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1. Introduction
Volcanic edifices are created by the complex superimposition and juxtaposition of diverse volcanic materials 
which can have contrasting mechanical properties (e.g., hardness, porosity, and degree of alteration). These 
materials are generally crosscut by structural discontinuities or weakness zones (such as faults or altered areas). 
The resulting complex 3D structure is subject to both regional and local stresses, induced for example, by 

Abstract Near-real time analysis of magnetization can provide important information for the imaging of 
volcano systems and their spatiotemporal evolution. This study focuses on the contribution of volcano-magnetic 
signals from reiterations of ground magnetic measurements to investigate the evolution of active structures at 
the Piton de la Fournaise volcano from 2017 to 2020. Changes are demonstrated by magnetic anomalies along 
a reference profile by means of the reiteration periods. These variations are first modeled qualitatively in 2D 
using electrical resistivity constraints in order to investigate the evolution of magnetization at depth through 
time, and the model is subsequently compared with the 3D intrusive activity from depth up to the surface from 
Interferometric Synthetic Aperture Radar (InSAR) inverse modeling. The shallow areas of demagnetization 
modeled from one reiteration to another are consistent with the geometry and location of the underlying 
intrusions revealed by the 3D InSAR models, suggesting strong thermal, stress, and electrokinetic effects due 
to magmatic activity not only at the surface but also at depth, along the main magmatic paths. It also raises 
a question as to the extent of the associated thermal diffusion processes at the scale of individual magma 
injections. This study confirms that detecting resistivity and magnetization anomalies, and quantifying their 
spatiotemporal evolution, can provide powerful tools for imaging volcanic systems at various scales and for 
providing warning of associated hazards. It also highlights the necessity for 4D monitoring of volcanic edifices 
using this method to provide greater precision, an important issue that is now made possible by the use of 
Unmanned Aerial Vehicle measurements.

Plain Language Summary Volcanic activity (through volcano-tectonic, magmatic, and 
hydrothermal processes) undeniably disturbs the magnetic field, especially at a local scale. Recent studies 
have evidenced the potential of magnetic field measurements in imaging thermal anomalies (strong influence 
of temperature on magnetic measurements) and mechanical heterogeneities (fracturing-alteration). Piton de 
la Fournaise (La Réunion Island, Indian Ocean) is an outstanding target to address such issues, being highly 
active and closely monitored. In this study, we used repeated magnetic measurements conducted over 3 years 
along a 3,780-m-length profile close to the summit of Piton de la Fournaise. We used the complementarities 
between magnetization and electrical resistivity parameters in a 2D magnetic modeling approach, in order to 
image the consequence of the eruptive dynamics on the edifice structure at depth. The temporal evolution of 
the magnetic anomalies appears strongly correlated to the depths and volumes of magmatic intrusions along 
the main active area. These results open new perspectives in studying the spatiotemporal changes in magmatic, 
hydrothermal,  and mechanical changes and alteration processes within volcanic edifices.
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magmatic or hydrothermal fluid transfer. All these components interact at different scales, both in time and 
space, and play an important role both in the expression of volcanic activity and in the long-term evolution of 
volcanic edifices.

Therefore, imaging the 3D structure of volcano edifices and their evolution through time is both a real 
challenge and a crucial key to improving current constraints on the geometry and dynamics of the various 
processes affecting the eruptive precursors of active volcanoes, their instability phenomena (e.g., Hawaii: 
Lipman et al., 1988; Moore et al., 1994; Swanson et al., 2012; Stromboli: Finizola et al., 2009; Etna: Nicolosi 
et al., 2014; Piton de la Fournaise: Chaput et al., 2019), and surface manifestations and associated impacts 
(e.g., lava flood zones, gravity-driven tsunamis, and volcanic plume hazards; Labazuy et al., 2012; Millington 
et al., 2012).

A number of geophysical methods are well suited to imaging the 3D structures within an edifice (with good 
spatial resolution). Due to being easily repeatable, they are also useful for imaging the temporal evolution and 
dynamics of these structures. Some of them could therefore be highly important methods for investigating magma 
processes and their impacts on the structure of an edifice at different depths. For example, numerous studies have 
shown that volcanic activity (through volcano-tectonic, magmatic, and hydrothermal processes) clearly disturbs 
the magnetic field, especially on a local scale (e.g., Adler et al., 1999; Zlotnicki & Le Mouel, 1988; Zlotnicki & 
Le Mouél, 1990; Zlotnicki et al., 1993). Volcano-magnetic signals are commonly observed during the onset of 
seismic crises or eruptions and could be efficiently recorded through time series or reiterations. Magnetization 
is very sensitive to mineral alterations and temperature fluctuations and has proven to be very effective in moni-
toring the thermal state of volcanic edifices at depth (Bouligand et al., 2019; Brothelande et al., 2016; L. Gailler 
& Kauahikaua, 2018). So a magma intrusion, which induces high temperature fluid circulation as well as stress 
variations within the edifice, will have a demagnetizing effect on its environment. Similarly, electrical resistiv-
ity tomography (ERT) is particularly well suited for imaging the shallow structure (i.e., the upper few hundred 
meters) of a volcanic edifice (e.g., L. Gailler et al., 2019; Revil et al., 2018) and provides information on the 
electrical properties of the ground, particularly its fluid content. On the other hand, deformation measurements 
provide information on the geometry and pressurization of magma reservoirs and magma sheets such as dykes 
and sills.

Piton de la Fournaise (La Réunion Island, Indian Ocean) is an outstanding site for exploring these issues, as it 
not only has several eruptions each year but is also closely monitored using multidisciplinary observations from 
the Observatoire Volcanologique du Piton de la Fournaise from Institut de Physique du Globe de Paris (OVPF/
IPGP). Observational data such as GNSS, Interferometric Synthetic Aperture Radar (InSAR), and tiltmeter meas-
urements provide crucial constraints for deformation structures (i.e., movement of fluids and volume of intruding 
magma) and stress perturbations within the volcano edifice. Continuous seismic measurements also provide 
fundamental constraints on the dynamic processes. In addition, various research programs are currently underway 
on Piton de la Fournaise to provide improved imaging of the edifice’s inner structure and increased understanding 
of the evolution of mechanical heterogeneities caused by physical processes. Geophysical measurements such 
as gravity (L. Gailler et al., 2009; Malengreau et al., 1999), magnetism (L.-S. Gailler & Lénat, 2012; Galdéano 
et al., 1988), magnetotelluric (L.-S. Gailler et al., 2018), and deformation (e.g., Q. Dumont et al., 2022; Froger 
et  al.,  2015; Fukushima et  al.,  2010; Peltier et  al.,  2005,  2009; Smittarello et  al.,  2019) also provide strong 
constraints on the structure and dynamics of the volcano. In this paper, we focus on electrical resistivity and 
magnetism measurements carried out to image the consequences of the eruptive dynamics on the edifice struc-
ture at depth. This can be used to help provide constraints on the main paths of weakness at depth that could be 
associated with potential future magma transfer.

Here, we present data sets acquired during three magnetic measurement surveys that were carried out along a 
profile across the N-NE flank of the Piton de la Fournaise volcano between 2017 and 2020. We clearly identify 
temporal variations in the magnetic anomalies between each of the reiteration periods. We therefore performed 
2D magnetic models using constraints from a large-scale ERT profile carried out in 2017, that is, at the beginning 
of the magnetic measurements. The geometry of 3D magmatic injections deduced from InSAR displacement data 
was also used to compare the evolution of modeled heterogeneities in shallow magnetization and the inferred 
magma paths during the periods concerned. The resulting models and the main axes of demagnetization reflect a 
rapid evolution of the inner structures, possibly driven by fluid transfer (i.e., magmatic and hydrothermal) within 
the edifice, at the time of eruption.
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2. Geological and Geophysical Background
2.1. Eruptive Context of Piton de la Fournaise Volcano

Piton de la Fournaise volcano is one of the most active volcanoes in the world with a mean of two eruptions 
per year. As commonly documented for oceanic basalt volcanoes (MacDonald, 1972), magma transfer is first 
initiated vertically before propagating laterally along rift zones (RZs; e.g., Peltier et al., 2009) radiating from 
the summit at Dolomieu crater. These preferential intrusion paths have been determined at the surface from the 
locations and orientations of superficial markers such as scoria cones, cinder cones, and eruptive fissures (Bonali 
et al., 2011; Michon et al., 2016; Villeneuve & Bachèlery, 2006). A recent image of the intrusion geometry at 
depth, based on a compilation of inverse displacement modeling for 57 magma injections that occurred between 
1998 and 2020 (Q. Dumont et al., 2022), provides better definition of the internal structure of the RZ on the scale 
of the overall edifice.

Various structures have been identified at Piton de la Fournaise: (a) two main RZs (northeast, NERZ; southeast, 
SERZ) and two less active intrusive directions (N120 RZ and N60 RZ) as described in Bachèlery (1981) and 
Michon et al. (2015); (b) a highly active hydrothermal system situated about 300 m below the Central Cone (e.g., 
Barde-Cabusson et al., 2012; M. Dumont et al., 2019; J.-F. Lénat & Bachèlery, 1990; J.-F. Lénat, Bachèlery, & 
Merle, 2012); (c) a shallow magma plumbing system located between about 0 and 500 m a.s.l. from which dykes/
sills initiate (e.g., J. F. Lénat & Bachèlery, 1988; Michon et al., 2015; Peltier et al., 2009); and (d) an active sliding 
plane beneath the eastern flank (e.g., Q. Dumont et al., 2022) with evidence of partial collapses in the past (e.g., 
Labazuy, 1996; Oehler et al., 2004).

Eruptive activity at Piton de la Fournaise is always associated with individual shallow dyke injections and is 
marked by different geometries depending on the RZs in which they occur (e.g., Q. Dumont et al., 2022; Peltier 
et al., 2009). Ninety-five percent of the historical eruptive activity has occurred within the uninhabited Enclos 
Fouqué caldera (Figure 1, e.g., Chevrel et al., 2021). The risk of eruptions in inhabited areas outside the caldera, 
while not high (12 times since the eighteenth century; Chevrel et al., 2021), should also be taken into account. 
Phreatomagmatic eruptions have also been reported occasionally inside the Dolomieu crater, with 17 events since 
the eighteenth century (Villeneuve & Bachèlery, 2006).

In this study we focus on the eruptive activity of the May 2017 to November 2020 period, that is, the period 
covered by our magnetic measurements. During this period, a total of 18 shallow magma injections (13 erup-
tions and 5 intrusions that did not reach the surface) occurred (Figure 2), mostly along the NERZ, the N120 
and the East RZ (Figure 1). Some of them, which we call “intrusions” (e.g., the intrusion that propagated along 
the NERZ on 17 May 2017), did not lead to an eruption at the surface, but could have had a strong negative 
effect on the strength of the edifice, via edifice deformation and major stress perturbation, as shown by seismic 
crises.

2.2. Physical Properties

The distribution of the magnetization and electrical resistivity parameters within the edifice is affected by 
various factors. Volcanic rocks are generally strongly magnetized, with a predominant thermoremanent 
component acquired as the rock cools below the Curie temperature. At Piton de la Fournaise, the basaltic 
lithology is dominated by remanent magnetization (Koenigsberger ratios >1) with a mean value of 10 A m −1 
inferred from 2D modeling of the Piton de la Fournaise lava flow pile (L.-S. Gailler & Lénat, 2012). In active 
areas, rock magnetization may be significantly decreased by alteration processes that destroy or transform 
magnetic minerals into weakly or nonmagnetic minerals, or by increasing the temperature to near or above 
the Curie temperature, at which point minerals lose their remanent magnetization (e.g., Collinson,  1983). 
Mechanical heterogeneities, such as inherited fractures that act as pathways for fluids (Bouligand et al., 2020; 
M. Dumont et al., 2019; L. Gailler & Kauahikaua, 2017), also tend to decrease magnetization. The resistivity 
of rocks spans several orders of magnitude (J. F. Lénat, 1995) and is determined by their water content, the 
conductivity and temperature of the fluids, and the presence of hydrated minerals such as clay minerals and 
zeolites. While massive lava flows are commonly highly resistive, the resistivity is reduced by hydrothermal 
and magmatic systems, as well as alteration processes (e.g., L. Gailler et al., 2019; Revil et al., 2018, and 
references therein).
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3. Methodology for Qualitative Analysis of Magnetic Repetitions
3.1. Magnetic Measurements and Data Treatment

Magnetic measurements were acquired during three field surveys in May 2017 (2017a, b, and c), August–
September 2019, and November 2020, along a 4-km-long E-W profile (Figures 1 and 3a). The three magnetic 
surveys were performed using the same portable Overhauser proton-precession magnetometer (GEM GMS19) 
in walking mode (0.5 s sampling interval), with a sensor mounted on a backpack at a height of about 1.80 m 
above the ground. The absolute instrumental accuracy was ±0.1 nT. The integrated GPS enables the position to 
be determined simultaneously while surveying, with a fairly precise (i.e., around 1 m) location of the magnetic 
measurements even without any postprocessing.

The first survey was performed in May 2017. Measurements were repeated 3 times during this first survey in 
order to (a) estimate the quality of the measurements and (b) record any variations in the magnetic signal due 
to magmatic activity at depth. Two reiterations were made before the 17 May 2017 dyke intrusion (2017a and 
b), and the third one (2017c) just after the intrusion (Figures 2 and 3b). The second survey was carried out in 
August–September 2019, and the third one in November 2020. The easterly end of the latter profile is not exactly 
collocated with the previous surveys, because of the presence of lava flows emitted during the 18 February 2019 
eruption which were not stable enough to walk on at the time of the survey.

Figure 1. Map of Piton de la Fournaise and its eruptive fissures for the period concerned (from May 2017 to November 2020). Background image: 2010 lidar Digital 
Elevation Model (DEM).
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Between each series of magnetic surveys, one or more magma injections (certain of which reached the surface) 
occurred, some of them in the area of the profile, that is, on the N-NE flank of Piton de la Fournaise (Figures 1 
and 3). Between the 2017c and 2019 surveys, 12 injections occurred (leading to 10 eruptions and 2 intrusions): 4 
are located close to the measurement profile (2 along the N120 RZ, and 2 along the N60 RZ, Figure 1). Between 
the 2019 and 2020 surveys, six magma injections occurred (three eruptions and three intrusions), with two of 
them close to the measurement profile on the eastern flank along the N60 RZ (Figure 3a).

Note that short-term variations in magnetic field strength due to various processes in the magnetosphere could 
not be removed from this study because of the lack of a close-enough magnetic base station. However, although 
diurnal variations in solar radiation can affect the local magnetic field by approximately 30 nT (e.g., Telford 
et al., 1990), several studies in similar volcanic contexts have confirmed that daily variations are generally minor 
(L. Gailler & Kauahikaua, 2017; Zurek & Williams-Jones, 2013) compared to the amplitude of the recorded 
variations (i.e., more than 1,000 nT). This assumption was confirmed during our surveys, since the difference 
between the magnetic field values for collocated points in the stable area, during each survey and between them, 
was less than 50 nT on average. Therefore, no correction was made for the diurnal variation. Magnetic signals are 
extremely noisy at low elevation above highly active volcanic terrains such as this, with recent lava flows typically 
exhibiting high-amplitude short-wavelength signals (L. Gailler & Kauahikaua, 2017). This can be explained by 
their high magnetization, their irregularities at a scale of meters or tens of meters, and the rugged flow surfaces. 
We also systematically checked on the Intermagnet site to verify that no magnetic storms occurred during the 
measurement periods. Before each survey, the obvious spikes in the magnetic field data (ranging from about 
38,000 to 46,000 nT) were removed manually by a careful visual examination of the overall data sets, on a year by 
year basis. The high-frequency and short-wavelength signals were then filtered using a spline function, allowing 
the smoothness and tension to be controlled in the same way for each data set. The best result was obtained with 
a smoothness and tension of 0.6, similar to a low pass filter at 10–15 m. Any site effect is therefore intrinsically 
filtered, effectively removing any bias from the distribution and values of the magnetic signal in the profile, and 
enabling a qualitative analysis to be performed.

Figure 2. Chronology of the eruptions and intrusions spanning the May 2017 to November 2020 period. Background colors classify eruptive and intrusive events that 
occurred between two magnetic measurement reiterations. Color code: yellow, period covered by the 2017a, b, and c surveys; red, period covered by the 2017–2019 
surveys; brown, period covered by the 2019–2020 surveys.
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The two first sets of the 2017 measurements (2017a and b) were acquired 3 days apart, 3 days before the May 
2017 intrusion. They showed a stable magnetic signal, with variations of less than 10 nT on average along the 
overall profile. On the contrary, a strong decrease of more than 1,000 nT was recorded after the intrusive event 
(2017c) along the N120 RZ-NERZ area just below the western part of the profile, while the signal remained 
unchanged especially in the central part of the profile (Figure 3b).

The period between the 2017c and 2019 surveys spanned a larger time than the previous survey period and 
contained several eruptions and intrusions, of which four eruptions directly affected the area in which the 
magnetic surveys were carried out on the northern and north-eastern flank of the edifice. In these areas, a 
decrease in the magnetic signal was observed in 2019 relative to that in 2017c, especially along the N120 RZ, 
and along the eastern flank in the N60 RZ area, where two magma injections took place in each zone. For the 
2020 survey, the eastern end of the profile was not exactly collocated with the previous track, but the decrease 
recorded in the magnetic signal over this same active area may be significant (Figure 3b). It should be noted 

Figure 3. (a) Location of the measurement profile (the eastern part of the 2020 survey is not exactly collocated with the previous ones because the 18 February 2019 
eruption area was not stable enough at the time of measurements), lava flows, intrusions axes, and rift zones and (b) associated evolution of the magnetic signal through 
time. The main decrease in magnetic field is highlighted by shaded areas. Dashed lines show areas where data were not fully collocated along the profile.
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that the 2019 and 2020 surveys also showed a strong temporal stability in measurements from one data set 
to another in the central part of the profile. This area was not directly affected by any intrusions or eruptions 
during the survey period. This observation confirms the high repeatability of the measurements over time and 
that all significant variations are likely to be related to magmatic processes at depth linked to the eruptive 
activity.

We then used the variations in the magnetic anomalies to model their spatiotemporal evolution. The magnetic 
field intensity predicted by the International Geomagnetic Reference Model version 13 (IGRF-13; Alken 
et al., 2022) was subtracted from the observed values (Figure 4a) to compute the magnetic anomalies. The final 
postprocessing we applied was a reduction to the pole (RTP; Figure 4b) of the magnetic anomalies in order to 
reduce the dipolar appearance of the anomalies and shift them to lie above their sources (Baranov, 1957). This 
transformation requires the directions of the apparent magnetization and the ambient field to be specified (Incli-
nation [I] and Declination [D]). Since we were focusing here on the direct effects of the recent activity at different 
periods, we used the induced magnetization vector, which is collinear with the ambient field for each period (i.e., 
the present magnetic field vector in La Réunion: I = −54.4°, D = −19.46° in 2017; I = −54.41°, D = −19.38° in 
2019; I = −54.28°, D = −19.53° in 2020). As shown in Figure 4b, it enhanced the decrease in magnetic anomaly 
(a) between the RZ N120 and the RZ 25–30 after the 2017 intrusion and more locally in 2019 and (b) along the 
East RZ in 2019 and again in 2020.

3.2. Complementary Methods for Magnetic Modeling and Interpretation

Data sets for two additional methods were used to provide more constraints for our modeling of the magnetic 
signals and for the discussion: ERT measurements and intrusion geometries derived from inverse modeling of 
InSAR data.

Figure 4. Evolution of the magnetic signal along the reference profile shown as maps: (a) total magnetic field, (b) reduction to the pole (RTP) anomaly, from May 2017 
(top) to December 2020 (bottom). The dashed lines in (b) identify the main areas of change in the RTP anomaly from one reiteration to another (see Figure 2 for color 
code). The data were gridded using the minimum curvature method with a grid spacing of 5 m. Background image: 2010 lidar Digital Elevation Model (DEM).
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3.2.1. 2D Electrical Resistivity Tomography

A long ERT profile was acquired simultaneously with the first magnetic data set (Figure 5a). The measurements 
were performed in May 2017 using an ABEM SAS4000 resistivity meter with 64 electrodes along a 2,520-m-long 
cable, with the electrodes spaced at 40 m intervals. The total length of the profile was 3,780 m, so the full length 
was obtained by using one full acquisition (2,520 m long) followed by two roll-alongs each made up of a quarter 
of the total cable length. The field protocols were the same as those described by Revil et al. (2011). A pole–
dipole configuration was used to increase the depth of investigation (Pucci et al., 2016), down to a depth of about 
800 m below the surface in its central part. It highlighted the following features: (a) a clear transition from East to 
West in the summit zone with an increase in resistivity eastward, and (b) a strong influence of the hydrothermal 
system under the western part of the profile, as also suggested by simultaneous Self-Potential measurements 
(Barde-Cabusson et al., 2012; M. Dumont et al., 2019).

The complementary nature of magnetic and electrical resistivity methods have been well demonstrated, with, for 
instance, magnetization being affected by alteration but not by fluid content, and vice versa for electrical resis-
tivity (Bouligand et al., 2016; Brothelande et al., 2016; L. Gailler et al., 2019). Formations with high resistivity 
will also tend to be highly magnetized in old or unaltered areas. We use this correlation between electrical and 
magnetization imaging to provide more precise constraints on the geometry of the shallow magnetized layer in 
our 2D magnetic models.

3.2.2. InSAR Data and 3D Intrusion Imaging

Continuous InSAR monitoring of Piton de la Fournaise has been carried out since 2003 within the framework 
of the Indian Ocean InSAR Observatory, part of the French National Service ISDeform (INSU/CNRS; Richter 
& Froger, 2020). Q. Dumont et al. (2022) modeled the displacements caused by the 57 magma injections that 
occurred between 1998 and 2020 using an approach combining: (a) a 3D Mixed Boundary Element Method 
(Cayol & Cornet,  1997) that assumes a linearly elastic, homogeneous, and isotropic medium with a realistic 
topography, and (b) a neighborhood algorithm for exploring the space parameters (Sambridge, 1999). The intru-
sion geometries were approximated by quadrangular fractures subject to constant overpressure. Here, we use the 
results of Q. Dumont et al. (2022) to provide additional constraints for our discussion of the observed magnetic 
changes in terms of volcano-magnetic signals.

3.3. Magnetic Modeling Approach

For each magnetic survey, we calculated 2D direct magnetic models using GMSYS-2D software (© Geosoft) 
along the profile length. We did this by computing 2D 1/2 models for which the 2D structures were truncated at 
the same distance in both directions perpendicular to the 2D section. This distance was set to 1 km, which corre-
sponds to the average extent of the main structures observed at the surface along the survey profile. The magnetic 
model response is based on the method of Talwani and Heirtzler (1964) using the algorithms described in Won 
and Bevis (1987). Structural units with assigned magnetization values were defined in the direction perpendicular 
to the profile. Since magnetic models are nonunique, we tested several initial constraints. As mentioned above, 
the first assumption for our starting model was based on the resistivity distribution derived from the ERT profile 
(Figure 5a). We considered that the high resistivity layer observed at the surface, interpreted as being massive 
lava flows, was also highly magnetized. Based on common magnetization values for such basaltic flows, and in 
agreement with previous models in similar areas, a value of 10 A m −1 was used (L.-S. Gailler & Lénat, 2012). 
This shallow highly resistive and magnetized layer overlies a highly conductive layer that is less magnetized than 
the surrounding area. Taking into account the effects of the various heterogeneities at this scale (e.g., hydrother-
mal alteration and faulting) and based on constraints from paleomagnetic studies (Chamalaun, 1968), we used a 
magnetization value of 2 A m −1 for this underlying layer.

4. Results
4.1. Inner Structure Changes Deduced From 2D Modeling of the Volcano-Magnetic Signal

The modeling results are presented in Figure 5. First, note that our initial magnetic model corresponding to the 
first magnetic survey is in good agreement with the results from the ERT profile for the 2017b data set acquired 
just before the 17 May 2017 intrusion (Figures 5a and 5b, gray curve). The geometry of the high magnetization 
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Figure 5. 2D modeling of the evolution of the volcano-magnetic signals from May 2017 to November 2020. (a) 2D model inversion of the SlideVolc electrical 
resistivity tomography (ERT) profile used as an initial constraint for the geometry of the highly magnetized layer at the surface. (b) 2D magnetic models created using 
the period of magnetic reiterations. (c) All models superimposed.
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and resistivity layer makes it possible to create a good reproduction of most of the anomalies observed at the 
surface. From this initial model constrained by the electrical resistivity data, we then reconstructed the temporal 
evolution of the geometry and thickness of the shallow highly magnetized layer for each magnetic survey (i.e., 
2017c, 2019, and 2020; Figures 5a and 5b).

It should be stressed that the 17 May 2017 intrusion passed directly beneath the western part of the profile. In 
this area, the overall extent of the thick magnetized root initially modeled, based on the resistivity tomography 
(Figure 5a), is slightly reduced (Figures 5b and 5c, orange layer). This demagnetization of the shallow layer is 
even more striking if we look at the calculated model for the second series of reiterations and its differences 
to the first model (i.e., comparison between 2017c and 2019 measurements; Figures 5b and 5c, red vs. orange 
and gray layers). The magnetized root modeled in 2017c (orange layer) at the western side of the profile has 
completely vanished, with an overall decrease in thickness of the highly magnetized layer (red layer). A similar 
feature is observed along the eastern flank. The highly magnetized layer (structure B in Figure 5b), modeled as 
a 500-m-wide root before the 2019 measurements, has become divided into a number of magnetized patches 
that are less deep. The model for the third survey carried out in 2020 is less clear, but a similar thinning of the 
magnetized layer is observed below the eastern flank (Figures 5b and 5c, brown layer).

4.2. Comparison With Magma Injections Modeled From InSAR Data

We assume that most of the changes in magnetization between the surveys are related to the magma injected 
within the edifice during these periods. This assumption can be evaluated by comparing the magnetic signals with 
the results of InSAR displacements using the model from Q. Dumont et al. (2022) for the intrusions that occurred 
during each period concerned. This helps evaluate the main spatial variations in magnetic structures and to link 
them more quantitatively to the volcanic activity (Figure 6).

This observation is most striking for the second survey (Figure 6c). Between the 2017c and 2019 surveys, 12 
eruptions/intrusions occurred. Four of the dyke injections modeled from InSAR displacements correlate with 
changes to the magnetized body (Figure 6c, structure A): the demagnetized area inferred from our 2D models is 
located along the axis of, or just above, the modeled intrusions at depth. The July 2018 and July 2019 eruptions 
show shallow dyke/sill rooting at 1,000 m depth and propagation under the NW flank (below the profile) through 
the previous location of the magnetized root. This clearly suggests the demagnetization effect of these two magma 
injections on the shallow layer. Similarly, to the east of the Dolomieu crater, the locations of the February and June 
2019 magma injections, which trend N60, are clearly consistent with the demagnetized area beneath the eastern 
flank which separates to either side of the injections. The other magma injections in the 2017–2019 period, as 
modeled from InSAR displacements, do not seem to have caused significant changes to the magnetized layer, 
being either too deep or too far from the study area to have had any influence on the magnetic measurements.

Looking at the 2020 measurements (Figure 6d), we observe that two of the four magma injections (October 2019 
and September 2020) occurred at great depth (1,000–1,300 m below the surface) and propagated east and south-
east, meaning that they had no effect on our profile. However, the February and April 2020 eruptions were fed 
by injections that emplaced in or near the area imaged by the magnetic profile. In particular, the February 2020 
sill, which propagated toward the northeast, is located just below the demagnetized area observed in the eastern 
part of the profile (structure B), suggesting a possible influence despite its depth. It is also worth noting that, 
although the dyke models relating to the north-east eruptive fissures of February 2020 and April 2020 have high 
uncertainties, their possible location intersects the demagnetized zone within a 95% confidence interval, thus 
possibly explaining it. The thickness of the shallow highly magnetized layer remains unchanged in the absence 
of any new intrusion.

5. Discussion and Conclusions
Magnetic measurements were carried out over three periods between May 2017 and November 2020 along a 
reference profile located to the north of the Central Cone at the Piton de la Fournaise. Exactly the same config-
uration was used for all the surveys (same operator and instrument assembly, sensor at 1.80 m above the ground, 
sampling frequency at 2 Hz). The data were all reduced using the IGRF, then smoothed and intrinsically filtered 
from any site effect lower than 10–15 m in order to perform a temporal qualitative analysis. Significant variations 
(i.e., up to 2,500 nT) were noted in the magnetic signals along the N120 RZ, and even more strikingly along the 
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eastern flank. We reduced the main negative signals to the pole in order to isolate those demagnetization areas 
that might be linked to volcano dynamics. The temporal evolution of the magnetic anomalies was then modeled 
in 2D 1/2 (i.e., considering a symmetrical subsurface structure at right angles to the profile). We assumed a direct 
correlation between resistivity and magnetization for the initial model, and we focused on demagnetization areas 
at shallow depth along the main active RZ (N120) and on the eastern flank. In such highly active and complex 
volcanic contexts, there are numerous phenomena that could generate such magnetization and magnetic field 
variations, all of which can occur simultaneously:

1.  Thermomagnetic effects: magma intrusions are associated with high thermal conditions, and the temperature 
often exceeds the Curie temperature (i.e., 580°C), thus resulting in thermal demagnetization.

2.  Piezomagnetic effects: thermal variations are commonly associated with stress variations (piezomagnetism) 
caused by the injection of new material into the edifice.
 In our study, much of the magnetized rock at shallow depth exhibits a change in magnetic properties in 
areas where InSAR models indicate that dykes are present. This suggests that at least part of the observed 
volcano-magnetic variation may be due to thermal demagnetization of the rocks caused by a combination of 
thermomagnetism and piezomagnetic effects.

3.  Electrokinetic variations: the heat and gases associated with magma injection alter the circulation of fluids 
(e.g., J.-F. Lénat, Bachèlery, & Peltier, 2012), generating electrokinetic variations that could also affect the 
magnetization of the overall system.

Figure 6. 3D representation of magma transfer derived from Interferometric Synthetic Aperture Radar (InSAR) data inversion versus internal structure changes 
inferred from magnetic modeling through time for all periods considered (after Q. Dumont et al., 2022): (a) 2017b, (b) 2017c, (c) 2019, and (d) 2020.
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Numerous electrical and magnetic signals attributed to electrokinetic effects have been already documented for 
Piton de la Fournaise (see Adler et  al.,  1999, and references therein), associated with fluid circulation (e.g., 
Fitterman, 1979; Mizutani et al., 1976; Zlotnicki & Le Mouél, 1990). Generalized electrokinetic perturbation 
of the whole system, geometrically through fracturing, and chemically by volcanic fluids, is thought to have 
occurred along the N120 RZ and the eastern flank. Other inherited fractures can also provide preferential paths 
for hydrothermal and magma circulation, leading to disruption of the signals.

These results opened up a new approach in the study of spatiotemporal changes in magmatic and mechanical 
variations, and hydrothermal alteration processes within volcano edifices. To improve our understanding of the 
spatiotemporal change rate of the magnetization parameters, we recently coupled these ground measurements 
with high-resolution Unmanned Aerial Vehicle magnetic surveys (L. Gailler, Labazuy, Régis, et al., 2022). This is 
the first time that this method has been used in this location, and it represents a considerable advance, making the 
spatiotemporal monitoring more efficient at different scales (homogeneous cover, exact and precise reiterations, 
rapid and safe sampling in otherwise inaccessible areas). The additional information from this near-real time 
analysis of the magnetic signal will allow for rapid identification of the dynamics of the magnetic phenomena and 
better quantification of the demagnetization rate and its origin due to volcanic activity.

To conclude, this study confirms that the detection of magnetization (and electrical resistivity) anomalies and 
the quantification of their spatiotemporal evolution (i.e., in 4D) are powerful tools in imaging volcano systems at 
various temporal and spatial scales. An interesting future development would be to use direct modeling to simu-
late the changes in magnetic signals from dyke models derived from InSAR, and then to perform joint magnetic/
deformation inversions in order to better constrain the geometry of dyke/sill injections.

Appendix A
The SlideVolc ERT Team: Nicolas Cluzel, Eric Delcher, Jean-Michel Dulong, Giulia Del Manzo, Florian Durand, 
Brice Foucart, Alicia Gonzales, Jonas Greve, Elsa Gonano, Bastien Joly, Rachel Gusset, Mazhar Meralli Ballou, 
Laurent Perrier, Brice Robert, Robert Scholz, and Fanny Soler.

Data Availability Statement
The data presented in this study can be found online: https://doi.org/10.5281/zenodo.6938137 (L. Gailler, Labazuy, 
Dumont, et al., 2022). InSAR data were acquired within the framework of the Indian Ocean InSAR Observa-
tory (OI2/OPGC/SNOV/INSU), where the interferograms used in this study are available on the CASOAR link 
(https://wwwobs.univ-bpclermont.fr/casoar). Licensed commercial software has been used for geophysical data 
modeling and visualization: © Res2DInv (Aarhus Geosoftware), © Oasis Montaj (Geosoft), and © Golden Surfer. 
InSAR data inversions were performed on the supercomputer facilities of the Mésocentre Clermont-Auvergne.
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