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Abstract

La Réunion is a large volcanic construction resting on Paleocene oceanic crust. Through the
3D inversion of a large set of magnetotelluric (MT) soundings, our results reveal the general
resistivity structure of the western part of Piton de la Fournaise volcano down to its base and
the first ten kilometers or so of the underlying lithosphere. The upper resistive layer is
associated to a superimposition of unsaturated and probably water-saturated lava flows with
an averaged thickness of 1.5 km overlying more or less continuous highly conductive patches
which imply the presence of highly conductive fluids and/or minerals. In the summit area and
Enclos, this conductor is unambiguously attributed to the presently active hydrothermal
system. In the Plaine des Sables, it is tentatively associated with the hydrothermal alteration
beneath the ancient volcanic center. A third widespread conductive patch is observed below
the NW flank of Piton de la Fournaise resulting more likely from volcanic activity since it
coincides with part of the N120 rift zone. In the area beneath the Plaine des Sables where a
dense intrusive complex has been inferred from gravity models, the resistivity is not

significantly higher. The upper lithosphere is markedly more resistive than the bulk of the
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volcanic construction (except for the upper part of this latter) forming a virtual horizon around
-4 km in depth. However, one main conductive anomaly is present in the crust beneath the NW
flank along the N120 rift zone assumed to be linked with present day seismic and degassing
activity. The NW flank therefore appears as a main area of interest in the study of Piton de la
Fournaise activity and its evolution as well. We therefore demonstrate the capability of the
method to image major shallow structures such as the hydrothermally altered zones, and

deeper ones such as possibly the heterogeneity of the crust.

Keywords: Piton de la Fournaise; magnetotelluric data; 3D inversion; hydrothermal system;

oceanic lithosphere; plumbing system.

1. Introduction

The architecture of volcanic systems is important to know because: (1) it provides information
on the construction and evolution of the volcanic structures; (2) it has an influence on the
magma paths (the conduits) and (3) it may generate its own volcano-tectonic activity through,
for example, gravitational instabilities. The need of high resolution imagery of the interior of
the volcanic systems is therefore obvious and is the main motivation for the application
geophysical prospecting methods in volcanology. Several geophysical techniques can be used
to image the structures and rocks physical properties at depth. The most common are
seismics, gravity and electrical resistivity measurements. The magnetotelluric (MT) method
has been used since the early 1980s in volcanic areas for both geothermal exploration and
volcanological studies. It is particularly well suited for volcanic studies (Pifia et al. 2014 and
references therein) since the electrical conductivity is influenced by both temperature and
compositional variations. But is has also the capability to probe deep in the crust and the

mantle (Jones, 1999)
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Electrical resistivity of crustal rocks generally varies over several orders of magnitude (1 10
to 100 kohm'm), depending on a wide range of petrological and physical parameters, such as
bound versus free water, composition of the fluids, temperature, and the content of clay or
metallic minerals. Resistivity is usually dominated by the ionic conductivity of the fluids
present in the interconnected pores. In general, a basaltic shield consists predominantly of a
pile of highly permeable lava flows. If not altered or water saturated, such formations
generally have resistivity as high as 10-100 kohm-m. A large resistivity variation usually
exists at the transition between the vadose zone, where rocks contain only some moisture, and
the zone beneath the water table, where the rocks are fully water saturated. On oceanic
islands, the basal water table consists of a lens of fresh water (Ghyben-Herzberg lens; e.g., see
Vacher, 1988) floating over the seawater- saturated zone. The top of the freshwater lens
generally takes place at an elevation of a few meters to a few tens of meters above the sea
level. However, this model, initially derived for the Hawaiian Islands, may not apply when
the hydraulic conductivity decreases significantly with depth. In this case, the water table
forms a high elevation dome within the edifice. The latter model is preferred in the case of
Piton de la Fournaise by Join et al. (2005).The resistivity of a basaltic pile saturated with fresh
water is generally a few hundred ohm-m, but drops to a few tens of ohm'm or less when
saturated with sea water. In addition to water saturation, the nature of the formation also plays
a role in the resistivity distribution. In intrusion zones (central zone, rift zones), swarms of
subvertical dikes can create impermeable barriers that impound bodies of water at high
elevations (Stearns, 1942; Takasaki, 1981; Jackson and Kauahikaua, 1987). Alteration,
particularly hydrothermal alteration, tends to lower the rock resistivity through the formation
of highly conductive, hydrated minerals such as clay minerals and zeolites. Similarly,
pyroclastic and breccia deposits generally have lower resistivity values than lava flows,

because they typically contain hydrated minerals. Magma has a resistivity of only a few
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ohm'm or less (Rai and Manghnani, 1977; Haak, 1982). The resistivity of the upper oceanic
lithosphere underlying a volcanic edifice may be different and more complex than regular
oceanic lithosphere. Constable and Cox (1996) indicate that the resistivity of an undisturbed
upper oceanic lithosphere is more than 100 ohm-m. Increasing compaction with depth causes
a decrease in the effective porosity and hence increases the resistivity. However, it may vary
significantly depending on its temperature, and hence often its age: a young, hotter,
lithosphere will be less resistive than its older counterpart (Nobes et al., 1992; Unsworth,
1994; MacGregor et al., 1998). The presence of conductive layers (e.g. fluid and/or mineral-
filled fractures, magma) will also contribute to lowering the rock resistivity. In the case of hot
spot volcanism, magmatic underplating is a common feature, and this has been suggested by
Charvis et al. (1999) and Gallart et al. (1999) for La Réunion. Therefore the presence of
magma beneath the crust can be investigated with the MT data. At greater depths, as the
temperature increases, the mantle becomes more conductive. Laboratory experiments on
basaltic and mantle rocks show the very low electrical conductivity of melts. For example, at
the scale of the Hawaiian hot spot swell, 2D electrical models have shown a resistive
lithosphere underlain by a conductive lower mantle, and a narrow conductive plume
connecting the surface of the island to the lower mantle (Constable and Heinson, 2004).

In this work, we focus on La Réunion volcanic edifice, which has been extensively studied
since decades, with a special interest given to Piton de la Fournaise volcano (see Lénat et al.
(2012a and reference therein)). However, the deep architecture of Piton de la Fournaise and
its underlying lithosphere remain poorly known. Previous geoelectrical studies carried out by
Lénat et al. (2000) focused on the first kilometer or so of the active part of the volcano. The
aim of the current study is to take advantage of a new large set of MT soundings acquired
during a geothermal reconnaissance of Piton de la Fournaise in order to image the resistivity

structure down to several to tens of kilometers. The good spatial coverage of the sites and the
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lack of a preferred strike direction obtained from the dimensionality analysis allowed us to
invert the data and obtain a 3D geoelectrical model of the volcanic edifice and its surrounding

which is discussed it in terms of large scale structures.

2. Geological and geophysical structure of Piton de la Fournaise and its

basement

Piton de la Fournaise is located on the southeast of La Réunion Island (Fig. 1a), and is one of
the world’s most active basaltic shield volcanoes. Its evolution can be reconstructed by means
of its deep valleys. The evolution can be divided into two main periods: the Ancient Shield (>
0.15 Ma) and the Recent Shield (< 0.15 Ma). At the base of the deep valleys (Riviére des
Remparts, Riviéere de I’Est and Riviere Langevin) (Fig. la), a differentiated unit called
Pintades Unit (Bachelery, 1981; Bachélery and Mairine, 1990; Merle et al., 2010) is
evidenced. It is dated from at least 530 kyr to 400/450 kyr, and is inferred by Smetiana (2011)
to belong to a volcano which predates Piton de la Fournaise called Les Alizés volcano
(Rangon et al., 1989; Malengreau et al., 1999; Lénat et al., 2001). The Pintades Unit is
observed up to 1000/1200 m in elevation in the Riviere des Remparts, and therefore Piton de
La Fournaise, rising at 2632 m, must be a relatively thin edifice (Merle et al., 2010).

Since about 290 kyr, the geological history of Piton de la Fournaise is summarized as a
sequence of volcano-tectonic events with alternating episodes of volcanic destruction and
reconstruction (Merle et al., 2010). Two calderas have been identified during the Ancient
Shield period: the Riviere des Remparts caldera at about 250 kyr and the Morne Langevin
caldera at about 150 kyr. During the Ancient Shield period, the volcanic center is inferred to
have been located in what is presently the Plaine des Sables (Fig. 1). Bach¢lery and Mairine
(1990) propose that the eastward displacement of the volcano to its present location (Fig. 1b)

could have taken place at about 150 kyr, concurrently with the formation of the Morne
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Langevin caldera, although it could be as young as the formation of the Plaine des Sables
caldera, which formed at about 65 and/or 40 kyr (Gillot and Nativel, 1989; Bache¢lery, P. and
Mairine, 1990; Staudacher and Allégre, 1993; Merle et al., 2010). Letourneur et al. (2008)
suggest the possibility of an intermediate location before the present one. The formation of the
most recent, 8 km-wide caldera, called the Enclos Fouqué caldera (or, simply, Enclos), has
been dated at about 4.5 kyr (Bachelery, 1981; Staudacher and Allegre, 1993; Mohamed-
Abchir, 1996), but the recent reappraisal of the existing radiocarbon data and new ages
suggest two younger collapse episodes at around 3700, 3100 and 2300 kyr (Morandi et al.,
2015). The present eruptive center is located on the Central Cone which has grown inside the
Enclos caldera, which is breached to the east (the Grandes Pentes and Grand Brul¢ areas). The
relationships between the Enclos Fouqué, the Grandes Pentes and the Grand Brilé are still
debated (Bachelery, 1981; Merle and Lénat, 2003; Michon and Saint-Ange, 2008).

The locations of the magma reservoirs and transfer structures have been recently reviewed by
Michon et al. (2016). Whereas most of the recent eruptive activity took place within the
Enclos, either on the Central Cone or along the NE and SE rift zones, the presence of eruptive
fissures and pyroclastic cones in other areas of the edifice indicates that magmas have reached
the surface via different paths. In addition to the NE and SW rift zones that radiate from the
Central Area of Piton de la Fournaise and extend beyond the Enclos (Fig 1a), a broad, diffuse
N120 rift zone occurs between Piton des Neiges and Piton de la Fournaise volcanoes. It is
marked by numerous (~160) cinder cones and lava flows. The age of this rift zone is not well
defined, but eruptions began at least 29 ky ago (McDougall, 1971) and the last eruption is
dated at 0.140 kyr (Morandi et al., 2015). Another concentration of cones is observed at the
base of the subaerial south flank of Piton de La Fournaise. Michon et al. (2016) name this area
the "South Volcanic Zone". Michon et al. (2016) propose to interpret the deep seismicity

observed at LLa Réunion in connection with the distribution of the volcanic zones at the
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surface. They use a compilation of the volcano-tectonic (VT) seismicity from 1993 to 2013.
Below a depth of 10-11 km (base of the crust, according to (Gallart et al., 1999)), most of the
VT events are located beneath the northwestern part of Piton de la Fournaise and beneath the
NW flank of Piton de la Fournaise and the Plaine des Cafres areas. They are generally deeper
(up to about 30 km) to the NW and become progressively shallower (up to 10-11 km) near the
presently active area of Piton de la Fournaise. No seismicity is observed from the base of the
crust to a region above 8 km in depth. Michon et al. (2016) suggest that this aseismic zone
could correspond to a zone of magma storage (underplating). They also propose that the deep
northwestern seismicity is organized along a N30-40 axis at depths greater than 20 km and
then rotates and concentrates beneath the N120 NW rift zone. Michon et al. (2016) link the
deep seismicity with magma transfer, and suggest a vertical ascent of magma between 30 and
20 km in depth. Earthquakes are observed from about 8 km in depth to the surface before and
during volcanic crises with an overall lateral migration of the seismic swarms along 10-11
km, from the Plain des Sables toward the presently active area of Piton de la Fournaise. In
addition, a high resolution survey of soil CO, emissions carried out on the western flank of
Piton de la Fournaise (Boudoire et al., 2017) has evidenced that narrow zones of high fluxes
are aligned along a well-defined N135° axis coincident with seismic swarms detected during
the reawakening of the volcano (2014-2015). The authors have called this alignment the
Songit Lineament (Fig. 1a) which is consistent with the orientation of paleo-spreading axes.

They also suggest that this latter could result from the inheritance of the oceanic lithosphere.

Receiver function techniques have also provided information in depth (Fontaine et al., 2015).
A joint inversion of receiver function and surface wave dispersion suggests that thin
magmatic underplating may be present below La Réunion. Lateral variations of its thickness

suggest that this latter could result from an important interaction between the plume and
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lithosphere. In addition, a low velocity layer interpreted as a zone of partial melt beneath the

active volcano is evidenced at a depth of about 33 km.

At Piton de la Fournaise, recent geophysical explorations using electromagnetic surveys have
provided new hydrogeological information (Join et al., 2005). Their hydrogeological model
suggests the presence of a continuous aquifer which domes at 1800 m asl below the central
active part. It deepens to between 1600 to 1400 m asl beneath the Plaine des Sables and is
even deeper beneath the Fond de la Riviére de I’Est depression. A recent synthesis of all
available data led Lénat et al. (2012 and reference therein) to propose a geological model of
the infrastructure of Piton de la Fournaise and its basement (Fig. 1b). We summarize here the
main points of this interpretative geological section, starting from the surface: (1) shallow
accumulation of dense lava flows in paleo depressions, (2) presence of pervasive
hydrothermal alteration, (3) the presumed interface with Les Alizés volcano, (4) presence of
hypo-volcanic complexes (gabbros, cumulates) beneath the Plaine des Sables area, (5)
possible ancient and recent magma reservoir at the interface between La Réunion and the
oceanic crust, (6) no significant flexure of the lithosphere, and (7) possible magma
underplating at the base of the crust.

The dense Ancient Shield hypovolcanic complex (ASC) beneath the Plaines des Sables-
Enclos area is a major feature inside the edifice that creates a positive gravity anomaly. The
location of the complex has been deduced from 2D % and 3D gravity modelling (Gailler et al.,
2009). Gabbro and cumulate xenoliths found in lava flows and tephra above this complex
(Bachelery, 1981) probably originated from it. The base of the volcanic edifice on the oceanic
crust is inferred to be around -4 km in elevation, which is the level of the oceanic floor around
La Réunion. This is a reasonable assumption given that seismic studies (De Voogd et al.,

1999; Gallart et al., 1999) suggest that there is no lithospheric flexure beneath La Réunion.
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Lastly, we note that the estimated Curie depth, based on analysis of the magnetic anomalies
(Gailler et al., 2016), shows a bulge in the Curie surface below the island, with its top shifted
offshore to the NE of Piton de la Fournaise. Nevertheless, several features as well as the deep

structure, beyond the volcanic edifice sensu stricto remains poorly imaged.

3. Resistivity data

In order to investigate the deep structure of the edifice, we have compiled all available
electrical data, especially magnetotelluric (MT) soundings which provide the greatest depth of

investigation in the western part of Piton de la Fournaise area.

3.1. Previous studies and new data

Electric and electromagnetic surveys have been carried out on La Réunion Island for
hydrogeologic studies (Courteaud, 1996; Schnegg, 1997), structural studies of Piton de la
Fournaise ( Schnegg, 1997; Lénat et al., 2000) and geothermal prospecting (Benderitter and
Gérard, 1984; Benderitter, 1990; Smith, 1996). A compilation of these datasets has been
already provided by Gailler and Lénat (2012) to study the island at a larger scale. In this
study, we have mostly used new data acquired during a geothermal reconnaissance project
between 2001 and 2004. The main datasets (Fig. Al in Supporting Information A) come from
a magnetotelluric (MT) survey carried out by Phoenix Geophysics in 2002 (34 collocated MT
soundings, AMT for audiomagnetotellurics and TDEM for Time Domain ElectroMagnetic
soundings) and an MT survey by PB Power (53 collocated MT and TDEM soundings). The
data were collected in the 10 to 10* Hz frequency range. We have also used 24 AMT
soundings (in the range 1 to 10* Hz) acquired by our group (here designated as UBP) in 2001
(7 collocated with shallow Direct Current (DC) older electrical soundings), 4 MT soundings
(in the range 1073 to 103 Hz) acquired in 2001 by University Pierre et Marie Curie (here

designated as Paris) and 3 old MT soundings acquired by the Bureau de la Recherche
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Géologique et Miniére (BRGM). The data of the latter (in the range 10 to 10?> Hz) were

digitized from paper copies.

3.2. Data processing and analysis

The MT and AMT data were processed using WinGlink® software package from Geosystem.
When multiple sets of data were available for the same location (i.e. HF and LF for AMT and
MT data), the data were combined into a single sounding. A first quality inspection based on
the error bars and the consistency of the resistivity curves made us reduce the dataset to 108
sites located in figure 2. It can be observed that the density of soundings is much higher in the
Plaine des Sables, since this area was the target of the geothermal reconnaissance survey.
However, parts of the Fond de la Riviére de I’Est, Plaine des Remparts and even the NW
flank of Piton de la Fournaise Central Cone and Enclos are well enough covered by the data to

allow us to expand our study to these areas.

3.2.1. Dimensionality analysis

We have carried out a dimensionality analysis using the WALDIM code from Marti et al.
(2009), which is based on the WAL invariants (Weaver et al., 2000).We used a threshold
value of 0.2 and assumed an error percentage of 5%. As shown in Figure 3, the distribution of
dimensionality shows a predominant 1D behavior for shorts periods (< 1s) and a few 2D and
mainly 3D as periods increases beyond 1s, which seem to be reasonable. The behavior
becomes fully 3D for periods longer than 10 s (Fig. 3), suggesting that a 3D inversion of the
data is needed for a consistent interpretation of the overall dataset.

In order to better investigate the quality of the data and to provide a first general view of the
resistivity distribution in depth, we provide maps of invariant phases for periods ranging from
10 to 103 (Fig. 4a) using WINGLINK software. In such analysis, the invariant phase is

calculated as the arithmetic mean of the phases elements, provides an image of the variation
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of resistivity with the period, and presents the strong advantage to be unaffected by static
shift. To complete the data analysis, Bostick resistivity inversions are also presented showing
the main distribution of resistivity at fixed elevations (Fig. 4b). An overall good coherency is
evidenced between both representations (Fig. 4a and b). For the shortest period (10-%s), the
shallowest layer (2000 m asl) shows a very low invariant phase as well as high resistivity
values for most of the study area. At an intermediate range of periods (between 0.001 and 15s),
the invariant phase then progressively increases, especially in the area of Enclos Fouqué,
Plaine des Sables and Fond de la Riviere de I’Est. This feature could be correlated with the
decrease in resistivity observed from 1000 m to — 2000 m asl. Beyond a period of 100s and a
depth of -4000 m, the invariant phase scheme and the resistivity distribution are more
complex, with an overall increase in resistivity with depth.

Therefore, this analysis enables to delineate several interesting features: 1) a resistive shallow
layer above 1000 m asl, ii) an intermediate conductive layer between 1000 and — 2000 m in
average, and iii) higher resistivity more in depth with both lateral and vertical heterogeneities
at depths greater than -4000 m asl. The 3D model will help depict the details of this general

description.

3.2.2. Sea water and topography artifacts
In an oceanic environment such as La Réunion with strong reliefs, it should be stressed that
the data artifacts associated to the sea, topography and bathymetry can be important. This is
especially the case for coastal soundings where the influence of the sea could be significant
and affect the interpretation of AMT and MT data. Pina-Varas et al. (2014) have identified
such effects on the MT data by constructing a 3D conceptual geoelectrical model of Tenerife
Island, using known geological and geophysical data. Details on this synthetic test are given

in their study, suggesting that the MT responses are strongly distorted by topography and sea
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effects at frequencies lower than 0.1 Hz. These effects will not be an issue as far as the
bathymetry, topography and sea water are included in the model. A 3D approach should be,
here again, preferred to provide reliable modeling of our dataset. 2D inversions have been
also performed using Winglink software to investigate several profiles of interest. However,
the structures are not fully reliable given the strong assumption of strike direction and TE and

TM mode.

4. 3D inversion

4.1. Initial model

We have computed a 3D electrical resistivity model of Piton de la Fournaise area using the
ModEm code (Egbert and Kelbert, 2012; Kelbert et al., 2014). The starting 3D mesh model
was build using WINGLINK described by Mackie and Madden (1993) subsequently
developed and implemented by Geosystem. The initial model was discretized onto a 79 (NS)
x 70 (EW) x 78 (vertical) grid, where topography and bathymetry were defined and fixed
using a digital elevation model. The resistivity value of the seawater was set to 0.33 ohm'm,
and a thin layer of conductive sediments underwater was added in the initial model fixed at
200 ohm.m. The mesh was more refined in the first km (from 2600 m asl to -5000 m bsl) with
the aim of obtaining a clear image of the area of hydrothermal alteration and eventually the
presence of a magmatic reservoir more in depth. The inversions were undertaken using both
the off-diagonal (Zxy, Zyx) and diagonal when available (Zxx, Zyy) components of the
impedance tensor for a maximum of 15 periods in the period range between 0,0001 s to 1000
s, depending on the stations. A 5 % error floor in the impedance components was imposed
during the inversion process. A smoothing of 0.2 was applied in all directions and an initial
lambda value of 10 was chosen. The starting RMS was 9.45, while the final RMS is 1.50 after

63 iterations. Fig. B1 in the supplementary material B shows the comparison between the raw
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data and model responses as apparent resistivity and phases curves for each site used in
inversion. Figure 5 shows an example for one site showing that the fits of the diagonals are
not perfect but acceptable. Several tests have been also done inverting either the full tensor or
only the off-diagonals. The resulting models are very similar, which confirms the overall good

consistency of the final 3D model described hereafter.

4.2. The 3D final model

In order to better visualize the 3D model, we present here two multi-segments sections
crossing the main areas of interest, i.e. Plaine des Sables, Enflos Fouqué, Fond de la Riviére
de ’Est and NW flank of Piton de la Fournaise (Fig. 6a and b). The geological studies
described above and in figure 1b constitute a good reference model to start interpreting our
3D resistivity model. To the first order, the general structure can be described as follows:

(1) In the shallow resistive layer, the interface between the highly and moderately
resistive values more or less mimics the topography.

(2) A very conductive layer, not continuous in the model is more superficial and thinner
below the Plaines des Sables, western of the dense hypovolcanic complex modeled
from gravity data (Gailler, 2010), and below the Enclos.

(3) In the deeper part of the edifice, the hypovolcanic complex is not individualized by a

resistivity contrast.

(4) The lithosphere is globally moderately resistive but not fully homogeneous.

4.2.1. The shallow resistive layer
In detail, the shallow resistive layer can be separated into a highly resistive layer (~1000 to
10000 ohm'm) with a thickness of 1 km — 1.5 km, overlying a thinner and less resistive one
(~100 to 1000 ohm-m). The shallower resistive layer is easily identified to piles of unsaturated

lava flows. The underlying layer has resistivity values compatible with that of water-saturated
13
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lava flows, although it is observed at a relatively high elevation, slightly higher than that of
the regional water-table calculated by Join et al. (2005).
4.2.2. The intermediate conductive layer

A very conductive layer (~ 4 ohm'm or less to about 30 ohm'm) is observed below, with an
average thickness of about 1 km. In the model, it does not form a continuous layer but appears
as elongated patches. It is not possible to assume whether this discontinuous appearance is
real or an artefact of the model due to the distribution and quality of the data. This very
conductive layer is present in two different zones. The first one is at high elevation below the
Enclos (we have to keep in mind that the Central Cone is less resolved because it is not
covered by MT soundings), the Plaine des Sables, the Plaine des Remparts and the Fond de la
Riviere de 1'Est. The second one is just above the inferred oceanic floor on the NW flank of
Piton de la Fournaise.

This conductor has been found in all the previous resistivity surveys (e.g. (Benderitter and
Gérard, 1984; Courteaud et al., 1997; Schnegg, 1997; Lénat et al., 2000)), in the different
areas of Piton de la Fournaise. Various interpretations have been proposed to explain the
presence of this conductor. Benderitter and Gérard (1984) attribute the very low resistivity to
hydrothermal alteration whereas Courteaud et al. (1997) explain it by the presence of clay-
rich brecciated material resulting from volcano-tectonic processes (caldera and flank
collapses). For Lénat et al. (2000), the conductor, rising to a depth of about 300 m beneath the
summit, is caused by the central hydrothermal activity within the Enclos. They suggest that in
the Plaine des Sables it could also be associated with the hydrothermal activity of Piton de la
Fournaise's old active center until the volcano center shifted to its present location in the
Enclos (Bachelery and Mairine, 1990). In the other zones, the geological nature of the

conductor has not been identified.
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Since the conductor is well above the expected level of sea water, the presence of which could
explain low resistivity values, such low resistivity values suggest the presence of hydrated
minerals, which could be found in landslide breccias, in hydrothermally altered zones, or in
thick pyroclastic layers. Therefore, the nature of the conductor may be different in each zone.
Below the NW flank of Piton de la Fournaise, the conductor above the preexisting sea floor
coincides with the N120 rift zone (Michon et al., 2016; Chevallier and Bachelery, 1981;
Villeneuve and Bach¢lery, 2006) characterized by a high density of large cinder cones. These
are fed by primitive magmas through deeply rooted intrusions (Michon et al., 2016). The
hydrothermal alteration caused by the swarm of the dikes in the rift zone is a possible
explanation of this resistivity anomaly.

4.2.3. The base of the edifice and the transition with the crust
As indicated above, the base of the volcanic edifice on the oceanic crust is inferred to lie at
around -4 km in elevation and the lithosphere does not show any significant flexure. A -4 km
resistivity transition is clear in two areas only. The first one is beneath La Plaine des Sables-
Fond de la Riviere de 1'Est where the oceanic crust is more resistive (> 150 ohm.m) than the
base of the volcanic construction (< 100 ohm.m). The second one is at the NW, where, as
indicated above, a very conductive layer is present at the base of the volcanic construction. A
third transition is suggested beneath the Riviére des Remparts, but in this area the model is
poorly constrained by MT soundings.
The hypovolcanic dense complex of the Ancient Shield (ASC) of Piton de la Fournaise
revealed by gravity in the interior of the edifice (Fig. 6 a and b) would be expected to show a
higher resistivity that its surrounding, as it is the case for another intrusive complex beneath
Piton des Neiges volcano (Gailler and Lénat, 2012). Here, the dense complex does not show a
resistivity contrast with the rest of the lower part of the edifice. This lack of correlation

between the resistivity distribution and the gravity model may be explained by two types of
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reasons. The geometry and density distribution of gravity model may be biased by the fact
that constant density is assumed for both the intrusive complex and its surrounding. This
could be a too large simplification of the reality and the geometry of the dense body could be
significantly different if large density variations exist within the dense body and within its
surrounding. A second type of explanation would be to consider that parts of the dense body
are fractured and/or hydrothermally altered, and therefore less resistive. As a whole, the deep
part of the edifice seems rather homogeneous in resistivity and no structural features, such as
the transition with Les Alizés, is observed.
4.2.4. The oceanic lithosphere

The upper oceanic lithosphere beneath La Réunion is globally resistive with values up to
several thousand ohm'm (Fig. 6a and b). The boundary between the crust and the upper
mantle, estimated to be around —12 km (Gallart et al., 1999), is not marked in the model. At
this range of depth, resistivity contrasts are suggested only below Plaine des Sables and
Enclos area on the Bostick analysis (Fig. 4b). Beneath the NW flank, a pronounced
conductive anomaly of the crust extends at large depth. It starts at the NW of the Plaines des
Sables-Fond de la Riviere de 1'Est area and deepens down to about 8§ km at the border of the
model. It seems to more or less follow the N120 rift zone comprising a very conductive (< 5
ohm.m) zone in the upper 2 km that is distinct from a similar feature observed above in the

volcanic construction.

High resistivity values (>1000 ohm.m) below the W flank and the Riviere des Remparts from
about -8 to -16 km in depth, are not reliable, because this area is only covered by a few
number of soundings and lies at the edge of the model. The highly conductive area at a depth
of -16 km covering a large area below the Plaine des Sables-Fond de la Riviere de I’Est and

even part of the Enclos and the NW flank of Piton de la Fournaise on the Bostick analysis
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(Fig. 4b) is also not reliable, because our study area is relatively narrow and may be not
adequate to resolve the resistivity distribution in this range of depths (Bhattacharya and

Shalivahan, 2002).

5. Discussion and conclusion

The interior of Piton de la Fournaise has been investigated by numerous geophysical and
geological studies. However, the information for all the methods become less precise with
depth and therefore the deep part of the volcanic construction and its interaction with the
lithosphere are poorly known. Our MT study offers the advantages of being able to probe both
the volcanic construction and the upper lithosphere and to use a different physical parameter
than those of the previous seismic, gravity and magnetic studies. An interpretative scheme is
presented in figure 6¢, based on our 3D resistivity model and results from other studies.

The upper part of the edifice is very typical of basaltic shield volcanoes predominantly built
by highly permeable lava flows. Accordingly, the first layer of water unsaturated lava flows is
highly resistive. The fact that it evolves at depth to a more conductive layer (water saturated
lava flows) supports the hydrogeological model of Join et al. (2005) that postulates the
presence of a continuous high water table at Piton de la Fournaise. This contrasts with the
classical Hawaiian hydrogeological model where high elevation groundwater bodies are
disconnected and impounded by dike swarms or impervious layers.

At depth, within the edifice, the presence of more or less continuous highly conductive (< 5
ohm.m) patches is a special feature. Such low resistivity values imply the presence of highly
conductive fluids and/or minerals. High conductivity fluids should be hot and/or mineralized
ones. High conductivity minerals in this context are hydrated minerals commonly resulting
from hydrothermal alteration. The high conductivity layer is described in greater detail by

Lénat et al. (2000) beneath the Central Cone where it can be unambiguously linked to the
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presently active hydrothermal system of the volcano. Beneath the Plaine des Sables-Fond de
la Riviere de I'Est, an hydrothermal origin of the conductor can only be presumed. Gravity
studies have shown that this area is underlain by a dense structure interpreted as a
hypovolcanic intrusive system (Gailler, 2010), source of heat and fluids for hydrothermal
activity. This complex would have formed during the Ancient Shield stage and, therefore, the
conductor beneath the Plaine des Sables would have developed during this period. The third
notable patch of high conductor in the study area is the one observed in the lower part of the
volcanic construction below the NW flank of Piton de la Fournaise (Fig. 6b). The fact that this
conductor is not a widespread but a localized structure suggests that it is not due to an
invasion of seawater but more likely to volcanic activity. Its location coincides with that of a
part of the N120 rift zone with numerous cinder cones. In this framework, it can be tentatively
explained by hydrothermalized and /or hot volume of rocks developing around a dense swarm
of cooling intrusions at the base of the edifice and, possibly in the upper part of the crust
where a similar conductor is observed. This system may be still active because a deep seismic
activity (between about 10 and 20 km) and CO, emanations are observed in this area (Liuzzo
et al., 2015; Michon et al.; 2016; Boudoire et al., 2017).

The dense hypovolcanic intrusive system found beneath the Plaine des Sable and the western
part of the Enclos by Gailler (2010) is not characterized by a resistivity contrast with the rest
of the edifice. Only overlying highly conductive layer may attest of its presence. Similarly, the
interface between Les Alizés and Piton de la Fournaise volcanoes inferred by Lénat et al.
(2012b) does not correspond to any obvious resistivity contrast in our model.

The upper lithosphere is markedly more resistive than the bulk of the volcanic construction
(except for the upper part of this latter). However, one main resistivity anomaly is present in
the crust, located beneath the NW flank. It spatially coincides, as indicated above, with the

N120 rift zone assumed to be linked with present day seismic and degassing activity. It is
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therefore appealing to suggest that the lowering of the resistivity of the crust in this area may
be due to the magmatic activity (magma intrusion, hydrothermal activity, presence of hot fluids
...). The NW flank therefore appears as a main area of interest in the study of Piton de la
Fournaise activity and its evolution as well. Also note that, at the base of the crust, the
underplating is not imaged in our 3D resistivity model. For further investigations in depth, the
study should be extended to the whole island to study the structures beneath Piton des Neiges

and the whole of the Piton de la Fournaise area.
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Figure captions

Figure 1: a) 3D view of Piton de la Fournaise showing the main structural features and the
location of the main places discussed in the text. The study area is framed in red; b)
Interpretive W—E geological section of Piton de la Fournaise by Lénat et al. (2012a).
Coordinates in kilometers (WGS84, UTM40S).

Figure 2: Location of the resistivity soundings used in this study. The area of interest is
framed in red. Coordinates in kilometers (WGS84, UTM40S). More details are given in
Supporting Information (Fig. S1).

Figure 3: Map of dimensionality for six different period bands, using WALDIM code (Mart1’
et al., 2009).

Figure 4: a) Map of invariant phases for periods ranging from 104 to 103, using WINGLING
software. b) Bostick resistivity inversions are also presented showing the main distribution of
resistivity at fixed elevation, using WINGLING software.

Figure 5: Comparison of the apparent resistivity and phases between the model responses and
the raw data for the G10 sounding a) off-diagonal components; b) all components.

Figure 6: a) 3D model represented as a multi-segments section crossing the main area of
interest, i.e. Plaine des Sables, Enflos Fouqué, Fond de la Riviere de ’Est and NW flank of
Piton de la Fournaise. b) Interpretative scheme of the 3D model. ASC for Ancient Shield

Complex.
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Supplementary Online material A

Details on MT-AMT data location

At the scale of the study area, the final dataset includes 118 MT and AMT soundings, and 17

electrical soundings from various organizations (Fig. A.1).
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Figure A.1: a) Location of the resistivity soundings used in this study at the scale of Piton de la
Fournaise. b) Zoom on each set of soundings from various organizations. The study area is

framed in red.

The soundings have a typical spacing of 700 m in the center of the survey area (2 by km?),

increasing to 1000 m towards the periphery.

The data, available as EDI files, were processed using WinGLink ™ Version 2.6.02 provided by
Geosystem society. In addition to treatment and modelling options, this software also provides
features of a geo-referenced database for all geophysical measurements. When multiple sets of
data were available for a sounding (i.e. HF and LF for AMT and MT data), the combination of the

data was also performed with this software.



Supplementary Online material B

Raw data versus model responses

Fig. B.1: Comparison between the raw data and model responses as apparent resistivity and
phases curves for each site used in inversion.
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