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Image and understand volcanic structure: can we
better forecast volcanic eruptions?

Introduction

Approximately 550 volcanoes have erupted on Earth’s
surface since recorded history. Four hundred of these
eruptions caused more than 275,000 fatalities [Brown et
al., 2017], half of which occurred during the last century
due to the rapid population growth near volcanoes [Simkin
et al., 2001]. The Japanese archipelago accounts for
20 % of all active volcanoes, and most of its 120 million
inhabitants live within 100 km. Therefore, refining
eruption prediction capabilities is one of the major goals
of research institutions in Japan to mitigate volcanic
hazards.

Nowadays, the forecast of volcanic eruptions remains
extremely difficult and challenging at volcanoes that
develop extensive hydrothermal systems (Figure 1)
during their repose periods [e.g., Chiodini et al., 2016].
Indeed, the long-term interactions between heat, water,

and magmatic fluids at depth lead to modifications of

GRESSE Marceau (K3thEBHETIL—)

physical properties of rocks and geochemical fluids
composition [Browne and Lawless, 2001]. For example,
hydrothermal alteration processes can greatly reduce
host-rock permeability which allows the formation of a
gas-dominated region (Figure 1). The latter can lead to
a phreatic steam explosion when the pressure exceeds
that of the surrounding rock (e.g., Hakone eruption in
2015, Mannen et al. [2019]). In addition, altered rocks
can also enhance flank instabilities, which can generate
partial tsunamigenic edifice collapse, and laterally
directed explosions due to the sudden depressurization
of hydrothermal fluids [e.g., Lopez and Williams,
1993]. Finally, explosive phreatic, or phreato-magmatic
eruptions, can be triggered when magmatic fluids are
injected into a pre-existing hydrothermal system, or
when magma directly encounters water.

Despite considerable progress to better understand

volcanic edifices over the last century, fatal recent

a Magmatic-hydrothermal system during quiesence

hot spring

b Magmatic-hydrothermal system during unrest

2 ; Fumaroles

Y

Figure 1: Evolution of a magmatic-hydrothermal system (0-3 km depth) from a) quiescence to b) unrest state. During unrest

periods, pressurized magmatic fluids are injected into the overlying hydrothermal system, increasing the temperature and

pressure conditions while forming a large gas dominated region. Blue and red arrows indicate fluid circulation within the

hydrothermal and the magmatic system, respectively. Figure modified after Fournier [2007].



volcanic hazards (e.g., eruptions of Mt Ontake in 2014
and White Island in 2019) originating from magmatic-
hydrothermal interactions have outlined that their
assessment remains limited. Indeed, for all these volcanic
hazards, classic precursory signals (i.e., seismicity and

ground deformation) are difficult to interpret, hidden

or just absents [Montanaro et al., 2022; Terakawa et
al., 2016]. Therefore, new combined multidisciplinary
methods need to be developed in order to better detect
volcanic unrest, and therefore prevent tragic events

related to volcanic hazards.
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Figure 2: SW—NE cross-section of the electrical conductivity model of Miyakejima volcano with hypocenters, overlain with surface

temperature map (in °C) and self-potential (in mV). The vadose zone represents low temperature unsaturated deposits (0-500 m
depth, blue color at 5 x 107*~7.7 x 10~ S'm™") where rainfall water infiltrates (light blue arrows) until it reaches the water table. The
clay cap is a conductive region (0-2 km depth, red color, 3.3 x 107°-0.4 S'm™") associated with hot hydrothermal fluid circulation

(blue arrows). At 2—4.5 km depth, a seismogenic resistive region (volcano-tectonic events, red dots) is interpreted as a magmatic gas-

rich reservoir (blue color, 2 x 10°—5.10" S'm™"). From this reservoir, gases rise through a fractured conduit before being released

in the fumarolic area at ~ 180°C. This fluid upwelling is associated with a positive self-potential anomaly. During their ascent, these

hot fluids cross a ~ 1.2-km-long liquid-dominated zone causing local steam explosions (long period events, blue dots) revealing the

volcanic conduit. Figure modified from Gresse et al. [2021].
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Imaging volcanoes: classical geophysical techniques

Subsurface image of volcanoes can be obtained by
measuring the electrical conductivity of rock. This
physical property describes how an electrical current
flow within rocks. The electrical conductivity is highly
sensitive to change in temperature, water, and gas content
in porous media. Since these parameters are highly
variable on volcanoes, the measurement of electrical
conductivity is extremely effective in investigating
spatio-temporal changes at depth.

Electrical Resistivity Tomography and Magnetotellurics
are two geophysical methods used to image shallow (< 1

km depth) [e.g., Gresse et al., 2017] and deep (0-20+

Elevation (km)

Elevation RSL (km)

no sensitivity

km depth) electrical conductivity structures, respectively
[e.g., Matsushima et al., 2020].

When joined with seismic hypocenter locations,
electrical conductivity models can reveal magmatic-
hydrothermal fluid paths and interactions [Gresse et al.,
2021; Peacock et al., 2022; Usui et al., 2017] (Figure 2).
In addition, subaerial mappings including self-potential,
soil temperature, and CO, flux are often used to delineate
shallow fluid circulation, and thus better interpret
electrical resistivity models [e.g., Finizola et al., 2009].
In general, the upper part of a conductive hydrothermal
plume is correlated with positive self-potential, thermal,

and degassing anomalies (Figure 2 and 3).

Self-potential (V)

r 2

Distance (km)

Log10 electrical conductivity (S m™)

Magnetotelluric
stations 1 2

Figure 3: 3-D self-potential anomaly of Mt Fuji volcano and its associated 2-D conductive cross section obtained from

Magnetotellurics (black triangles). The positive self-potential anomaly (+2V) is induced by the rising hydrothermal fluids and the hot

conductive zone beneath the edifice (red color, 10"'=107 S'm™"). This figure was created by combining results from Aizawa [2004]

and Aizawa et al. [2005].



Joint multidisciplinary approach: the future of
volcanic research?

Geophysical imaging techniques measure a physical
property of rock that is influenced by many parameters.
Consequently, results are often ambiguous and non-
it means that different

univocal. In other words,

interpretations can be obtained from the same
geophysical image. For this reason, geophysical images
often rely on a qualitative interpretation, which can limit
their applications for decision-making.

To solve this problem, combined approach between
geophysical imaging and numerical modeling could
be helpful. Indeed, extracting accurate physical
information of volcanic structure is scientifically feasible
when joining geophysical data and multi-phase flow
modeling. Multiphase flow modeling represents the
coupled transport of water, gas, and heat in porous and

fractured rocks. Such simulation can be used to model

distance (km)

Fluid flow (kg/s)

0L 100 108001 10,50, 100, m 300, 7S,
z £

2

magmatic source

heat and fluid flow transfer within a volcanic edifice
[e.g., Ingebritsen et al., 2010; Ishido, 2004], and be
compared/combined with geophysical observations:
electrical conductivity, seismicity, ground deformation,
temperature, gravity, self-potential (e.g., Figure 4).
Despite very encouraging recent studies [e.g., Aizawa
et al., 2009; Byrdina et al., 2013; Zhan et al., 2022] joint
multiphase flow-geophysical imagery approach remains
largely underdeveloped in the volcanological community.
At the IEVG, I intend to participate in the further
advancement of this multidisciplinary field, as I believe
it will provide important and promising perspectives for

more comprehensive volcano monitoring strategies.
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