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Abstract

Muography uses muons naturally produced in the interactions between cosmic rays and atmosphere for
imaging and characterisation of density differences and time-sequential changes in solid (e.g., rocks) and liquid
(e.g., melts + dissolved gases) materials in scales from tens of metres to up to few kilometres. In addition to
being useful in discovering the secrets of the pyramids, ore prospecting, and surveillance of nuclear sites,
muography successfully images the internal structure of volcanoes. Several field campaigns have demonstrated
that muography can image density changes relating to magma ascent and descent, magma flow rate, magma
degassing, the shape of the magma body, an empty conduit diameter, hydrothermal activity, and major fault
lines. In addition, muography is applied for long-term volcano monitoring in a few selected volcanoes around
the world. We propose using muography in volcano monitoring in conjunction with other existing techniques

for predicting volcanic hazards. This approach can provide an early indication of a possible future eruption and
*Giovanni Leone (giovanni.leone@uda.cl).
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potentially a first estimate of its scale by producing direct evidence of magma ascent through its conduit in real-
time. Knowing these issues as early as possible buys critically important time for those responsible for the local

alarm and evacuation protocols.

Introduction

A muon is an elementary particle similar to the electron but with a much greater mass (about 207 times greater).
Its corresponding antiparticle, called antimuon, has a positive charge, which explains why it is also known as
the positive muon. Muons — be they negative or positive — form the basis for muography, a novel method that
utilises the detection of muons that are a major component of Extensive Air Showers (EAS) formed in the upper
atmosphere from collisions between high-energy cosmic-ray particles and atmospheric nuclei [1,2]. A single
cascade may consist of millions of particles [1]. Most muons reaching the Earth’s surface originate from a
constant flux of medium to high energy (from 100 MeV to 10% eV) cosmic-ray particles of galactic origin as
observed by Cherenkov or fluorescence light apparatus [3]. Therefore, they can be considered as a nearly time-
independent, continuous, particle source. Muons are unstable, decaying into electrons and neutrinos with a
mean lifetime of 2.2 ys; muons’ larger mass than electrons, the absence of strong nuclear interactions, negligible
probability of producing electro-magnetic cascades, and relatively small energy losses by ionisation, make them
a good tool for imaging of large-scale structures on Earth [4]. Analysis techniques have been developed
for muons that provide three levels of purity versus efficiency [5], following the criteria in Ref.
[6]. For muography, all particles except muons are background noise and hence potentially harmful for particle
identification [7]. However, apart from muons, all these particles are naturally filtered out once they hit the
upmost layers of soil or rock. Consequently, the high energy muons can penetrate deeper regions underground
than most particles [8]. The aim of this paper is to review how muography could be useful in monitoring

volcanic hazards as a standard addition to the state-of-the-art volcano monitoring systems.

Volcano monitoring systems

Forecasting violent volcanic eruptions is the Holy Grail for applied volcanology. Volcanic monitoring requires
a deep understanding of the volcanic processes related to every single volcanic centre within the given volcanic

system [9]. The appraisal and mitigation of volcanic hazards also require a deep understanding of volcano-
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specific histories and tracking magma movement in real-time [10]. For this reason, a multidisciplinary approach

is often applied to volcanic monitoring, including at least some of the following methods:

o field observation integrated with space-borne data, interferometric synthetic aperture radar
(InSAR) using ENVISAT-ASAR and ALOS-PALSAR (although now out of service),
RADARSAT-2, TerraSAR-X, and TanDEM-X imagery [11],

e ground-based, airborne and space-borne measurements of gas emissions (e.g., SO,, HyS and CO,) [12—
16],

e radio-equipped human observers [17],

e seafloor and land observation [18-22],

e live camera images displaying the textural and compositional analysis of the material produced during
and after eruptions [23,24],

e regular sampling and studies of ash [25-27],

e GPS and seismic networks integrated with magnetic stations and infrared satellite images [28-31],

e acoustic and thermal records [32], and

e infrasonic and Doppler radar measurements; infrasonic microphones (one Larsen-Davis, 3dB
at 0.25 Hz, and two McChesney, ca. 2.5 Hz) and Doppler radar measurements using

modified radar system operating at 1 Hz of sampling frequency [33,34].

However, these existing techniques (including muography) have their own shortcomings that we briefly
mention here thanks to a previous analysis of Takahashi [35] for seismic methods and to the above mentioned
literature for the other methods: a) seismic refraction methods may not be useful in case of velocity inversions
(i.e., velocity does not increase with depth) or in case of the “blind zone problem” when some layers hinder the
seismic first arrivals; b) satellites are not always available on top of the target due to their orbital motion; c)
airborne observations are not recommendable for security reasons in case of a sudden eruption with ash
emissions; c) same security reasons apply to radio-equipped human observers; d) muography can observe
targets that are located above (and not below) the detector; e) infrasonic methods are able to deliver warnings
more than 1 hour before the eruption [36], which is more or less the same timescale reported in real-time tracking
by means of ground deformation [37]. Clearly, this timescale does not allow enough time to evacuate the
population of even a small nearby centre, let alone a larger centre. Seismic precursors are not reliable more than
few days before the eruptive event [38] and, unless when strictly necessary, it is quite impractical to evacuate

entire populations for days.
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Volcanoes are generally surrounded by higher geological structures shielding cosmic ray flux. Furthermore, for
land-based muography, potential observation points depend on accessibility and infrastructures. For example,
Tanaka [39] examined two possible observation points at the foot of Unzen volcano, Japan. However, land-
based muography from these points were impossible due to the additional rock thickness, hence substantial
reduction of the penetrating muon flux. Airborne muography has three major advantages over land-based
muography: (a) availability of electricity inside the aircraft; (b) aviation-based fast transportation and
installation of the detector to the site; and (c) the detector can be in the optimum position for collection of muon
events. Condition (c) in particular shortens the time required for obtaining images. Tanaka [39] conducted the
first airborne muography measurement (Figure 1), and the internal structure of the Heisei-Shinzan lava dome
of Unzen volcano was imaged in 2.5 hours. This methodology offered a fast and reliable way to obtain data in
a reasonable time. However, it is not universally applicable to all the various specific cases of volcanic alerts,
which have each their own peculiar evolution in time.

The comparative cost of muography with the other geophysical methods shows other shortcomings.
Commercial application of muon tomography is currently gaining momentum in the mineral exploration
phase of the mining industry, where it is of paramount importance first to discover where the mineral
deposits of interest are before the mining can even be considered as a possibility. In mineral exploration, the
alternative for the different conventional and emerging geophysical methodologies and field geological
methods is drilling with diamond-tipped drills, which usually gives a core sample to analyse. Drilling typically
costs around $200-$500 per metre and usually there is the need to drill at some constant distance, say, around
100m-500m. So, the price for drilling typically goes around $20k-$100k per hole. However, there is no guarantee
that one single drill hole will find a deposit, often many holes need to be drilled. In an interesting report from a
gold minehttps/s23.qdedn.com 277467366 fles/doc_newsfarchive/NR-2019-0605pdf  two drill holes, totalling 3500m in length
(estimated cost $700k - $1.75M) were used for exploration.

The cost of muography stands mainly in the construction of the detectors, each one around $250k, but then there
is no need for heavy transport or consumables (e.g., drilling tips). The salary of an operator could reach $100-
$200 per day, which is much less than the $200-$500 per metre of the drilling, and the area of coverage of
muography is much higher than that covered by simple drilling. Also, the muon tomography equipment is
reusable and can be used many times for many survey campaigns — this is a very important point when
comparing it with drilling. Other techniques can be used, chemical sampling, etc., but most of these are done in
addition to drilling.

Nuclear emulsion, plastic-scintillation and gaseous detectors can be used for muographic observations. The

choice of the detectors depends on the availability of space and infrastructure. Nuclear emulsion does not
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require electric power. Scintillation and gaseous detectors require electric power. In volcano muography, the
detector size ranges from several thousand cm? [39] to ~10 m? [40] (Figure 2). In general, larger detectors are
required when the distance between the detector and the target is longer. For example, Tanaka et al [39] used
a ~0.5 m? detector since this distance was only 200 m. On the other hand, Olah et al. [40] needed a detection
area of ~8 m? since this distance was ~3 km.

We propose to integrate muography observations exactly when the seismic precursor become reliable so that a
complementary monitoring of a potentially dangerous eruption can take place. A good scheduling trade-off
between collecting early warning data and response of the population to the warning is imperative to establish
an optimum alarm system [41]. Furthermore, only the results of the data analysis of stages relatively close to the
possible timeframe of an eruption are integrated according to alarm protocols and subsequently disseminated
to the authorities according to the scheme adopted for volcanic warnings [42]. Despite various methods are
useful to analyse and quantify the parameters of the precursors of eruptions and those of the ongoing eruption,
uncertainties on timescales relating to the development of the eruption still remain and hamper decision-makers
in public warnings [43]. It is hence obvious that our societies need proper warning systems able to detect
volcanic eruptions as early as possible thus allowing evacuation procedures in a timely and safe manner.

The experience acquired during the 2010 eruption of Merapi volcano in Indonesia showed that 81% of the
population was effectively evacuated a day after issuing the warning. However, even if the evacuation was
considered a success, the study of the evacuation management identified several areas for further improvement
[44]. The experience acquired from the devastating eruption of the closed-vent Mt. Pinatubo volcano (high-
viscosity dacitic and andesitic magmas) in June 1991 in western Luzon, Philippines, showed that an effective 5-
level warning and evacuation system, issued slightly more than a month after the first signs of the reawakening
of the volcano, was effective in fixing a permanent zone of prohibition at a radius of 10 km from the volcano
[45]. Although these experiences showed a positive response from the authorities and the populations involved,
uncertainties and controversies still remain. Decisions are often taken in too short time with limited information
[46,47]. The stakes are high: for example, the authorities responsible for monitoring Vesuvius and the
surrounding areas in Naples, Italy, have the responsibility to protect a population of about 600,000 people living
within the danger zone of the volcano [48].

Based on the study of the 288 most explosive eruptions for which we have adequate data, Siebert et al. [49]
provide compelling evidence that 52% of the eruptions reached their paroxysmal climax within the first week.
However, 42% of the eruptions reached this stage within a day after the eruption began. It is even more
staggering that half of these first-day paroxysms took only about an hour from the start of eruption to reach

their culmination. For a volcano monitoring system to be as useful as possible in early forecasting and hazard
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warning system it has not only to be reliable in evaluating risk levels correctly, but also able to provide notes of
alarm as quickly as possible. Nevertheless, in principle, it remains difficult if not impossible to get completely
rid of false alarms [50,51]. However, if there are too many false alarms, the general public’s perception of
volcanic risks may erode and their behaviour in the face of legitimate volcanic threats may consequentially put
them at risk [52]. It is also important to consider that evacuations are cultural, social, political, and economic
issues [53]. We demonstrate in this paper how volcanic hazard monitoring systems could benefit from
muography. In some cases, these benefits may be particularly useful for those monitoring systems of volcanoes

that currently are in their long-dormant stage and those that are currently less active.

The economic impact of volcanic hazards on aviation safety and business

Available studies on the economic impact of volcanic hazards on the aviation business report losses ranging
from 5 to 35 million US dollars for longer volcanic episodes, with minimum amounts of ~$20k for every 6
minutes of air traffic disruption [54]. Much worse was the $1.7 billion loss of revenues due to air traffic
disruption followed by the eruption of the Eyjafjallajokull volcano in Iceland in April 2010 [55]. These economic
losses were, in fact, more than the total economic damage caused to business activities by all volcanic eruptions
combined in the whole decade of the 1990s worldwide [56]. So, given that the cost of volcanic hazards is
definitely high, both in terms of human life and economic loss, a timely warning system aimed at reducing
logistical and economic inconveniences is in order.

The ash released in volcanic eruptions is a source of major trouble for any air traffic since an accumulation of a
few millimetres of ash on the ground is already sufficient to close an airport [57]. Hence, no matter how accurate
the prediction system of a volcano eruption is, sometimes closing the airports and suspending business activities
(including tourism) due to ongoing eruptions is the only viable option. Indeed, volcanic ash composes a
significant disruption threat to critical infrastructure services such as aviation; of course, volcanic ash also has
devastating effects on the environment and other infrastructures [58]. For example, the Yogyakarta airport in
Indonesia was closed for 15 days during the eruption of the Merapi volcano in 2010 [59]. Ash dispersed in the
atmosphere provokes serious consequences for air traffic safety and other business activities [60]. These
situations occur around Mt Etna, Sicily, Italy [28], and have been considered as a major risk in a hypothetical

eruption of Mt Somma-Vesuvius [61].

Current uncertainties in volcanic hazard analysis

http://mc.manuscriptcentral.com/prsa
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The analysis of volcanic risks is a very complex task given the spectrum of multiple types of hazards (e.g.,
earthquakes, lava, flank collapses, lahars, debris flows, ash clouds, and pyroclastic density currents) and the
interwoven cultural, societal, technological and economic vulnerabilities in our societies. Additionally, the
uncertainties associated with both the hazards and the effects of cascading hazards together with their impacts
on nearby populations require accurate description [47]. Indeed, the reality at many active volcanoes is very
complex [62]. We have drawn a map of some known dangerous volcanoes in Figure 3 in which we
have indicated those already monitored with muography.

The data needed to fully analyse volcanic risks are often insufficiently or inaccurately catalogued or even totally
lacking, while it is also true that the risks are dynamic and constantly shifting during volcanic unrest, eruption
and after the eruption [63]. In addition, no comprehensive methods for vulnerability and risk assessment are
widely accepted and, while some models identify individual interactions between the volcanic hazards and
physical vulnerability [64-66], the limited analyses on the multiple dimensions of vulnerabilities obscures our
understanding of the real volcanic risks [67].

The UN Sendai Framework for Disaster Risk Reduction 2015-2030 recognises that a better understanding of
risks in all their dimensions is needed for effective risk reduction [68]. Hence, the need for a new generation of
approaches to volcanic risk analysis is clear. Although the current methods of volcanic hazard monitoring have
been effective in guiding the authorities to manage the various crises seen so far, there is always room for further

improvements.

The optimal timescale for volcano early warning systems

According to Fournier D’ Albe [69], the timescale of the social response to pre-eruption planning can be divided
into three phases: alert, readiness, and evacuation. The first phase (alert) may last anywhere between 15 to 5
days before the eruption, the second from 5 to 2 days, and the third from 2 days to 1 day [69]. Considering that
these numbers have already been verified by the above-mentioned experiences acquired during the Merapi and
Mt. Pinatubo eruptions, it is clear that an alert system supported by continuous monitoring must be active in
the range of a week to two days before the possible eruption. Moreover, the predetermined and drilled
evacuation plan must be accomplished within less than two days before the eruption truly gains strength. These

numbers must also take into account the specific characteristics of the given volcanic hazard zone and the
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logistic plan of evacuation that depends, among other things, on the available infrastructures (i.e., roads, civil

protection equipment, transports available, etc.)

Muography as a monitoring tool for volcanoes

Among the various techniques of volcanic monitoring, muography is unique as it is based on astroparticle
physical phenomena and technology that differs from those used in conventional geophysics. Muons passing
through a geological material lose energy through the excitation and ionisation of atoms (due to collisions) and
photonuclear interaction, which produce a deflection of the muons from their original trajectories [70]. The
attenuation of the energy and the deviation of the effective trajectory of the atmospheric muons crossing a dense
medium (e.g., a volcanic edifice, orebody, etc.) are thus observed to reconstruct an integrated density model of
the object, which can be, for example, the internal structure of a volcano [71].

In rock imaging, the higher the density differences are, the better is the distinguishing capability of muography.
The absorption of muons is the lowest on the top of a volcano where the thickness of a rock column is at its
minimum. In other words, muons come across the summit of a volcano in an easier way than they do at its
broader base. In this regard, void spaces like conduits or empty magma chambers are relatively easy to detect
as they distinguish themselves as low-density objects enclosed by the denser host rocks. Magma follows the
same principle, i.e., the higher the density difference between the magma and its surrounding rock the better is
the spatial resolution (or image definition) in muographs. The measurement duration for a survey to reach the
required statistical significance can be tweaked by adjusting the surface area of the detector: faster data
acquisition is possible by a proportional increase of the sensitive area of the detector.

Muography applications feature a remarkably diverse range of requirements and conditions; therefore, a careful
assessment of the given objective is needed to find the “best” type. The choice is often guided by the availability
of a reasonable option, and not to find the “best”. Due to the ultimate limiting factor of the cosmic particle flux,
there is a general rule: one should try to use the largest possible detection area. In addition, there may be
practical limitations such as available space, or the size of the access route. Once the limitations and
measurement conditions and required precision (angular resolution, necessary detector area) are understood,
there may be various detector options which may or may not fit the project budget. Some of the conditions may
correlate: if the muon trajectory is short because of space limitation, the required angular resolution can only be
reached if the position resolution increases, which may increase cost and complexity. A muographic image is

represented as a function of elevation (or zenith) and azimuth angles. The minimum size of these angles
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defines the maximum definition of the muographic image, and it relies on the spatial (or positioning)
resolution of the detector plane and the distance between these planes. Since the power to resolve the target
volume depends on this maximum definition and the distance between the detector and target, the
measurement time required for recording a given number of muon counts from a given section of the target
volume is proportional to the size of the detector, and inversely proportional to the square of the distance
between the detector and target. There are two basic types of measurements from the point of view of
background (noise) relative to the muons that penetrate the region of interest (signal). In underground
measurements [72], below 10 meters, all types of cosmic backgrounds are efficiently suppressed; therefore, a
rather light-weight tracking system will work well. If the detector is on the surface, which is the case for
volcanology, a much larger background is to be dealt with [73]. The background contains a complicated mixture
of low energy hadrons, electrons, as well as muons from hadronic interactions. The background consists of
multi-particle showers as well [72]. On the surface the background reduction can be achieved using
passive materials like “absorber” or “scatterer” material layers, i.e., lead and polyethylene
shielding (e.g. [7]). Active methods include using sophisticated tracking to separate the muon
tracks from the soft component tracks. Time of Flight (ToF) systems allow the rejection of hits
that did not occur in right sequence. Additionally, ToF analysis can be used to reject tracks
created by muons coming from the opposite direction [73]. Hybrid detectors, consisting of several
different detection technologies, could also beneficial. For example, a scintillator detector and
water Cherenkov detectors are combined in the Muon Telescope (MuTe) developed by Jesus
Peiia-Rodriguez et al'. The hodoscope made from scintillators is used as a tracking detector,
while the Cherenkov detector measures the energy loss of the crossing particles. Together with
ToF and energy deposit rejection, the background can be reduced significantly as up to 36% of
events originated from the electrons and positrons, and 34% originated from muons, can be
rejected. The revolutionary improvements in muography applications are due to improvement in
understanding the measurement possibilities, and improvements in technology.

A constraint of muographic observation is that the time required to resolve a given density variation should not
exceed the period of volcanological phenomena which can cause the contrast in the average density-length of
the volcanic edifice. The N number of counts for muons that are measured with an F flux in a muographic

observation system with an acceptance of Ayos during a data collection period of At is quantified as follows.

! [https://arxiv.org/abs/2102.11483v1]
http://mc.manuscriptcentral.com/prsa
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10

N = AMOS xAt xF (1)

where Ayjps acceptance incorporates the directional dependent covered solid angle, detector surface area, and
detection efficiency. The AL density-length contrast appears in the variation of the number of muon counts
AN(L,AL) has to be larger than the uncertainty of the number of tracks with standard deviation units (SD) in
case of sufficient large N (> 30). One can give a first-order estimation for the expected time of data collection
required to observe a given average density-length variation with given standard deviations after a given
density-length with the application of a given detector acceptance by inserting Equation 1 into the observation

condition [74]:

F(L) 1 2 F(L) _2 1 2
At > ran? < avos X D)= Graar) X Fw) x awes) X (SD) 2)

where the first term on the left side is quantified with the knowledge of target's average density length.
We formulate Eq. 2 in two different ways with an inequality, an equality sign, and three terms.
One can note that the measurement time increases strongly with the decreasing relative flux
contrast F/AF, which means that it is very important to find a measurement location where this
contrast can be as high as possible. The measurement time goes with the square of the Gaussian
significance (SD) following the basic rules of statistics, that is, the significance can be adjusted
for the specific scientific objective: the "discovery'" of an anomaly requires usually S-sigma
(SD=5). The measurement time depends strictly on the square of the significance (SD), therefore
can be inferred directly from the 1-sigma value. In this work, we modelled the energy and zenith-angle
dependent spectra of muons [75] and integrated these spectra for selected zenith-angles from minimum energies
that were derived by simulations of muons through different density-lengths of silicon-dioxide [76] in the
GEANT4 framework [77].

Figure 4 shows the estimated measurement times required to observe given relative density variations with 1
standard deviation uncertainty using an observation acceptance of 10 cm? sr in case of 500 m (a), 1000 m (b) and
1,500 m (c) thick volcano regions with the average density of 1.5 g cm™ (blue lines), 2.1 g cm™ (green lines), and
2.7 g cm™ (red lines) at the zenith-angle of 70° (solid lines), 75° (dashed lines) and 80° (dotted lines), respectively.
For example, the measurement time of 3 days is required with an acceptance of 10 cm? sr to observe a 20%
relative density-length increase caused by ascending lava across a 500 meter-thick and crater with the average
density of 2.1 g cm™ (see the green curves in panel (a) of Figure 4). Using these curves and Equation 2, one can
estimate the measurement times for different detector acceptances and standard deviations.
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Regarding the applicability of muography to volcano monitoring, it is noteworthy that the density difference
between rising magma and host rock is not always large. In such a case, we observe the presence of a Neutral
Buoyancy Zone (NBZ) where the density of the magma becomes equal to the density of wall rocks [78]. Below
a volcanic edifice, the magma ascent is influenced by the given stress field. In some circumstances, neutral
buoyancy promotes and controls the formation of sills while suppressing the formation of dikes [79]. Hence,
even though magma preferentially spreads at the NBZ level, the NBZ is not a physical barrier for the ascent of
the magma [78]. The NBZ can be of significant dimensions if the volatile content dissolved in magma is quite
high.

Due to the complexities explained above, by applying muography, distinguishing rising magma from the host
rock can be anything from relatively straightforward to very difficult. However, any rising magma occupies
previously observed void space in the conduit. Therefore, it is possible to observe the evolution of magma
movement in a dynamic context of the void. The advantage of muography is that it is possible to effectively
“see” inside the volcano and thus observe the movement of magma in real-time with a perspective of prediction
of volcanic eruptions [80]. By applying muography, Olah et al. [81] imaged the formation of a volcanic plug in
the conduit of the Showa Crater of the Sakurajima volcano with a spatial resolution of ~60 m. The plug had not
been detected earlier by any other geophysical technique. A similar plug has been imaged muographically also
at Mt. Asama, Japan [82].

After the pioneering work of Nagamine et al. [80], muography has been used in multiple applications,
archaeology [83,84], including mineral exploration and surveillance of nuclear sites [85-87]. Interestingly,
however, the application of muography to volcanology is the one that shows the best suitability and maturity
at the same time [85]. In fact, among the various applications, muography has proved to be particularly effective
in the monitoring of volcanic activity, as demonstrated in the research studies carried out at Mt. Asama and
Sakurajima volcanic centres in Japan [7,39,71,81,88-90], La Soufriere in Guadeloupe [91-96], Mt. Vesuvius in
Naples [97], and those at Mt. Etna [98,99]. Given that the geometry of the muography observation system
specifically targets the summit of a volcano and thus makes it possible to oversee the final ascent of magma
through its conduit in real-time [100], muography detectors can provide useful information during the crucial
stages of a volcano prior to an eruptive event as well as on the situation after the eruption. Muography has also
been applied to imaging density changes relating to, for example, magma convection [101], magma degassing,
the shape of the magma body, empty conduits, hydrothermal activity [102], and major fault lines [103].
Naturally, muography can also be applied for long-term monitoring purposes of dormant volcanoes.

Machine learning (ML) has a potential to automatise and improve the efficiency, reliability and timing of early

warnings of volcanic events [104]. However, forecasting with machine learning of muographic images is
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currently limited by the moderate number of pixels in the muographic images due to the limited number of
collected muon counts. Besides applying high-definition muographic imaging systems, dedicated image
processing approaches, e.g. Generative Adversarial Networks (GAN) [105] can be applied to increase the
resolution of muographic images. Thereafter, dedicated tools, e.g. convolutional neural networks (CNN), can
efficiently recognise the patterns created by the changes in muon counts due to the density changes inside the
volcanic edifice — similar to conventional medical image analysis [106]. Recurrent neural networks (RNN) with
Long-Short Term Memory (LSTM) [107] are expected to improve the current forecasting performances by 75%
[104]. It is worth noting that the forecasting of rarely occurring volcanic eruptions requires the application of
anomaly detection algorithms or careful preparation of training data to avoid the over-generalisation and
under-generalisation of the applied ML model that would result in fake warnings and poor forecasting
capability, respectively. The earlier applied CNN model is processing the muographic images as a black-box
function; thus, it was impossible to optimise the prediction conditions. Interpretable and explainable machine
learning has potential to overcome on these limitations and find the hidden precursors of volcanic eruptions
[108].

Based on the unique possibilities of muography, this technique complements other existing monitoring
techniques used in applied volcanology. In our opinion, one of the major benefits of using muography in
volcano monitoring is that it improves the possibilities to reach optimal timescales for our societies to react to
early warnings of possible eruptions. Increased understanding about the behavioural pattern of the given

volcano is an additional benefit, yet one that is not easy to dismiss either.

The experience acquired in the pioneering works on muography applied to volcanoes

The studies of Mt. Asama, Honshu, Japan, have shown that the presence of voids and cavities within the
premises of a volcano can be successfully detected with muography [90]. Tanaka et al. [100] also showed that
the average density distribution of the summit area of the Asama volcano provided information on the
movement of magma inside the conduit over a month before and a month after the eruption that occurred on
February 2, 2009. In this case, the three-dimensional position of the erupted vent was visualised with
bidirectional muography. The results showed that the volcano was not axisymmetric [109]. These results
indicated that if we assume that the observed density variations are localized in the crater area, uncertainty
remains over the shape and alignment of the vent. This uncertainty was constrained with bidirectional

computational axial tomography (Mu-CAT). Tanaka et al. [109] conducted Mu-CAT to locate a low-density
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magma pathway found underneath the crater floor in 2006 at Asama volcano, Japan [90]. The shape of the
pathway was oval and its size was determined to be 300 = 100 m in the W-E direction, and 150 = 50 m in the
N-S direction. Moreover, it was extended toward the north direction. The reconstructed image was consistent
with the direction in which Asama has historically ejected pyroclastic and lava flow. The resolution of the
observation was quite good with a margin of error of 10 m over the 700 m of rock, which corresponds to 1.4%
error in the path length estimation [100]. The typical angular resolution of 10 milliradians of a muon detector
corresponds to the spatial resolution of 10 m at 1 km of distance. The spatial resolution and the density contrast
inside the structure can be improved with larger detectors that can detect a larger number of muons within the
given period of time. In recent years, the modular muographic observation systems are assembled from
typically 3-10 modules and applied in two main measurement arrangements for volcano monitoring: (1) All of
the modules are located at a single site, such as at Sakurajima [81] or Mt. Vesuvius [97], and oriented towards
the summit crater to maximise the sensitive surface up to a few square meters and minimise the observation
time from a few months to a few weeks. (2) Multiple modules are installed at different sites around the volcanic
edifice, e.g. at La Soufriere volcano [91,93,94], to integrate muography with absolute gravimetry or seismic
monitoring. The field experiences with the transportation, installation, and long-term operation of different
types of tracking detectors suggested optimising the design with a typical module surface area of approximately
1 m? and a weight of a few tens of kilograms independently from the applied technology. This is particularly
valuable when observing summits of active volcanoes that pose particularly high hazard risks or are difficult to
access to deploy other types of instruments [90].

In the study of Tanaka et al [82] the density of the lava mound (2.76-2.84 g/cm?®) was distinguished from the
density of the surrounding rocks (2.27-2.33 g/cm?). These density values are typical to andesitic lava and also
agree with the density values of the surrounding rocks — andesitic explosive products of the eruption of 1783 —
that range from 1.40 to 2.68 g/cm?® [110]. Tanaka et al. [100] applied muography to estimate the mass loss inside
the Asama crater due to the eruption of February 2, 2009. According to their analysis, the muography data
revealed that this particular eruption led to a mean volume of erupted ash and other volcanic ejecta of a total of
65,250 tons (with a confidence level of 15). The given mass loss measured by muography was consistent with
the amount estimated from volcanic ash studies.

Furthermore, the densely distributed traffic tunnels in Japan allowed comparing the bulk sedimentary and
volcanic rock densities acquired with muographic and gravimetric techniques. As a general trend, it was noticed
that the densities tend to be higher for older rock than those of younger rocks [111]. Importantly, density values
estimated from muographic data are consistent with those interpreted from gravimetric data. Tanaka [111] also

measured the bulk density of the volcanic peninsula (Izu Peninsula, Japan) and compared the results with those
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of the lab-based measurements. Consequently, it was found that the peninsula is porous with multi-cracks such
as seismic faults that reflect its tectonic history.

Regarding the reliability of muographically-derived estimates of average density, the study of Tanaka [111] is
also interesting. The density measurements made muographically at the Unzen volcano, Japan [39], are
consistent with the density measurements conducted in the same area by applying the Archimedean principle
on dry rock samples using a mobile field-based density measurement tool [112]. The density of solid lava
calculated from muography data (~2.0 g/cm?®) is close to the mean density of 2.1 g/cm? reported by Kueppers et

al. [112] from Unzen, even though the whole range of densities was as broad as 1.6-2.4 g/cmd.

The recent experience acquired at volcanic centres by applying muography to volcanoes

One of the disadvantages of the muography method is that the muographically acquired densities are averaged
along the observed muon trajectories (i.e., individually for each line of observation). In this respect, muography
“collects” information over much larger volumes of rock than hand-picked rock samples [91]. In fact, it is
definitely an advantage for geologists who typically have no other means to study non-exposed rocks than
drilling or deploying other (seismic or electric) geophysical arrays. Nevertheless, many studies demonstrate
how muography is indeed a very valuable tool in applied volcanology if it is applied correctly, and the
drawbacks of this particular method are kept in mind while interpreting the recorded data. The said drawbacks
include the above disadvantage and the relatively long deployment time required for recording a statistically
satisfactory amount of data (i.e.,, muon passings). As an example concerning the value of muography in applied
volcanology, the experiments carried out at La Soufriére in the Lesser Antilles Volcanic Arc, Guadeloupe,
Caribbean, have revealed that contrasted densities in the local volcanic rocks may be partly explained with the
presence of voids inside the volcanic structure [91]. Another example, the muographic data acquired at Mt. Etna
has revealed a set of large fractures and cavities resulting from the collapse of the upper structure of the North-
East Crater (NEC) due to internal erosion by gases at high temperature [99]. This study focused on the volcano-
tectonic evolution of the volcano and its results are a significant advancement over the previous experiments
on muography in Mt. Etna, such as that of Lo Presti et al. [98]. The latter, earlier work focused on the design and
testing of the muon detection instruments in an extinct volcanic cone (Monti Rossi) of Mt. Etna.

Data acquired at Unzen lava dome, Japan, show that it is possible to obtain a detailed image of the structure of
the growing high-density material (the core) within the low-density brecciated material, assuming one just

continues measurements long enough [39]. Usage of muography for such purposes can also be useful for
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monitoring such eventual phenomena as dome collapses, as has already been conducted, for example, in
Soufriere Hills in Montserrat, Caribbean [39,113]. Moreover, the data acquired at Sakurajima Kyushu, Japan,
from February 2 to June 12018 shows how the magma movement inside the conduit can be monitored
with time [7,71,81,89,104,114]. Figure 5 shows the average density increase in the summit area of Sakurajima
during the eruption. This observation shows the magma ascent and probably subsequent descent in the lateral
conduit leading to the crater Showa. The speed of the ascent and descent of magma was much faster than that
observed in the Satsuma-Iwojima volcano in Kyushu, Japan, when it erupted in 2013, indicating the difference
in magma viscosity [89]. The amount of the magma ascent tends to increase as the eruption intervals become
longer. The difference between (a), (b), (c) and (d) are eruption intervals of (a) 0-2 hours, (b) 2-5 hours, (c) 5-10
hours, and (d) > 10 hours.

Figure 6 shows a quantitative expression near the active crater Showa. The region is divided into 12 areas (Fig.
6a). The time-sequential plot corresponding to each area is shown in Fig. 6b. The time zero in the horizontal axis
corresponds to the moment when the eruption started. As shown in panels G and H of Fig. 6b, the reduction in
the muon flux due to the magma ascent right before and after the eruption is quite evident with the outlier point
plotting well away from the main line. The passage of magma affects the muon count due to its higher density
compared to the surrounding rocks. It takes a while (~30 minutes) for the ascending magma to fill the inter-
particle spaces inside the brecciated (and porous) material remaining from previous eruptions located right
underneath the crater floor. Once magma saturates this material, it pours over the crater floor. After the
eruption, it takes a while to drain the remaining magma from the porous material (again ~30 minutes) and draw
it back to the deeper regions in the crater-magma chamber system. Another interesting phenomenon shown in
Fig. 7 is the muon reduction rate r in panel H, which we interpret to be related to a different eruption interval.
We explain this phenomenon with a more detailed example in Fig. 6. In Figs. 5 and 6, the muon-counting rates
are data points associated with error bars. The horizontal axis shows the eruption intervals, as shown in panel
H of Fig. 6b. The ordinary rate N4 is the muon-counting rate recorded when the volcano did not erupt. It was
expected that the muon-counting rate during the eruption would have been lower when the eruption occurred.
However, if the eruption interval is short, less magma ascends in the unit of time. As the eruption interval
increases, the amount of magma ascent also increases in the unit of time.

As yet another example of recent muography research on volcanoes, between 2014 and 2016, Nomura et al. [104]
applied the deep learning technique to muographic data acquired at Sakurajima volcano, Japan and eruption
prediction was attempted based on the seven consecutive daily generated muograms prior to the prediction
day. As a consequence, the prediction accuracy was better than 70%. The extensive eruption episode at Showa

Crater ended in 2017, and a new episode started at another crater. In the time-sequential muographic images

http://mc.manuscriptcentral.com/prsa



Page 17 of 33

oNOYTULT D WN =

465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495

Submitted to Proceedings A

16

captured between 2017 and 2018, a volcanic plug was generated underneath Showa Crater in accordance with

this change in the eruption sequence [81].

Conclusions

We have shown how muography can achieve a good resolution for monitoring the latest stage of volcanic
activity and how it can be applied to acquire information on the evolution of a volcano in real-time. In brief,
muography is a simple method with a capability to contribute to applied volcanology with the dynamic
observations of magma in conduit, magma degassing, eruption dynamics, and volcanic hazards following their
evolutions over time. We have also shown how the averaged density over a thick volcanic structure is perfectly
consistent with punctual measurements obtained by other methods. Obviously, using muography does not
mean replacing other well-established methods of monitoring that have proven useful but integrate them with
additional information. Recently, it was also shown how muography offers a remotely operable technique to
monitor thickness variations in tephra fallouts [40,115]. This indicates that muography has the potential to
improve the predictability of lahars. It is also worth pointing out that a single muon telescope used only in a
single location can only partially map the density of a volcano unless it is a relatively small body, or the telescope
is located far away (and then the price is paid in angular resolution). If high-level angular precision is needed,
muography must be carried out in multiple locations so that the separate partial volumes of the target, each
imaged with muographic means from individual observation locations, can be tomographically combined. The
different tracking systems operate independently and maximise the robustness of the muography observation
system against the malfunctioning of detector elements or extreme weather events. Detector control, data
acquisition are allowed by a local network that is accessible from remote places. This arrangement provides
automated data management and analysis that allows to realise real-time muography by increasing the number
of modules [84,116]. The design of the recently applied systems is expected to be applicable in future large-sized
systems, such as the Multi-Aspect-Geo-Muography-Array (MAGMA) Experiment?, which is designed to
operate with a few hundreds of modules to reach the desired time imaging time of a few hours for early warning.
By combining all the existing methods, including muography, researchers have more tools to make significant
advancements in volcanic hazard monitoring. Essentially, the capabilities of muography are particularly useful
during the final moments of the first (alert) phase onwards to the first stages of volcanic unrest, corresponding

to the time when the danger to the surrounding population increases and prompt decisions about rapid but

2 https://pdfs.semanticscholar.org/3c¢85/b7b07{4f915d935d5198b28ce0e9b09fad8.pdf
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ordinate evacuation must be made; during this decision there must be a balance between the need to protect the
lives of the citizens and the need to protect the economic health of the community. Therefore, providing
multiparameter data would aid in such decision-making process. Furthermore, muography may also be used
to monitor volcanoes on a longer-term basis, perhaps as an integral part of multiparameter monitoring systems
combining continuous seismic, ground deformation, gas emission, thermal monitoring, and muography data.
Suppose muography is not applied by permanent muography stations, but the detectors are transported to the
site when needed. In that case, data from all the other methods of volcanic monitoring can be used as a basis to

evaluate and finally decide when the first phase is close to its end so that muography can take place.
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Figure and table captions

(a)

Fig. 1. Airborne muography observations at Unzen volcano, Japan [39]. a) Panoramic view of the volcano with

the position of the helicopter carrying the instrument, the white rectangle indicates the position of the

helicopter; b) blow-up image of the helicopter seen in panel a; c) helicopter without instrument; d) helicopter

loaded with the instrument.
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56 Fig. 2. Photograph of three Multi-Wire-Proportional-Chamber-based Muography Observation System (MMOS)
58 [40]. Eleven MMOS operated in the Sakurajima Muography Observatory during 2021. The MMOS cover a

surface of 8.25 m2.
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Fig. 3. World map with some of the most dangerous volcanoes. Blue and red dots indicate volcanoes observed
and not observed with muography, respectively. There are some other muographically studied somewhat less

dangerous volcanoes (e.g., in Colombia) but these are omitted for clarity reasons.
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Fig. 5. Time-sequential muographic maps as measured near the most active crater of the Sakurajima volcano, Japan
(Showa Crater), shown for different eruption intervals of (a) 0—2 hours, (b) 2—5 hours, (¢) 5-10 hours, and (d) > 10 hours.
The variations with a statistical confidence level of more than 99% are plotted [114]. Each data point was calculated by

averaging over 30 muograms.
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58 Fig. 6. Cross-sectional view of Sakurajima volcano, Japan, including Minamidake (A and B) and Showa craters (top panel),
and comparison of the time sequential muon events for different regions near the active craters (bottom panel). The grids
labeled with the alphabets from A to L in the top panel correspond to those in the bottom panel [114]. Each data point was
calculated by averaging over 30 muograms. The distance of the detector from the volcano is about 500 m (e.g. [82]).
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Fig. 7. Connection between the muon rate right after eruptions and the time interval between eruptions. The averaged

muon rate is also shown. The error bars indicate the upper and lower 99% confidence level limits. Triangular symbols

indicate the deviation index defined in the main text [114].
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