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Abstract

Volcano science has been deeply developing during last decades, from a branch of descriptive natural sciences to a highly
multi-disciplinary, technologically advanced, quantitative sector of the geosciences. While the progress has been continuous
and substantial, the volcanological community still lacks big scientific endeavors comparable in size and objectives to many
that characterize other scientific fields. Examples include large infrastructures such as the LHC in Geneva for sub-atomic
particle physics or the Hubble telescope for astrophysics, as well as deeply coordinated, highly funded, decadal projects such
as the Human Genome Project for life sciences. Here we argue that a similar big science approach will increasingly concern
volcano science, and briefly describe three examples of developments in volcanology requiring such an approach, and that
we believe will characterize the current decade (2020-2030): the Krafla Magma Testbed initiative; the development of a
Global Volcano Simulator; and the emerging relevance of big data in volcano science.
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Introduction

Volcano science has deeply evolved during last decades.
One of us (PP) presented perspectives for next decade
developments at the American Geophysical Union (AGU)
Fall Meetings 2010 and 2020, which are summarized in
Table 1. As from that easy forecast, approaches based on
statistics and probabilities have become progressively
more widespread in volcanology: a search in the Web of
Science shows that the number of entries responding to
“volcano” and “probability” more than doubles from the
first to the second decade of this century. Similarly, shar-
ing resources, as well as sharing experience, is continu-
ing to increase in relevance. Examples include the large
investments from the European Commission in infrastruc-
tural developments such as EPOS, the European Plate
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Observing System (www.epos-eu.org), representing the
platform for EU-level data accessibility and sharing in
solid Earth, and the frame within which European geo-
scientists discuss and implement common development
strategies; and other EU-level investments, facilitated
through EPOS, aimed at transverse, transnational access
to resources such as advanced laboratories, observatories,
data collections, and computational centers, and of which
Eurovolc (www.eurovolc.eu) represents a valuable exam-
ple. Other successful sharing initiatives include the VOBP
(Volcano Observatory Best Practices) workshop series
aimed at sharing best practices for volcano observatories,
and including sharing of resources to sustain the inclu-
sion of observatories from developing countries (Pallister
et al. 2019).

The talk at AGU 2020 focused on the expected major
developments in the current decade 2020-2030. Identify-
ing the many sectors of volcanology that may benefit from
significant advance is beyond the scope. The aim there, and
here with this short paper, was that of identifying some
major elements that may contribute significantly to shape
volcanology in the next years. Together with the contribu-
tions from many other colleagues in this volume, the objec-
tive is to present a picture of what volcano science may look
like in 10 years from now. The perspective that we present
here largely (but not exclusively) refers to examples from
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Table 1 The backward and forward perspectives on major developments in volcano science that we (PP) presented at AGU 2010 and 2020

Perspective Decade Approach Themes*
Backward (in 2010) 70s Largely descriptve Stratigraphy and mapping, field measurements, petrology

80 s and 90 s Quantification Lab measurements and experiments, numerical modeling, geo-

physical surveys

2000-2010 Instruments Multi-parametric space—time series, real-time volcano monitoring

Forward (in 2010 and 2020) 2010-2020 Statistics and probability Uncertainties, hazards, forecasts
Sharing Data, infrastructures, practices
2020-2030 Big science Large infrastructures, large simulation capacity, big data

*Each theme existed before the decade indicated here, and it continued to flourish (as it will likely do in the future) in the subsequent decades.
Our intention here is uniquely that of trying to identify some of the themes that burst or thrived during each decade, contributing papers and con-
ference presentations and triggering new and substantial discussion in the volcano community

Europe, that we believe can be representative of develop-
ments at international scale.

Big science and volcano science

The key word describing major upcoming developments
in volcanology is big science. Big science usually refers
to large scientific endeavors involving big budgets, big
staff, big machines, and big laboratories. Other communi-
ties have engaged in big science since long, with enor-
mous impacts such as those brought by the Large Had-
ron Collider in particle physics, the Hubble telescope in
astronomy and astrophysics, or the large-scale initiative
represented by the Human Genome Project (https://www.
genome.gov/human-genome-project) in life sciences. ODP
(Oceanic Drilling Program) activities carrying out explo-
ration of the ocean floor are an example of large-scale
projects in the Earth sciences, which have also largely ben-
efited volcanology especially when the research involved
volcanic ridges and arcs. One may wonder whether vol-
cano science needs similar large-scale, international coop-
erative efforts. As a matter of fact, we are deeply con-
vinced of the unique importance of science developed by
individual or small groups of researchers. Examples of
deep scientific innovation following from modest funding
are countless, and, fortunately, science still flourishes on
great ideas. It is a fact, however, that some extraordinary
achievements strictly require similar extraordinary invest-
ments. The standard model of quantum mechanics con-
stituting our current vision of the world would not be the
same, without extreme technological implementations at
a few large particle accelerators. Similarly, we would not
have machines on Mars sending back pictures and data and
possibly preparing a next human mission, without the huge
investments that such an endeavor requires.

What about volcanoes? Of all the extremes that we
have reached so far, none is as close to us yet as hidden
and mysterious as real magma below volcanoes. We send
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probes to directly observe, sample, and analyze the sur-
face of Mars at a distance of order 10% km, but have never
done the same for magma at just 10° km below our feet. If
curiosity and pure scientific interest are not enough, then
it can be noticed that at least 800,000 people in the world
live close enough to active volcanoes to directly suffer
from a volcanic eruption (UNISDR 2015), and anticipating
the occurrence of an eruption strictly requires understand-
ing the nature of magma and its underground dynamics.
If one would rank relevance on economic value, then it is
useful to recall the immense heat associated with volcanic
intrusions, of which the proportion converted into energy
at geothermal power plants is nothing but a vanishing frac-
tion (e.g., Fridleifsson and Elders 2005; Tester et al. 2006;
Reinsch et al. 2017), as well as the potential of under-
ground brines related to magmatic intrusions to be sources
of strategic metals (Blundy et al. 2021). Summed up with
renewable and clean characteristics of geothermal energy
may make the search for real magma a highly remunerative
effort in the near future.

In the talk at AGU 2020, the focus was on three themes
that we expect are going to represent big developments in
volcanology: directly reaching underground magma; collect-
ing and processing volcanic data at unprecedented level; and
developing a global volcano model. Ultimately, those themes
can be reduced to measuring, analyzing, and modeling,
making up the fundamental components of scientific inves-
tigation. Current and foreseen developments are described
mostly with reference to ongoing or next initiatives in the
European research landscape, of size and breath such as to
likely represent big directions for developments also at the
global scale.

Krafla Magma Testbed (KMT)

If one had to fix a date for the initiation of KMT, that
would almost certainly be September 2014, when the first
dedicated workshop took place within the Krafla caldera.
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That resulted from John Eichelberger’s vision and determi-
nation, as well as from the openness of Landsvirkjun, the
Icelandic energy company owning the Krafla geothermal
power plant and hosting the workshop. The story began,
however, 5 years earlier, when the drill rig at the IDDP-1
well, aiming at supercritical fluids at 4-km depth, got stuck
for days at only 2.1 km before it was realized that rhyolitic
melt had been unexpectedly hit (Elders et al. 2014; Rooyakkers
et al. 2021). Retrospectively, it was then realized that buried
magma had been encountered a few other times at the same
depth while drilling at various locations inside the caldera
(Eichelberger 2019). Seismic imaging (Schuler et al. 2015)
suggests that the rhyolitic melt may have a minimum vol-
ume around 0.5 km?>. Flow testing at IDDP-1, before the
well casing collapsed, produced an amazing 15-40 MW,
(Axelsson et al. 2013), suggesting that two such wells
would be enough to replace the entire Krafla power plant
including a few tens conventional geothermal wells.

The serendipitous encounter with magma at Krafla
demonstrates that (i) shallow magma bodies can escape
even the most sophisticated geophysical prospections, a
fact that is alarming for many high risk volcanoes; and
(ii) drilling to magma can be safe, as any known acciden-
tal case, including those at Puna, Hawaii, and Menengai

manipulation,
1:1 experiments

In-situ sampling,

coring, measuring

Fig.1 The KMT concept. A series of wells are kept open inside and
around the shallow magma intrusion at Krafla (2.1 km depth). Tem-
perature- and corrosion-resistant instrumentation is placed inside the
wells down to magma. The surface is heavily instrumented with an

caldera, Kenya, did not lead to uncontrolled events
(Eichelberger 2020; Rooyakkers et al. 2021).

Today, a large scientific consortium is engaging with
country governments and industrial partners to define a
long-term program named Krafla Magma Testbed, or KMT
(www.kmt.is). KMT is foreseen to be the first underground
magma observatory in the world, in the form of a series
of long-standing wells for scientific and industrial explo-
ration, directly opening inside and around the shallow
magmatic body and equipped with advanced monitoring
instrumentation (Fig. 1). Scientific fields opening to next
level investigation include the origin of rhyolitic magmas
in basaltic environments (and ultimately, the origin of con-
tinents), the thermo-fluid dynamics and petro-chemical
evolution of magmas, the heat and mass exchange with
the plumbing system, surrounding rocks and geothermal
system, the rheology and thermo-mechanical properties
from deep volcanic rock layers to magma and across the
melt-rock interface, the relationships between surface
records and deep magma dynamics and interpretation of
volcanic unrests, and many others. Decades of specula-
tion that still dominates the scientific debate would be
overcome by direct evidence and measurements, and by
real-scale experiments on the natural system. Similarly,

research, education,
outreach

multi-parametric
surface monitoring

=
L

remote downhole
monitoring

advanced multi-parametric monitoring network. Dedicated laborato-
ries, offices, and a visitor center complement the infrastructure. Back-
ground picture: courtesy of GEORG (Geothermal Research Cluster of
Iceland)
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innovative experimentation and measurements could lead
to next-generation geothermal energy production systems
exploiting extremely efficient, very high enthalpy near-
magma fluids and heat directly released from the cooling
margins of the magma body.

KMT is, obviously, an endeavor that cannot be faced by
a restricted group or a single country. It requires instead a
large, coordinated effort involving many diverse expertise
and capacities from scientific to industrial, and disciplines
embracing from thermo-fluid dynamics and material science
to geology, geochemistry, and geophysics. The challenges
are such as to require coordinated investments of order 108
dollars (see www.kmt.is), not little money but still much
less than the costs of other large infrastructures mentioned
above. Currently (October 2021), the Icelandic government
is welcoming partners and dedicating resources; a KMT/
ICDP project has been recently approved; national and inter-
national projects raised in support of KMT are saturating
the costs for the KMT preparatory phase 0, and phase 1
involving the first scientific well reaching to magma is get-
ting closer.

Global Volcano Simulator (GVS)

The atmospheric scientists have been developing for dec-
ades general circulation models and a global simulation
approach to atmospheric dynamics that they employ daily
to produce weather forecasts. While the physics govern-
ing volcanic processes is of comparable complexity (e.g.,
Sparks 2003; Segall 2019; Papale 2021), a large part of
the volcanic system is not directly observed (see the KMT
description above). That makes a huge difference in terms
of quality and accuracy, as atmospheric model predictions
can be updated in real time with data coming from below
(ground-based), from inside (weather balloons and rock-
ets, radars) and from above (satellites). Similar capacities
in volcano science exist for the atmospheric dispersion of
volcanic ashes (e.g., Stohl et al. 2011; Tanaka and Iguchi
2019; Pardini et al. 2020), and for other sufficiently slow
surface phenomena, such as lava flows (e.g., Wright et al.
2008; Vicari et al. 2011; Bonny and Wright 2017). For
the complex dynamics of volcanic unrest and escalation to
eruption or return to quiet conditions, which are of utmost
relevance for volcano early warning systems and imple-
mentation of emergency plans, we are limited to indirect
observations through multi-parametric monitoring net-
works. Those networks provide a rich basis over which
the deep volcano dynamics are inferred and the short-term
evolutions are forecasted. Still, such forecasts suffer from
the lack of a global reference model for their interpretation,
often resulting in discordant inferences and projections by
different groups of experts.
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A reference Global Volcano Simulator would allow many
different observations to be placed within a unique, con-
sistent physical framework and integrated holistic dynamic
modeling approach. Such a framework should allow a physi-
cal representation of the coupled processes and dynamics
in multiple domains from the volcanic plumbing system to
the surface, including the surrounding rocks and geothermal
circulation systems through which signals of deep dynamics
are transported to our monitoring networks. Together with
the KMT initiative described above and providing ground-
truth constraints as well as a unique chance for validation
tests, such a global approach to the underground (and sur-
face) volcano dynamics would project volcanology fully into
the third millennium, bringing it closer to other scientific
fields for which the quantitative revolution started much in
advance. The large destination Earth initiative by the Euro-
pean Commission (https://digital-strategy.ec.europa.eu/en/
policies/destination-earth) aims at developing a high pre-
cision digital model of the Earth to monitor and simulate
both natural and man-made phenomena and processes. The
initiative provides a long-term perspective which develops
largely through the construction of digital twins (Fig. 2),
that is, digital replicas of natural (physical, biological) or
man-made systems. Among the high priority digital twins
that are foreseen by the Commission, the one on weather-
induced and geophysical extremes (https://digital-strategy.
ec.europa.eu/en/library/workshops-reports-elements-digital-
twins-weather-induced-and-geophysical-extremes-and-clima
te) is expected to provide the conditions for bringing to a
next level some of the recent developments in modeling the
complex dynamics of volcanic systems and improving the
performance of parallel computing in solid Earth (see also
the European Centre of Excellence ChEESE: https://cheese-
coe.eu). As a matter of fact, the digital twin concept applied
to volcanoes coincides largely with the GVS described here,
showing that the times can be mature for such an ambitious
undertaking.

Big volcano data

Direct observations and global modeling described above
are expected to impact deeply volcano science. The fun-
damental source of information on volcanic processes and
dynamics from most volcanoes worldwide will continue
to be the multi-parametric remote and on-site instrumen-
tal networks collecting data before, during, and after vol-
canic eruptions. With the development of the digital age,
big data and related technologies such as Machine Learn-
ing (ML) and artificial intelligence (AI) have exploded
in virtually any aspect of science (e.g., Chen et al. 2012;
Wamba et al. 2015; Gorelick et al. 2017). Al algorithms
can be trained to reproduce some of our capabilities,
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Fig.2 Possible scheme for a digital twin of a volcanic system. Mod-
els and data concur to scenarios and forecasts. Models are continu-
ously tested and refined, e.g., by adding more or better microphysics.
Both data and models are accompanied by quality assessments and

such as driving a car or writing a meaningful text. What
looks more relevant in volcano science, however, is that
ML and AI algorithms can be employed to find, hidden
within huge sequences of data, meaningful patterns that
trained teams of humans may miss in months or years of
work. ML is employed already in a variety of research
applications related to volcanoes, including automatic
classification of seismicity (Masotti et al. 2006; Malfante
et al. 2018; Bueno et al. 2020), analysis of infrasound sig-
nals (Witsil and Johnson 2020), detection from satellite
images of eruptions (Corradino et al. 2020) or anomalous
deformation areas (Anantrasirichai et al. 2018, 2019),
establishment of source regions from tephra analysis
(Bolton et al. 2020; Pignatelli and Piochi 2021), iden-
tification of changes in eruption behavior (Hajian et al.
2019; Watson 2020), and volcano early warning analysis
(Parra et al. 2017).

The fundamental element of ML and AI is algorithm
training, which requires huge amounts of data before the
trained algorithms can be used to mine other datasets.
Modern multi-parametric networks at highly monitored
volcanoes, constellations of satellites, etc. produce con-
tinuous streams of space—time data daily. Satellite data

certification. Third parties access data and models, as well as visuali-
zation tools. While the scheme is general, the cited resources refer to
the European landscape

are organized and accessible through space agencies,
with increasing levels of accessibility being provided
through large-scale initiatives, such as GEO’s Geohaz-
ard Supersites and Natural Laboratories (https://geo-gsnl.
org/). However, a similar level of organization is still
missing for ground-based data collected at volcanoes
worldwide. Relevant attempts to provide free, organ-
ized access to ground-based volcano data are ongoing
(e.g., Newhall et al. 2017; Costa et al. 2019; in Japan:
Ueda et al. 2019; in Europe: Bailo and Sbarra 2017; etc.),
while large funding agencies such as the European Union
(https://ec.europa.eu/info/research-and-innovation/strat
egy/strategy-2020-2024/our-digital-future/open-science_
en; https://ec.europa.eu/info/sites/default/files/turning_
fair_into_reality_0.pdf) increasingly require strict adher-
ence to the principles of open science and FAIR data.
Definitely, of all the projections one may make for vol-
cano science in the next decade, the one with the highest
likelihood of revealing correct is the burst of big volcano
data, or otherwise, volcano science would find itself lag-
ging behind other communities who fully profit of big
developments that will largely shape research and sup-
port scientific advance in the coming years and decades.
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Concluding remarks

The volcanological community has been capable of ben-
efiting from substantial infrastructural developments, for
example in relation to satellite missions. Even in such cases,
however, volcanologists have taken advantage from mis-
sions dedicated to other objectives, such as those related to
weather forecasts, climate change, or land evolution. Still,
the benefits from a “big science” approach in volcanology
appear substantial in terms of mitigated risks and increased
security on one side, and potential for efficient, clean, and
renewable energy on the other side. In comparison, order
of magnitude larger funds dedicated to space exploration,
while expanding greatly our fundamental understanding of
the Universe, does not seem to bring comparable practical
benefits, at least over the short-medium time scale.

Decades of volcano science clearly show that major vol-
canic eruptions in terms of their size or impacts not only
have been big drivers for scientific advance, they also have
focused substantial attention by the governments, the media,
and the public. However, the momentum gets easily lost,
and after an initial promising phase of increased funding
opportunities, often volcanoes quickly slip backwards in
the priority list. As a volcanological community, we may
need to improve our capability to stay on the scene, e.g., by
transposing our scientific endeavors into effective narratives
which tell of the exciting travel towards unexplored frontiers
of our planet Earth, at the same time increasing security and
contributing to sustainability and preservation of the delicate
equilibria of the planet.
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