC BY) license.
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TABLE I. The framework of the volcanic unrest index (VUI) was constructed from monitoring data of mass density, vertical ground displacement, and SO, gas flux rate for the

crater region of Sakurajima volcano from September 2018 to July 2023.

0: no unrest

1: negligible unrest

2: minor unrest

Mass density rate  No change in the density Low rate of density increase (<0.05 g/cm*/month) Moderate rate of density increase (0.05-0.15 g/cm*/month)

Vertical ground No deformation
displacement rate
SO, gas flux rate

(<1000 t/day)

Low rate of deformation (<10 mm/month)

Low levels of gas flux rate Moderate levels of gas flux rate (1000-2500 t/day)

Moderate rate of deformation (>10 mm/month)

Moderate levels of gas flux rate (2500-5000 t/day)

Negligible unrest (VUI 1) and no unrest (VUI 0) were, respec-
tively, set linearly according to VUI 2.

IV. CONCLUSIONS

Muography is a novel geophysical imaging technique that can
be applied for passive and remote monitoring of mass density
changes across volcanic edifices. Pioneering works have already
demonstrated that muography can improve volcano monitoring by
resolving the subsurface structure and tracking mass movements
beneath active craters with a spatial resolution of a few meters.
Implementation of muography in volcanic monitoring systems is still
ongoing by combined analysis of data acquired by muography and
other techniques, such as gravimetry or seismic noise monitoring, at
different volcanoes in the Americas, Asia, and Europe. Here, we
focused on muon and ground surface deformation monitoring of the
active Sakurajima volcano, Japan. The progress of this approach is
summarized and concluded in the following points:***°

(1) Time-sequential muography allows us to explore the structure
of the upper (typically less than a few hundred meters from the
crater floor) part of plumbing systems in multi-vent volcanoes
by the visual inspection of density images and quantifying the
relation between the average densities measured beneath the
adjacent craters.

(2) Joint analysis of muography and SAR data demonstrated that
muography may help to elucidate whether the ground surface
inflation is caused by gas pressure increase beneath the mag-
matic plug due to tectonics and other non-volcanic phenom-
ena or by mass changes associated with magma migration and
accumulation. Thus, muography allows the detection and inter-
pretation of pre-eruptive phenomena and makes the correla-
tions between monitoring signals and eruptive activity more
robust by linking those via the causal physical mechanism.
Muography is expected to improve the models of eruptive pro-
cesses that affect eruption frequency by physical processes
occurring in the upper plumbing system.

(3) The ground surface displacements were observed as an indirect
response to the pressure caused by the deep deformation
source. Thus, the regions where the volcanic edifice uplifted
were not localized within the size of the deformation source; e.
g., volcanic phenomena have occurred in the conduit of one of
the two craters, but both craters have upheaved. Thus, the
causative processes of volcanic eruptions were localized more
accurately by muography than by SAR. We have to emphasize
that muography cannot visualize the deep density variations

due to the excessive rock thickness, which is not penetrated by
muons over a period of a few months. Muography could
explore the upper 120 m of the plumbing system at Sakurajima
volcano, and muography rather detected the densification of
magmatic materials than the ground deformation source.
Forward modeling of ground surface deformations’’ will
enable us to track the spatial coordinates and volume change
in the ground deformation source and reveal the deeper move-
ment and evolution of the ground deformation source.

(4) Joint processing of different monitoring data allows us to
quantify the volcanic unrest index. Here, we demonstrated the
framework of VUI for a shorter period. This procedure will be
improved by modeling ground deformation sources, adding
earthquake data, and analyzing past events. The VUI will
provide a useful input to eruption forecasting models.

Vulcanian-type activity is similar at other volcanoes world-
wide (e.g, Semeru, Suwanosejima, and Soufriere Hills),”*** and
similar conceptual models can be proposed to describe their erup-
tive activities. The presented model for intermediate-term changes
in the eruptive activity may be applicable to those volcanoes.
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