N

N

A unique electrical resistivity experiment reveals the 3D
interior of Piton de la Fournaise
Lydie Gailler, Romain Guillard, Soléne Buvat, Philippe Labazuy, Anthony Finizola,
Emilie Roulleau, Jean-Francois Lénat, Cyril Aumar, Guillaume Boudoire, Baptiste

Camus, et al.

» To cite this version:

Lydie Gailler, Romain Guillard, Soléne Buvat, Philippe Labazuy, Anthony Finizola, et al.. A unique electrical
resistivity experiment reveals the 3D interior of Piton de la Fournaise. Scientific Reports, 2025, 15 (1), pp.35794.
{10.1038/s41598-025-17161-4). <hal-05333700)

HAL Id: hal-05333700
https://hal.science/hal-05333700v1

Submitted on 27 Oct 2025

HAL is a multi-disciplinary open access archive L’archive ouverte pluridisciplinaire HAL, est des-
for the deposit and dissemination of scientific re- tinée au dépoét et a la diffusion de documents scien-
search documents, whether they are published or not. tifiques de niveau recherche, publiés ou non, émanant
The documents may come from teaching and research  des établissements d’enseignement et de recherche
institutions in France or abroad, or from public or pri- francais ou étrangers, des laboratoires publics ou
vate research centers. privés.

Qoo

Distributed under a Creative Commons CC BY-NC-ND 4.0 - Attribution - Non-commercial use - No
Derivative Works - International License


https://hal.science/hal-05333700v1
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://hal.archives-ouvertes.fr

www.nature.com/scientificreports

scientific reports

W) Check for updates

OPEN A unique electrical resistivity

experiment reveals the 3D interior
of Piton de la Fournaise

Lydie Gailler'™, Romain Guillard’, Soléne Buvat?, Philippe Labazuy?, Anthony Finizola?3,
Emilie Roulleau®*?, Jean-Francois Lénat® & The ERT3D Scan4Volc team”

Understanding the internal structure of volcanoes is essential for improving predictions of eruptions
and for assessing hazards. However, creating high-resolution models of their interiors remains a
significant challenge. At Piton de la Fournaise, we conducted an innovative 3D electrical resistivity
tomography to produce a new high-resolution image of the subsurface beneath the Terminal Cone,
extending down to 1 km below the summit. Our model not only images a large hydrothermal zone
beneath the layered lava flows, but also reveals conductive offshoots extending toward the surface
beneath the Bory crater and along faults linked to the Dolomieu crater. These findings suggest that
hydrothermal activity is strongly influenced by volcano-tectonic features at the summit. This study
provides valuable insights into fluid circulation, magma transfer, and instability, offering a new
framework for understanding the present structure of Piton de la Fournaise and proposes a novel
approach for studying the spatio-temporal evolution of volcanoes worldwide.

Keywords Piton de la Fournaise, 3D electrical resistivity experiment, High resolution modeling,
Hydrothermal system, Preferential fluid path

Our understanding of volcano dynamics relies directly on the quality of our knowledge of the location, nature
and geometry of the magmatic and hydrothermal systems, and of mechanical heterogeneities. Imaging this
internal structure at a sufficiently high resolution is a great challenge, but is essential for identifying the internal
dynamic processes that govern the overall volcanic phenomena. In this context, two fundamental questions
condition our future ability to quantify the spatio-temporal evolution of volcanoes:

(i) How to spatially image volcanic reservoirs, preferential magmatic and hydrothermal paths, as well as me-
chanical heterogeneities in 3D?

(ii) What are the causal relations between such a complex internal structure inferred from geophysical signals
and the surface manifestations directly observed in the field?

This study aims to answer these questions using innovative tools applied to volcano imaging.

Imaging the internal structure of a volcanic edifice presents specific issues due to the complexity of its
evolution, where numerous phenomena are interconnected in space and time. These include the recharge and
emptying of magma reservoirs, the development of hydrothermal activity, eruptive and intrusive processes,
and volcano-tectonic events (such as fracturing, caldera formation, flank collapse, and sliding). As a result,
volcanic structures are among the most complex geological structures, and it is not always easy to establish the
relationships between active structures at depth and the eruptive manifestations at the surface. In addition, it
may be impossible to collect scientific data from key areas due to inaccessibility (e.g. rugged topography, fault
zones) or the hazards that they pose (e.g. eruptive activity, dangerous gas emanations, unstable zones). The field
conditions may require careful adaptation of the experimental protocol. This involves conducting preliminary
surveys to test the instruments, to plan their optimal theoretical deployment according to field accessibility,
and performing first order synthetic numerical simulations to assess the resolution expected for different
configurations of the sensors.
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Our study focuses on Piton de la Fournaise volcano, located on La Réunion Island (Fig. 1a), one of the
most famous volcano laboratories in the world. Highly active and closely monitored by the Observatoire
Volcanologique du Piton de la Fournaise of Institut de Physique du Globe de Paris (OVPF-IPGP), this edifice is
an ideal place to experiment with new methodologies aimed at integrating spatio-temporal modeling of volcanic
dynamics. This ‘4D’ approach requires the construction of a detailed initial state model (carried out in this work)
whose dynamics can then be monitored by means of additional but less frequent and widely dispersed iterative
measurements.

Within the Enclos Fouqué caldera (Fig. 1b), the Piton de la Fournaise Terminal Cone is a highly complex and
heterogeneous structure. Its summit comprises craters and pit-craters (Bory,- Pre-Bory, Dolomieu, Soufriére,
Petit Plateau), and is intensely fractured due to successive inflation/deflation periods, collapse events, and
intrusions. At depth, there are highly active hydrothermal and magmatic reservoirs'~3, where the shallow depth
(i.e.>1 km AMSL) volcano-tectonic seismicity is mainly concentrated, associated with magma transport and
shallow reservoir pressurization®. Three main preferential zones for the opening of eruptive fissures originate
from the Terminal Cone: the southeast rift zone (SERZ), the northeast rift zone (NERZ), and the 120 N rift zone
(N120 or NW-RZ). Photos are presented in Supplementary Material A to illustrate these specific areas and the
associated results described below (Fig. 3a).

The knowledge to date of its internal structure was summarized by’ who compiled all available geological
and geophysical information along an E-W profile crossing the main active part of the edifice(Fig. 1c). This latter
has been built and evolves in response to various types of volcanic and volcano-tectonic activities. The main
ones include: (1) frequent eruptive activity associated with dikes and sills of different geometries depending on
the path taken in the shallow feeder system>®, (2) a hydrothermal system below the Terminal Cone which has
caused 17 phreatomagmatic eruptions within the Dolomieu crater since the eighteenth century’, and (3) an
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Fig. 1. The overall context of Piton de la Fournaise and state of the art of its inner structure. (a) Location
of Piton de la Fournaise (La Réunion Island, Indian Ocean). (b) Focus on the main area discussed in text
and shallow depth seismicity (2016-2021, OVPE-IPGP, doi: https://doi.org/10.18715/REUNION.OVPEF). S:
Soufriére, PP: Petite Plateau, PB: pre-Bory pit-crater. (c) Detailed inner structure along the EW profile crossing
the central part of Dolomieu Crater inferred from geophysical studies (located in b; see Lénat et al., 2012 for
details). (d) Distribution of all available previous electrical and electromagnetic surveys at the scale of the study
area (i.e. the Terminal Cone), superimposed onto the seismicity shown in b).
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active sliding plane beneath the eastern flank®®, where large displacements have been observed (several meters
over the last few decades). In the past, large eastward flank landslides occurred®!?, generating tsunamis!!~13.

The edifice has been the subject of numerous geophysical investigations over the past years (see'* and
references therein). Our work focuses on the electrical resistivity structure of the Terminal Cone. This parameter,
very sensitive to fluid content, is well suited to imaging the structure of a volcanic edifice as it detects conductive
regions such as magmatic or hydrothermal systems, the water table and fractured or altered zones. Several
methods exist to probe the distribution of electrical resistivity at various depths and scales depending on the
equipment, its geometry in the field, and the resistivity values of the subsurface (Fig. 1d):

- 1D vertical approaches, such as electrical soundings, Time Domain ElectroMagnetism (TDEM) and Audio-
MagnetoTelluric (AMT) soundings for fairly shallow investigations, and Magnetotelluric (MT) soundings for
deeper investigations of more than 10 km (blue triangles in Fig. 1d).

- 2D Electrical Resistivity Tomography (ERT) which reaches down to about 600 m in depth along a specific
profile’®, as has been shown for various volcanic contexts.

In addition, a large-scale helicopter-borne electromagnetic campaign (ReunEM, BRGM!S; dark blue lines in
Fig. 1d) was conducted in 2014, collecting high density 1D measurements along parallel lines spaced 500 m
apart, which were used to create a pseudo-3D global resistivity model of Piton de la Fournaise down to depths
of 400 to 600 m below the surface. However, the resolution of measurements obtained by these methods is still
insufficient for a detailed 3D investigation of the volcano’s interior at depths greater than 600 m. The pathways of
fluid transfer from magmatic and hydrothermal reservoirs to the surface are strongly influenced by the inherited
structure of the edifice, which requires more precise imaging. Consequently, enhancing the resolution of these
structures is essential for a better understanding of the edifice’s evolution and its potential impact on future
activity. The aim of this study was to generate a deeper, high-resolution 3D resistivity model of the edifice using
an innovative strategy that provides more detailed information than previous geophysical surveys, particularly
the work of Dumont et al.!® using the same parameter (resistivity).

We present here the results of a unique 3D ERT of the Terminal Cone of Piton de la Fournaise using an
innovative approach carried out for the first time in such a large and complex environment (i.e. large surface
area: covering more than 13 km? with significant topographical difficulties: steep slopes and complicated flow
morphologies). We used the recently developed © IRIS Fullwaver system technology!” that was adapted to
overcome the considerable field limitations while ensuring full 3D acquisition with an excellent investigation
resolution laterally and at depth (Fig. 2a). For comparison in terms of resolution, our final dataset includes 885-
3D signals, compared to 240-1D soundings in Dumont et al.!® for an area of 10 km? Details of the experimental
device are presented in the Material and Methods sections and Supplementary Material B, which goes into
greater depth about the scientific challenges inherent in such an experiment (Fig. 2b).

A 3D animation of the overall model presented in Fig. 3a is provided in Supplementary Material C.
Qualitatively, the main limitations of this model in terms of spatial resolution arise from the spacing between the
reception electrodes and the distribution of the mobile current electrodes, which were evenly distributed across
the field. We also encountered some difficulties in injecting a current in such a highly resistive environment,
but intensity was fairly uniform, ensuring consistent measurements over the whole study area. The depth of
investigation is especially influenced by the distance of the remote fixed current electrode in this pole-dipole
configuration, with a decrease in resolution at depth commonly observed with this ERT approach. In terms
of the data distribution at depth (Fig. 3a), the current experimental design provides reliable homogeneous 3D
coverage of the Terminal Cone, as further detailed in the Methods-Experimental Design section.

Results

Qualitative overview of the 3D resistivity model

Here we focus on the associated shallow structures (i.e. the first km of the edifice) that are influenced by the
magmatic, hydrothermal and mechanical dynamics as a whole. The 3D resistivity model shows, to the first
order, the classical, very long wavelength resistivity distribution commonly found at Piton de la Fournaise!®18:1%,
as well as in similar volcanic contexts, such as Kilauea volcano?. A shallow, high resistivity layer (from 1000 to
more than 10,000 Q.m) of varying thickness (between 200 and 500 m on average) is associated with the massive
lava flows observed at the surface. It overlies a large, lower resistivity body (<500 Q2.m) imaged here with an
unprecedented resolution, revealing fine, previously unknown details of its uppermost layers. In this context, a
conductive body of this type is unequivocally identified as the hydrothermal system surrounded by alteration
and with fluid injections toward the surface, with a complex interplay between fluid saturation, alteration
processes and mineralization (see Pereira et al. 2024 and references therein).

Although this value is higher than resistivity values commonly observed for hydrothermal systems on other
volcanoes, comparison between our Fig. 3b with the highest self-potential (SP) values (i.e. maxima produced by
electrokinetic phenomena on active volcanoes) shown on the map of the Piton de la Fournaise Terminal Cone
(Fig. 4 in Barde-Cabusson et al.?!) strongly suggest that our lower resistivity values are associated with rising
hydrothermal fluids. Similar hydrothermal system signatures, comparing SP and ERT, have already been found
in other active volcanic contexts (for example at Stromboli, Revil et al.??). Quantitatively, since it is impossible
to sample the hydrothermal system at depth, the model therefore only show resistivity contrasts. Accordingly,
it seems acceptable to consider these lower resistivity values (<500 Q.m) at Piton de la Fournaise volcano as
corresponding to the hydrothermal system, fluids circulation and associated alteration at various depths.

Other local resistivity contrasts (500-1000 Q).m) are observed in certain places, which are associated with
known and/or suspected geological and volcano-tectonic features at various scales, as detailed in the following
analysis along the main slices.
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Fig. 2. The 3D experiment at Piton de la Fournaise using FullWaver design (© Iris Instruments). (a)
Distribution of the investigation multi-electrodes array (5 m resolution LIDAR DEM, acquired in 2009/11
©IGN2010 and updated by Structure From Motion - OVPE, coordinates are given in meters within system
WGS84-UTM 408). (b) Photos of the equipment used in the field (© the Scan4Volc team).

Detailed analysis along main slices

The horizontal slice at 1800 m AMSL (about 400 m below the base of the cone; Fig. 3b) illustrates the geometry
of the main low resistivity body. It extends laterally over more than 2 km with a NW-SE elongation following the
orientation of the N120 RZ. Also at this depth, a curvilinear resistive structure oriented toward the sea appears
below the eastern flank. Similar but slightly less resistive structures can also be seen in the axes of the NE and
SE rift zones.
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Fig. 3. The new 3D resistivity model of Piton de la Fournaise Terminal Cone. (a) Visualization of the overall
3D model through selected slices, location of measurement sites (black dots) and main summit areas of interest
(they are located by their initials in b and c—B; Bory crater; D: Dolomieu crater; S: Soufriére; PP: Petit Plateau;
SERZ: South-East rift zone; NERZ: North-East rift zone). (b) Location of the two main slices presented in c)

on a horizontal slice within the 3D resistivity model at 1800 m AMSL. (c,d) E-W and N-S slices, respectively,
within the 3D resistivity model crossing the main area of interest, as described in the text (see Supplementary
Material A for field evidences). White arrows locate the main hydrothermal ascents to the surface. In (b-d), the
distribution of volcano-tectonic earthquakes (OVPF-IPGP, doi: https://doi.org/10.18715/REUNION.OVPF) is
represented by black dots.

Along the W-E slice crossing the summit craters and the eastern flank (Fig. 3c), several sub-vertical
discontinuities dissect the shallow, massive, resistive flows. Locally, the model highlights elongated low resistivity
lenses at the surface, especially to the west of Bory crater and at the easternmost part of the slice. Although we
cannot rule out that these surface variations are due to measurement artifacts (due to electrode coupling), they
could also be related to fracturing since the model statistics demonstrate a high level of confidence in these
measurements. On the eastern flank, which is known to be less stable®, the model reveals block discontinuities as
discussed hereafter. Below the resistive layers, the conspicuous large, low-resistivity body, identified as the main
zone occupied by the hydrothermal system, is marked by two protuberances rising towards the surface below
Dolomieu and Bory craters. At depth, the lowest values of resistivity are located around an elevation of 2000 m
AMSL (that is 100-200 m below the floor of the Enclos Fouqué caldera), and the resistivity tends to increase
regularly with depth.

We evidence additional features along the N-S slice crossing the outer NE and SE rift zones along which most
of the magmatic injections are concentrated (Fig. 3d). An offshoot of the low resistivity body coincides with the
highly altered area of the Soufriére pit-crater. We also note a low resistivity channel rising towards the surface
in the area of the so-called Petit Plateau, a pit-crater that formed and was active in 1791 before being filled by
lava flows. Further away from the summit, the NE rift zone appears to be more conductive than the SE one at
shallow depth.

Finally, we note that most of the shallow volcano-tectonic seismicity* is concentrated beneath the inferred
hydrothermal system, except for the shallowest hypocenters associated with magma injections (in particular to
the north for the period considered here). The lateral extension of this main seismic zone at depth coincides
fairly well with that of the low resistivity body.
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Fig. 4. Detailed reference model of Piton de la Fournaise inner structures. Interpretation in terms of future
dynamics, from direct 3D electrical resistivity investigation.

Discussion

This new geophysical model highlights the complexity and heterogeneity of Piton de la Fournaise’s Terminal
Cone at an unprecedented horizontal and vertical resolution (Fig. 4). It allows the distribution of resistivity to be
resolved, and hence the different lithologies interpreted in detail and in an overall consistent way (Fig. 3c and d).
It provides new information regarding the structure and evolution of the edifice, and supersedes the pseudo 3D
resistivity model obtained from helicopter-borne measurements interpreted by Ref'®. and the 2D model of Ref°..

We provide a detailed image of the high resistivity lava flows that composed the Terminal Cone, which are
clearly visible in the walls of the Dolomieu crater following its collapse of about 350 m in 2007234, According to
our model, the shell of water-unsaturated lava flows, characterized by their very high resistivity, reaches 500 m
in thickness (Fig. 3c and d). This is consistent with the hydrogeological model of?® which postulated that the top
of the water table was at a similar depth. However, as described above, the model shows that this highly resistive
pile of lava flows is dissected by low resistivity axes and zones rising toward the surface. In such a highly active
eruptive context, this could also be explained by the presence of numerous eruptive fissures on the flanks of the
cone, which have generated fractures in the lava pile and may have induced alteration of the medium through
the channeling of hot fluids.

At depth, the 3D geometry of the low resistivity body interpreted as a zone deeply altered by hydrothermal
activity has now been clearly imaged, with a considerably improved resistivity distribution compared to previous
models. The successive collapses in the summit zone from the historical period onward, such as that in 20072%%7,
and probably well before, imply the existence of a composite column of brecciated and fractured rocks at depth
beneath the summit area, extending down to the magma reservoir zone. We show here that the main part of
the hydrothermally altered zone lies within this column. The low resistivity body below Dolomieu crater almost
outcrops at the bottom of the new 350 m-deep crater, with ascents identified near the center of the crater and
along its peripheral faults (Fig. 4). Those along the crater walls coincide with the large thermal and degassing
anomalies observed after the 2007 collapse?>?°. The protrusion in the center of the crater may be an inherited
structural feature since it coincides with the Pre-Bory crater boundary. Moreover, the Pre-Bory crater, a circa
700 m-diameter filled pit crater, is easy to observe in the western wall of the Dolomieu crater (Supplementary
Material A) at about 150 m below the present surface. The presence of such a large collapse in this area suggests
the emptying of an underlying magma reservoir?.

A feature that had also not been resolved by previous models is that of a large and well-defined rise of the
low resistivity body beneath Bory crater, which®® would not be anticipated since the latter crater is far less
active than the Dolomieu one. However, Bory crater is known to have been a major center of activity in the
eighteenth century, with lava lake activity. Another phenomenon that might also be involved in the development
of hydrothermal activity below the Bory crater is the large number of magmatic injections that propagated in
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this area®. This is also in good agreement with the upward flow of hydrothermal fluids inferred in the same area
by a positive SP anomaly?!. This preferential upward path of hydrothermal fluids under the Bory crater (as well
as under the Dolomieu crater) has also been highlighted by analysis of SP temporal surveys from 1993 to 2008,
and by multi-scale wavelet tomography (MWT?°3%). Smaller areas that collapsed in the past (Petit Plateau, La
Soufriére; Fig. 3¢) also appear as zones with higher hydrothermal activity within the Terminal Cone.

Below 2000 m AMSL, the observed trend of increasing resistivity with depth could be linked to a decrease
in model resolution due to lower data constraints at depth, reducing sensitivity to deeper, fine-scale conductive
structures, and higher inversion smoothing with a possible overestimation of resistivity values.

However, it might also be a real factor, since this type of distribution is commonly observed in high
temperature geothermal systems as evidenced by Refs*!*2. where the resistivity structure is characterized by a
low resistivity cap overlying a more resistive core. As temperature increases with depth, a succession of different
mineralogical assemblages are observed, explaining the increase in resistivity (from the zeolite-smectite zone
toward the chlorite-epidote one, as also proposed by Darnet et al.3®). Therefore, the resistivity structure of the
hydrothermal system could be interpreted in terms of a geothermal gradient, and one of the most striking features
is the shape of the iso-resistivity contours that provide important new structural information (i.e. defining the
main structural boundaries) in terms of mechanical weaknesses at depth.

The consistency between the extent of the low resistivity body and the main seismic zone suggests that the
hydrothermal system was created and is fed by heat and fluids rising from the magma reservoir, which is inferred
to be situated at about sea level>* in a zone that is highly fractured by magma injections®?¢. We also note that
the virtual lack of seismicity within the low resistivity body may suggest a medium that is not prone to fracturing.

Although the low resistivity zone is mainly located beneath the summit craters, it clearly extends over a larger
area, as also proposed by Ref°.. Beyond the summit area, the lower resistivity of the eastern flank compared to
the western one is attributed to a larger concentration of volcanic cones and eruptive fissures on the eastern
flank and at the base of the cone, along the N120/NW-SE direction®®, which could be related to a main axis of
thermal activity. This higher magmatic activity implies greater deformation of the eastern flank, with a dominant
eastward component of horizontal deformation®, tending to increase conductivity through fracturing that favors
fluid circulation toward the surface. A higher concentration of intrusions is also proposed along the less resistive
narrow path of the NERZ compared to the SERZ (Fig. 3d).

Therefore, this study confirms that the detection of resistivity anomalies is a powerful tool for imaging
volcanic systems at various scales. The complex inner structure imaged here confirms the general asymmetric
magma-induced pattern of deformation proposed by Ref’’., with a strong effect of rock heterogeneity on
magmatic injection paths and hydrothermal alteration axes.

The presence of low-resistivity structures suggests hydrothermal alteration and fluid circulation, influencing
various phenomena and hazards. These include phreatic explosions, large-scale ductile deformation, porosity
contrasts, gas emissions, seismicity distribution, magmatic intrusion pathways, vertical collapses, and horizontal
displacements.

Since the dynamics of active volcanoes involve continuous changes in their internal structure at various
depths, our results are highly promising for tracking these internal variations over time. This new high-resolution
model can provide an initial step toward spatio-temporal (i.e. 4D) monitoring.

Although ERT cannot be easily repeated on such a large 3D scale, the model effectively captures the current
internal state of Piton de la Fournaise and provides its first-order structure over a lateral extent of 4 km and down
to a depth of 1 km. In addition to fundamental parameters collected in real-time by the volcano observatory
(primarily seismicity and deformation), rapid and complementary approaches can be deployed to offer valuable
and timely insights into the volcanos evolution. These approaches include 1D magnetotelluric monitoring™,
high-resolution 3D magnetization models based on repeated UAV magnetic field measurements®’, continuous
time-series monitoring of the magnetic field*’, and self-potential measurements?!, all strategically located over
potential preferential fluid circulation paths highlighted by the ERT model. It is important to note than such an
approach coupling ERT with SP, or using SP alone, has already made it possible to locate important eruptive crises
in advance (Piton de la Fournaise, 2007 and Stromboli 2002-2003), down to a meter-scale, to locate fracturing or
volcano collapses!*2. In this general scheme, the current ERT structural model provides a background context,
enabling us to construct a model which can be added to over time by means of an integrated volcano monitoring
approach, which we find highly promising.

Methods

Experimental design

The 3D electrical resistivity FullWaver system at the Laboratoire Magmas et Volcans (CAPRICE project, FEDER
Auvergne) was developed and designed by IRIS Instruments for quadrupoles in a pole-dipole configuration (see
Supplementary material A; Fig. S1). The combination of the receivers and the transmitter forms a Resistivity
Distributed Automated System (R-DAS), with a measurement principle similar to that used for multi-electrode
resistivity meters. It consists of measuring the current injected by the transmitter between two current electrodes
and the resulting voltage between two receiver electrodes*>*,

We initially planned the theoretical positioning of the experimental design using Fullwave Designer (Iris
Instruments) in order to ensure the most homogeneous 3D cover of the Terminal Cone based on a detailed
statistical analysis of the layout of the theoretical measurements (see Statistical analysis below). In the year before
the survey we carefully assessed the rough topography and accessibility of the measurement sites, the logistics
in terms of transport of material to the site, the schedule for installation, measurements, removal and return
transportation of equipment. Then, once in the field, we slightly adjusted the overall measurement positions, in
order to optimize our investigation of the edifice geometry.
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Reducing ground contact resistance in such a lava-resistant environment was also a significant challenge,
carefully controlled at each receiver and each injection point. This fundamental logistical step enabled the
resistance to be reduced considerably from 900 to 20 Q) on average at the receiver dipoles, and in the range 10-20
kohm between the injection and remote electrodes, allowing a current of between 50 to 150 mA to be injected.
In terms of acquisition parameters, the total injection time was set to 60 s, corresponding to 12-13 stacks for a
2 s injection duration. Also note that the whole full-waveform acquisition at 100 Hz favors the removal of noise
during data processing.

Another major point was the accuracy of the electrode positioning, which is also a key factor in assessing the
uncertainty of the dataset. Given the field conditions and the volume of equipment already involved, we chose
to carry out the positioning using the Differential GNSS mode on Garmin GPSMAP 67. Measurements were
performed at each electrode site for at least 2 min, and then post-treated using the software TOPCON TOOLS,
using the 6 closest permanent GNSS stations belonging to the OVPF-IPGP as reference points. We estimate the
accuracy on each position to be in the range 0.3 to 0.4 m and 0.3 to 0.5 m in the horizontal and vertical planes,
respectively.

Statistical and data analysis

In practice, 64 injections were recorded by 28 triplets of measurements spread out on a 4 x4 km? surface area
around the Dolomieu crater (about 500 m from each other; Fig. 2a), i.e. 84 electrodes distributed, as planned,
all around the edifice despite the difficult field access. The electrode spacing for potential measurements was
50 m. The final 3730 signals recorded, of various quality, were analyzed in detail, and saturated and very small
magnitude signals were removed (<0.04 mV) for which the resistivity could not be calculated. For the low
and noisy signals, we performed careful filtering using a Fourier series and cardinal sine processing specially
developed in order to recover most of the signals while removing noise within the time series. In the end, 31%
of signals recorded (a total of 1150) were usable. Conspicuous spikes observed in the injection signals were
also removed to provide a fully filtered dataset. Additional details on data analysis and filtering are provided in
Supplementary Material A (Sect. 2).

Data processing and inversion

We used ERTLAB software, which is based on a three-dimensional finite element method and an L2-norm
(smoothness constraint) for the misfit function. The software uses the preconditioned conjugate gradient
method*®*® with a symmetric successive over-relaxation (SSOR) preconditioner. Noise was appropriately
managed using a robust data weighting algorithm*.

Spatial discretization was used, with a mesh of hexahedrons which could successfully treat the complex
topography of the terrain®!, and forward modeling was performed using mixed boundary conditions (Dirichlet
and Neumann). The main area of interest, called the “foreground region” (Fig. S3), was discretized with 30 m
x 30 m x 30 m cell size, in other words a little over half the electrode spacing, to ensure good accuracy for the
model. Beyond the foreground region, a large background region was designated to mitigate boundary effects.
It had cells of increasing size (from 60 to 240 m in size), extending about 2 km to the S-E and included the
remote electrode to the N-W. It enabled the exact location of the remote electrode to be included during the
processing®>3.

The starting model was set with a homogeneous apparent resistivity of 1120 Q.m (i.e. median value of
apparent resistivities from statistical analysis) and a noise rate of 10%. The inversion process was driven by
modeling parameters summarized in Tab. SI and led to a final inverse model of resistivity whose forward
solution best fitted measured data to a predetermined noise level. The convergence of the inversion process
from the constructed starting model was achieved after 10 iterations with a correct fit of the model: 4.3% of data
exhibited residuals of more than 2 sigma (see residuals distribution in Supplementary material A “Data analysis
and filtering” section).

Data availability
3D resistivity model is available at https://doi.org/10.25519/W9J6-TD91.
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