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Predicting volcanic eruptions remains a major scientific challenge with extremely high societal expectations. While the geological and phenomenological study of a volcano’s eruptive history allows for the definition of the basis for probable eruption scenarios and long-term hazard forecasting, it is the instrumental monitoring by a permanent observatory that ensures the temporal tracking of phenomena, notably by estimating quantitative physical parameters related to the evolution of the volcanic system. So-called operational monitoring of active volcanoes must be based on real-time observations and a dynamic operational model that helps interpret them in terms of quantitative eruptive processes.

Over the past decade or so, improvements in monitoring systems, the increase in the number, variety, and sensitivity of sensors installed on volcanic structures, and the continuous recording of signals generated by these sensors—particularly seismic and deformation signals—have led to an explosion in the volume of available data. To analyze these observations, the use of automated processing methods is becoming increasingly essential. Yet even the most modern observatories are only just beginning to routinely test fully automated tools for calculating quantitative physical models in real time—a capability that is nonetheless fundamental for monitoring volcanic activity and facilitating the rapid issuance of preventive alerts, which can save precious and sometimes vital time during crisis management. The development of such tools, however, poses a real challenge, as the real-time constraints and the need to calculate usable quantitative physical parameters (such as the location and characterization of internal sources responsible for eruptive phenomena) are generally hampered by 1) poor estimates of data uncertainties, which are nevertheless essential for data inversion, 2) the need to simplify models for reasons of efficiency and optimization (which implies a thorough “understanding” of the fundamental assumptions of the models used), and finally 3) the requirement to use exclusively causal signal processing, which is rarely the case in post-processing of a posteriori modeling.

In this thesis topic, we focus on the internal physical processes that cause deformations in volcanic structures. Numerical modeling of the deformation field, when it accounts for the topography and discontinuities of the medium, is one of the methods that allows us to “visualize” the internal plumbing (reservoir, conduit, fractures), a boundary condition common to both volcanic fluid dynamics and the mechanics of the surrounding rock (Beauducel & Cornet, 1999; Beauducel et al., 2004; Peltier et al., 2009; Beauducel & Carbone, 2015; Peltier et al., 2015, 2016; Beauducel et al., 2020b; Journeau, 2022). But beyond the imaging aspect, this “mechanical tomography” also allows, under certain conditions, for the estimation of source characteristics: volume, pressure, and stress, which will be decisive in quantifying magmatic fluid transport, system stability (failure conditions, location of weak zones), predicting the magnitude of surface phenomena, and thus assessing volcanic hazard. However, to utilize this through real-time modeling tools, one must account for all types of noise affecting the data (atmospheric artifacts, external forcings, non-volcanic deformations such as regional tectonic movements, etc.).

The objective of this thesis is to implement Bayesian inversion processes for deformation sources using data streams such as GNSS solutions from monitoring networks, in order to image the volcano’s internal structures in 4-D (space and time) and derive quantitative information on the location and volumes of magmatic fluids involved. The direct models used will start with simple ones (isotropic point in a homogeneous elastic medium) and then increase in complexity (Compound Dislocation Model, Ellipsoidal Cavity Model (Nikkhoo et al., 2015)). All these models have analytical solutions suitable for large-scale data inversion and are or can be integrated into the modules of the WebObs open-source community code (Beauducel et al., 2020a). Tests using a 3D boundary element formalism (Cayol & Cornet, 1997) may validate the proposed solutions on test cases, even though the inversion becomes more complex to implement and requires many prior assumptions (Beauducel et al., 2004; Fukushima et al., 2005).

The IPGP’s volcanological and seismological observatories possess an extremely rich database that remains largely underutilized. Initial testing and validation will be conducted using synthetic data to assess the impact of noise on the results (common-mode noise, random or correlated noise), followed by analysis of real-world datasets from Piton de la Fournaise: GNSS, tilt, and potentially InSAR imagery (Peltier et al., 2017), where the phenomena are well-constrained with dozens of eruptions and magmatic intrusions that are thoroughly documented. The models can then be applied to the andesitic volcanoes of La Soufrière in Guadeloupe and Mount Pelée, which have exhibited significant hydrothermal activity for several years, with and without surface phenomena, respectively. A dataset on Mount Merapi (Indonesia) is also available via the VELI instrumented site, associated with well-documented magmatic and phreatic activity. Finally, datasets on European volcanoes (derived from a preliminary analysis within the Eurovolc project) can also be used to demonstrate the performance of the new tools on various cases of pre- and co-eruptive signals (Etna, Bárðarbunga, El Hierro, etc.).

The dissertation will be conducted at the Piton de la Fournaise Volcanological Observatory (OVPF-IPGP) in La Réunion, and will be supervised by François Beauducel (physicist) and co-supervised by Aline Peltier (physicist), both members of the IPGP’s Volcanic Systems team.
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