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10 Abstract 

11 La Réunion is a large volcanic construction resting on Paleocene oceanic crust. Through the 

12 3D inversion of a large set of magnetotelluric (MT) soundings, our results reveal the general 

13 resistivity structure of the western part of Piton de la Fournaise volcano down to its base and 

14 the first ten kilometers or so of the underlying lithosphere. The upper resistive layer is 

15 associated to a superimposition of unsaturated and probably water-saturated lava flows with 

16 an averaged thickness of 1.5 km overlying more or less continuous highly conductive patches 

17 which imply the presence of highly conductive fluids and/or minerals. In the summit area and 

18 Enclos, this conductor is unambiguously attributed to the presently active hydrothermal 

19 system. In the Plaine des Sables, it is tentatively associated with the hydrothermal alteration 

20 beneath the ancient volcanic center. A third widespread conductive patch is observed below 

21 the NW flank of Piton de la Fournaise resulting more likely from volcanic activity since it 

22 coincides with part of the N120 rift zone. In the area beneath the Plaine des Sables where a 

23 dense intrusive complex has been inferred from gravity models, the resistivity is not 

24 significantly higher. The upper lithosphere is markedly more resistive than the bulk of the 
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25 volcanic construction (except for the upper part of this latter) forming a virtual horizon around 

26 -4 km in depth. However, one main conductive anomaly is present in the crust beneath the NW 

27 flank along the N120 rift zone assumed to be linked with present day seismic and degassing 

28 activity. The NW flank therefore appears as a main area of interest in the study of Piton de la 

29 Fournaise activity and its evolution as well. We therefore demonstrate the capability of the 

30 method to image major shallow structures such as the hydrothermally altered zones, and 

31 deeper ones such as possibly the heterogeneity of the crust.

32

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

34 oceanic lithosphere; plumbing system.

35 1. Introduction 

36 The architecture of volcanic systems is important to know because: (1) it provides information 

37 on the construction and evolution of the volcanic structures; (2) it has an influence on the 

38 magma paths (the conduits) and (3) it may generate its own volcano-tectonic activity through, 

39 for example, gravitational instabilities. The need of high resolution imagery of the interior of 

40 the volcanic systems is therefore obvious and is the main motivation for the application 

41 geophysical prospecting methods in volcanology. Several geophysical techniques can be used 

42 to image the structures and rocks physical properties at depth. The most common are 

43 seismics, gravity and electrical resistivity measurements. The magnetotelluric (MT) method 

44 has been used since the early 1980s in volcanic areas for both geothermal exploration and 

45 volcanological studies. It is particularly well suited for volcanic studies (Piña et al. 2014 and 

46 references therein) since the electrical conductivity is influenced by both temperature and 

47 compositional variations. But is has also the capability to probe deep in the crust and the 

48 mantle (Jones, 1999) 
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49 Electrical resistivity of crustal rocks generally varies over several orders of magnitude (1 10-4 

50 to 100 kohm·m), depending on a wide range of petrological and physical parameters, such as 

51 bound versus free water, composition of the fluids, temperature, and the content of clay or 

52 metallic minerals. Resistivity is usually dominated by the ionic conductivity of the fluids 

53 present in the interconnected pores. In general, a basaltic shield consists predominantly of a 

54 pile of highly permeable lava flows. If not altered or water saturated, such formations 

55 generally have resistivity as high as 10–100 kohm-m. A large resistivity variation usually 

56 exists at the transition between the vadose zone, where rocks contain only some moisture, and 

57 the zone beneath the water table, where the rocks are fully water saturated. On oceanic 

58 islands, the basal water table consists of a lens of fresh water (Ghyben-Herzberg lens; e.g., see 

59 Vacher, 1988) floating over the seawater- saturated zone. The top of the freshwater lens 

60 generally takes place at an elevation of a few meters to a few tens of meters above the sea 

61 level. However, this model, initially derived for the Hawaiian Islands, may not apply when 

62 the hydraulic conductivity decreases significantly with depth. In this case, the water table 

63 forms a high elevation dome within the edifice. The latter model is preferred in the case of 

64 Piton de la Fournaise by Join et al. (2005).The resistivity of a basaltic pile saturated with fresh 

65 water is generally a few hundred ohm·m, but drops to a few tens of ohm·m or less when 

66 saturated with sea water. In addition to water saturation, the nature of the formation also plays 

67 a role in the resistivity distribution. In intrusion zones (central zone, rift zones), swarms of 

68 subvertical dikes can create impermeable barriers that impound bodies of water at high 

69 elevations (Stearns, 1942; Takasaki, 1981; Jackson and Kauahikaua, 1987). Alteration, 

70 particularly hydrothermal alteration, tends to lower the rock resistivity through the formation 

71 of highly conductive, hydrated minerals such as clay minerals and zeolites. Similarly, 

72 pyroclastic and breccia deposits generally have lower resistivity values than lava flows, 

73 because they typically contain hydrated minerals. Magma has a resistivity of only a few 
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74 ohm·m or less (Rai and Manghnani, 1977; Haak, 1982). The resistivity of the upper oceanic 

75 lithosphere underlying a volcanic edifice may be different and more complex than regular 

76 oceanic lithosphere. Constable and Cox (1996) indicate that the resistivity of an undisturbed 

77 upper oceanic lithosphere is more than 100 ohm·m. Increasing compaction with depth causes 

78 a decrease in the effective porosity and hence increases the resistivity. However, it may vary 

79 significantly depending on its temperature, and hence often its age: a young, hotter, 

80 lithosphere will be less resistive than its older counterpart (Nobes et al., 1992; Unsworth, 

81 1994; MacGregor et al., 1998). The presence of conductive layers (e.g. fluid and/or mineral-

82 filled fractures, magma) will also contribute to lowering the rock resistivity. In the case of hot 

83 spot volcanism, magmatic underplating is a common feature, and this has been suggested by 

84 Charvis et al. (1999) and Gallart et al. (1999) for La Réunion. Therefore the presence of 

85 magma beneath the crust can be investigated with the MT data. At greater depths, as the 

86 temperature increases, the mantle becomes more conductive. Laboratory experiments on 

87 basaltic and mantle rocks show the very low electrical conductivity of melts. For example, at 

88 the scale of the Hawaiian hot spot swell, 2D electrical models have shown a resistive 

89 lithosphere underlain by a conductive lower mantle, and a narrow conductive plume 

90 connecting the surface of the island to the lower mantle (Constable and Heinson, 2004).

91 In this work, we focus on La Réunion volcanic edifice, which has been extensively studied 

92 since decades, with a special interest given to Piton de la Fournaise volcano (see Lénat et al. 

93 (2012a and reference therein)). However, the deep architecture of Piton de la Fournaise and 

94 its underlying lithosphere remain poorly known. Previous geoelectrical studies carried out by 

95 Lénat et al. (2000) focused on the first kilometer or so of the active part of the volcano. The 

96 aim of the current study is to take advantage of a new large set of MT soundings acquired 

97 during a geothermal reconnaissance of Piton de la Fournaise in order to image the resistivity 

98 structure down to several to tens of kilometers. The good spatial coverage of the sites and the 
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99 lack of a preferred strike direction obtained from the dimensionality analysis allowed us to 

100 invert the data and obtain a 3D geoelectrical model of the volcanic edifice and its surrounding 

101 which is discussed it in terms of large scale structures.

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

103 basement 

104 Piton de la Fournaise is located on the southeast of La Réunion Island (Fig. 1a), and is one of 

105 the world’s most active basaltic shield volcanoes. Its evolution can be reconstructed by means 

106 of its deep valleys. The evolution can be divided into two main periods: the Ancient Shield (> 

107 0.15 Ma) and the Recent Shield (< 0.15 Ma). At the base of the deep valleys (Rivière des 

108 Remparts, Rivière de l’Est and Rivière Langevin) (Fig. 1a), a differentiated unit called 

109 Pintades Unit (Bachèlery, 1981; Bachèlery and Mairine, 1990; Merle et al., 2010) is 

110 evidenced. It is dated from at least 530 kyr to 400/450 kyr, and is inferred by Smetiana (2011) 

111 to belong to a volcano which predates Piton de la Fournaise called Les Alizés volcano 

112 (Rançon et al., 1989; Malengreau et al., 1999; Lénat et al., 2001). The Pintades Unit is 

113 observed up to 1000/1200 m in elevation in the Rivière des Remparts, and therefore Piton de 

114 La Fournaise, rising at 2632 m, must be a relatively thin edifice (Merle et al., 2010). 

115 Since about 290 kyr, the geological history of Piton de la Fournaise is summarized as a 

116 sequence of volcano-tectonic events with alternating episodes of volcanic destruction and 

117 reconstruction (Merle et al., 2010). Two calderas have been identified during the Ancient 

118 Shield period: the Rivière des Remparts caldera at about 250 kyr and the Morne Langevin 

119 caldera at about 150 kyr. During the Ancient Shield period, the volcanic center is inferred to 

120 have been located in what is presently the Plaine des Sables (Fig. 1). Bachèlery and Mairine 

121 (1990) propose that the eastward displacement of the volcano to its present location (Fig. 1b) 

122 could have taken place at about 150 kyr, concurrently with the formation of the Morne 
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123 Langevin caldera, although it could be as young as the formation of the Plaine des Sables 

124 caldera, which formed at about 65 and/or 40 kyr (Gillot and Nativel, 1989; Bachèlery, P. and 

125 Mairine, 1990; Staudacher and Allègre, 1993; Merle et al., 2010). Letourneur et al. (2008) 

126 suggest the possibility of an intermediate location before the present one. The formation of the 

127 most recent, 8 km-wide caldera, called the Enclos Fouqué caldera (or, simply, Enclos), has 

128 been dated at about 4.5 kyr (Bachèlery, 1981; Staudacher and Allègre, 1993; Mohamed-

129 Abchir, 1996), but the recent reappraisal of the existing radiocarbon data and new ages 

130 suggest two younger collapse episodes at around 3700, 3100 and 2300 kyr (Morandi et al., 

131 2015). The present eruptive center is located on the Central Cone which has grown inside the 

132 Enclos caldera, which is breached to the east (the Grandes Pentes and Grand Brulé areas). The 

133 relationships between the Enclos Fouqué, the Grandes Pentes and the Grand Brûlé are still 

134 debated (Bachèlery, 1981; Merle and Lénat, 2003; Michon and Saint-Ange, 2008). 

135 The locations of the magma reservoirs and transfer structures have been recently reviewed by 

136 Michon et al. (2016). Whereas most of the recent eruptive activity took place within the 

137 Enclos, either on the Central Cone or along the NE and SE rift zones, the presence of eruptive 

138 fissures and pyroclastic cones in other areas of the edifice indicates that magmas have reached 

139 the surface via different paths. In addition to the NE and SW rift zones that radiate from the 

140 Central Area of Piton de la Fournaise and extend beyond the Enclos (Fig 1a), a broad, diffuse 

141 N120 rift zone occurs between Piton des Neiges and Piton de la Fournaise volcanoes. It is 

142 marked by numerous (~160) cinder cones and lava flows. The age of this rift zone is not well 

143 defined, but eruptions began at least 29 ky ago (McDougall, 1971) and the last eruption is 

144 dated at 0.140 kyr (Morandi et al., 2015). Another concentration of cones is observed at the 

145 base of the subaerial south flank of Piton de La Fournaise. Michon et al. (2016) name this area 

146 the "South Volcanic Zone". Michon et al. (2016) propose to interpret the deep seismicity 

147 observed at La Réunion in connection with the distribution of the volcanic zones at the 
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148 surface. They use a compilation of the volcano-tectonic (VT) seismicity from 1993 to 2013. 

149 Below a depth of 10-11 km (base of the crust, according to (Gallart et al., 1999)), most of the 

150 VT events are located beneath the northwestern part of Piton de la Fournaise and beneath the 

151 NW flank of Piton de la Fournaise and the Plaine des Cafres areas. They are generally deeper 

152 (up to about 30 km) to the NW and become progressively shallower (up to 10-11 km) near the 

153 presently active area of Piton de la Fournaise. No seismicity is observed from the base of the 

154 crust to a region above 8 km in depth. Michon et al. (2016) suggest that this aseismic zone 

155 could correspond to a zone of magma storage (underplating). They also propose that the deep 

156 northwestern seismicity is organized along a N30-40 axis at depths greater than 20 km and 

157 then rotates and concentrates beneath the N120 NW rift zone. Michon et al. (2016) link the 

158 deep seismicity with magma transfer, and suggest a vertical ascent of magma between 30 and 

159 20 km in depth. Earthquakes are observed from about 8 km in depth to the surface before and 

160 during volcanic crises with an overall lateral migration of the seismic swarms along 10-11 

161 km, from the Plain des Sables toward the presently active area of Piton de la Fournaise. In 

162 addition, a high resolution survey of soil CO2 emissions carried out on the western flank of 

163 Piton de la Fournaise (Boudoire et al., 2017) has evidenced that narrow zones of high fluxes 

164 are aligned along a well-defined N135° axis coincident with seismic swarms detected during 

165 the reawakening of the volcano (2014–2015). The authors have called this alignment the 

166 Songit Lineament (Fig. 1a) which is consistent with the orientation of paleo-spreading axes. 

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

168 Receiver function techniques have also provided information in depth (Fontaine et al., 2015). 

169 A joint inversion of receiver function and surface wave dispersion suggests that thin 

170 magmatic underplating may be present below La Réunion. Lateral variations of its thickness 

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

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

174 At Piton de la Fournaise, recent geophysical explorations using electromagnetic surveys have 

175 provided new hydrogeological information (Join et al., 2005). Their hydrogeological model 

176 suggests the presence of a continuous aquifer which domes at 1800 m asl below the central 

177 active part. It deepens to between 1600 to 1400 m asl beneath the Plaine des Sables and is 

178 even deeper beneath the Fond de la Rivière de l’Est depression. A recent synthesis of all 

179 available data led Lénat et al. (2012 and reference therein) to propose a geological model of 

180 the infrastructure of Piton de la Fournaise and its basement (Fig. 1b). We summarize here the 

181 main points of this interpretative geological section, starting from the surface: (1) shallow 

182 accumulation of dense lava flows in paleo depressions, (2) presence of pervasive 

183 hydrothermal alteration, (3) the presumed interface with Les Alizés volcano, (4) presence of 

184 hypo-volcanic complexes (gabbros, cumulates) beneath the Plaine des Sables area, (5) 

185 possible ancient and recent magma reservoir at the interface between La Réunion and the 

186 oceanic crust, (6) no significant flexure of the lithosphere, and (7) possible magma 

187 underplating at the base of the crust. 

188 The dense Ancient Shield hypovolcanic complex (ASC) beneath the Plaines des Sables-

189 Enclos area is a major feature inside the edifice that creates a positive gravity anomaly. The 

190 location of the complex has been deduced from 2D ¾ and 3D gravity modelling (Gailler et al., 

191 2009). Gabbro and cumulate xenoliths found in lava flows and tephra above this complex 

192 (Bachèlery, 1981) probably originated from it. The base of the volcanic edifice on the oceanic 

193 crust is inferred to be around -4 km in elevation, which is the level of the oceanic floor around 

194 La Réunion. This is a reasonable assumption given that seismic studies (De Voogd et al., 

195 1999; Gallart et al., 1999) suggest that there is no lithospheric flexure beneath La Réunion. 
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196 Lastly, we note that the estimated Curie depth, based on analysis of the magnetic anomalies 

197 (Gailler et al., 2016), shows a bulge in the Curie surface below the island, with its top shifted 

198 offshore to the NE of Piton de la Fournaise. Nevertheless, several features as well as the deep 

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

200 3. Resistivity data 

201 In order to investigate the deep structure of the edifice, we have compiled all available 

202 electrical data, especially magnetotelluric (MT) soundings which provide the greatest depth of 

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

204 3.1. Previous studies and new data 

205 Electric and electromagnetic surveys have been carried out on La Réunion Island for 

206 hydrogeologic studies (Courteaud, 1996; Schnegg, 1997), structural studies of Piton de la 

207 Fournaise ( Schnegg, 1997; Lénat et al., 2000) and geothermal prospecting (Benderitter and 

208 Gérard, 1984; Benderitter, 1990; Smith, 1996). A compilation of these datasets has been 

209 already provided by Gailler and Lénat (2012) to study the island at a larger scale. In this 

210 study, we have mostly used new data acquired during a geothermal reconnaissance project 

211 between 2001 and 2004. The main datasets (Fig. A1 in Supporting Information A) come from 

212 a magnetotelluric (MT) survey carried out by Phoenix Geophysics in 2002 (34 collocated MT 

213 soundings, AMT for audiomagnetotellurics and TDEM for Time Domain ElectroMagnetic 

214 soundings) and an MT survey by PB Power (53 collocated MT and TDEM soundings). The 

215 data were collected in the 10-3 to 104 Hz frequency range. We have also used 24 AMT 

216 soundings (in the range 1 to 104 Hz) acquired by our group (here designated as UBP) in 2001 

217 (7 collocated with shallow Direct Current (DC) older electrical soundings), 4 MT soundings 

218 (in the range 10-3 to 103 Hz) acquired in 2001 by University Pierre et Marie Curie (here 

219 designated as Paris) and 3 old MT soundings acquired by the Bureau de la Recherche 
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220 Géologique et Minière (BRGM). The data of the latter (in the range 10-2 to 102 Hz) were 

221 digitized from paper copies. 

222 3.2. Data processing and analysis 

223 The MT and AMT data were processed using WinGlink® software package from Geosystem. 

224 When multiple sets of data were available for the same location (i.e. HF and LF for AMT and 

225 MT data), the data were combined into a single sounding. A first quality inspection based on 

226 the error bars and the consistency of the resistivity curves made us reduce the dataset to 108 

227 sites located in figure 2. It can be observed that the density of soundings is much higher in the 

228 Plaine des Sables, since this area was the target of the geothermal reconnaissance survey. 

229 However, parts of the Fond de la Rivière de l’Est, Plaine des Remparts and even the NW 

230 flank of Piton de la Fournaise Central Cone and Enclos are well enough covered by the data to 

231 allow us to expand our study to these areas. 

232 3.2.1. Dimensionality analysis
233 We have carried out a dimensionality analysis using the WALDIM code from Martí et al. 

234 (2009), which is based on the WAL invariants (Weaver et al., 2000).We used a threshold 

235 value of 0.2 and assumed an error percentage of 5%. As shown in Figure 3, the distribution of 

236 dimensionality shows a predominant 1D behavior for shorts periods (< 1s) and a few 2D and 

237 mainly 3D as periods increases beyond 1s, which seem to be reasonable. The behavior 

238 becomes fully 3D for periods longer than 10 s (Fig. 3), suggesting that a 3D inversion of the 

239 data is needed for a consistent interpretation of the overall dataset. 

240 In order to better investigate the quality of the data and to provide a first general view of the 

241 resistivity distribution in depth, we provide maps of invariant phases for periods ranging from 

242 10-4 to 103 (Fig. 4a) using WINGLINK software. In such analysis, the invariant phase is 

243 calculated as the arithmetic mean of the phases elements, provides an image of the variation 
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244 of resistivity with the period, and presents the strong advantage to be unaffected by static 

245 shift. To complete the data analysis, Bostick resistivity inversions are also presented showing 

246 the main distribution of resistivity at fixed elevations (Fig. 4b). An overall good coherency is 

247 evidenced between both representations (Fig. 4a and b). For the shortest period (10-4s), the 

248 shallowest layer (2000 m asl) shows a very low invariant phase as well as high resistivity 

249 values for most of the study area. At an intermediate range of periods (between 0.001 and 1s), 

250 the invariant phase then progressively increases, especially in the area of Enclos Fouqué, 

251 Plaine des Sables and Fond de la Rivière de l’Est. This feature could be correlated with the 

252 decrease in resistivity observed from 1000 m to – 2000 m asl. Beyond a period of 100s and a 

253 depth of -4000 m, the invariant phase scheme and the resistivity distribution are more 

254 complex, with an overall increase in resistivity with depth.

255 Therefore, this analysis enables to delineate several interesting features: i) a resistive shallow 

256 layer above 1000 m asl, ii) an intermediate conductive layer between 1000 and – 2000 m in 

257 average, and iii) higher resistivity more in depth with both lateral and vertical heterogeneities 

258 at depths greater than -4000 m asl. The 3D model will help depict the details of this general 

259 description.

260
261 3.2.2. Sea water and topography artifacts

262 In an oceanic environment such as La Réunion with strong reliefs, it should be stressed that 

263 the data artifacts associated  to the sea, topography and bathymetry can be important. This is 

264 especially the case for coastal soundings where the influence of the sea could be significant 

265 and affect the interpretation of AMT and MT data. Pinã-Varas et al. (2014) have identified 

266 such effects on the MT data by constructing a 3D conceptual geoelectrical model of Tenerife 

267 Island, using known geological and geophysical data. Details on this synthetic test are given 

268 in their study, suggesting that the MT responses are strongly distorted by topography and sea 
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269 effects at frequencies lower than 0.1 Hz. These effects will not be an issue as far as the 

270 bathymetry, topography and sea water are included in the model. A 3D approach should be, 

271 here again, preferred to provide reliable modeling of our dataset. 2D inversions have been 

272 also performed using Winglink software to investigate several profiles of interest. However, 

273 the structures are not fully reliable given the strong assumption of strike direction and TE and 

274 TM mode. 

275 4. 3D inversion

276 4.1. Initial model

277 We have computed a 3D electrical resistivity model of Piton de la Fournaise area using the 

278 ModEm code (Egbert and Kelbert, 2012; Kelbert et al., 2014). The starting 3D mesh model 

279 was build using WINGLINK described by Mackie and Madden (1993) subsequently 

280 developed and implemented by Geosystem. The initial model was discretized onto a 79 (NS) 

281 x 70 (EW) x 78 (vertical) grid, where topography and bathymetry were defined and fixed 

282 using a digital elevation model. The resistivity value of the seawater was set to 0.33 ohm·m, 

283 and a thin layer of conductive sediments underwater was added in the initial model fixed at 

284 200 ohm.m. The mesh was more refined in the first km (from 2600 m asl to -5000 m bsl) with 

285 the aim of obtaining a clear image of the area of hydrothermal alteration and eventually the 

286 presence of a magmatic reservoir more in depth. The inversions were undertaken using both 

287 the off-diagonal (Zxy, Zyx) and diagonal when available (Zxx, Zyy) components of the 

288 impedance tensor for a maximum of 15 periods in the period range between 0,0001 s to 1000 

289 s, depending on the stations. A 5 % error floor in the impedance components was imposed 

290 during the inversion process. A smoothing of 0.2 was applied in all directions and an initial 

291 lambda value of 10 was chosen. The starting RMS was 9.45, while the final RMS is 1.50 after 

292 63 iterations. Fig. B1 in the supplementary material B shows the comparison between the raw 
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293 data and model responses as apparent resistivity and phases curves for each site used in 

294 inversion. Figure 5 shows an example for one site showing that the fits of the diagonals are 

295 not perfect but acceptable. Several tests have been also done inverting either the full tensor or 

296 only the off-diagonals. The resulting models are very similar, which confirms the overall good 

297 consistency of the final 3D model described hereafter.

298 4.2. The 3D final model

299 In order to better visualize the 3D model, we present here two multi-segments sections 

300 crossing the main areas of interest, i.e. Plaine des Sables, Enflos Fouqué, Fond de la Rivière 

301 de l’Est and NW flank of Piton de la Fournaise (Fig. 6a and b). The geological studies 

302 described above and in figure 1b constitute a good reference model to start interpreting our 

303 3D resistivity model. To the first order, the general structure can be described as follows:

304 (1) In the shallow resistive layer, the interface between the highly and moderately 

305 resistive values more or less mimics the topography.

306 (2) A very conductive layer, not continuous in the model is more superficial and thinner 

307 below the Plaines des Sables, western of the dense hypovolcanic complex modeled 

308 from gravity data (Gailler, 2010), and below the Enclos. 

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

310 resistivity contrast. 

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

312 4.2.1. The shallow resistive layer

313 In detail, the shallow resistive layer can be separated into a highly resistive layer (~1000 to 

314 10000 ohm·m) with a thickness of 1 km – 1.5 km, overlying a thinner and less resistive one 

315 (~100 to 1000 ohm·m). The shallower resistive layer is easily identified to piles of unsaturated 

316 lava flows. The underlying layer has resistivity values compatible with that of water-saturated 
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317 lava flows, although it is observed at a relatively high elevation, slightly higher than that of 

318 the regional water-table calculated by Join et al. (2005). 

319 4.2.2. The intermediate conductive layer

320 A very conductive layer (~ 4 ohm·m or less to about 30 ohm·m) is observed below, with an 

321 average thickness of about 1 km. In the model, it does not form a continuous layer but appears 

322 as elongated patches. It is not possible to assume whether this discontinuous appearance is 

323 real or an artefact of the model due to the distribution and quality of the data. This very 

324 conductive layer is present in two different zones. The first one is at high elevation below the 

325 Enclos (we have to keep in mind that the Central Cone is less resolved because it is not 

326 covered by MT soundings), the Plaine des Sables, the Plaine des Remparts and the Fond de la 

327 Rivière de l'Est. The second one is just above the inferred oceanic floor on the NW flank of 

328 Piton de la Fournaise.

329 This conductor has been found in all the previous resistivity surveys (e.g. (Benderitter and 

330 Gérard, 1984; Courteaud et al., 1997; Schnegg, 1997; Lénat et al., 2000)), in the different 

331 areas of Piton de la Fournaise. Various interpretations have been proposed to explain the 

332 presence of this conductor. Benderitter and Gérard (1984) attribute the very low resistivity to 

333 hydrothermal alteration whereas Courteaud et al. (1997) explain it by the presence of clay-

334 rich brecciated material resulting from volcano-tectonic processes (caldera and flank 

335 collapses). For Lénat et al. (2000), the conductor, rising to a depth of about 300 m beneath the 

336 summit, is caused by the central hydrothermal activity within the Enclos. They suggest that in 

337 the Plaine des Sables it could also be associated with the hydrothermal activity of Piton de la 

338 Fournaise's old active center until the volcano center shifted to its present location in the 

339 Enclos (Bachèlery and Mairine, 1990). In the other zones, the geological nature of the 

340 conductor has not been identified.
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341 Since the conductor is well above the expected level of sea water, the presence of which could 

342 explain low resistivity values, such low resistivity values suggest the presence of hydrated 

343 minerals, which could be found in landslide breccias, in hydrothermally altered zones, or in 

344 thick pyroclastic layers. Therefore, the nature of the conductor may be different in each zone. 

345 Below the NW flank of Piton de la Fournaise, the conductor above the preexisting sea floor 

346 coincides with the N120 rift zone (Michon et al., 2016; Chevallier and Bachèlery, 1981; 

347 Villeneuve and Bachèlery, 2006) characterized by a high density of large cinder cones. These 

348 are fed by primitive magmas through deeply rooted intrusions (Michon et al., 2016). The 

349 hydrothermal alteration caused by the swarm of the dikes in the rift zone is a possible 

350 explanation of this resistivity anomaly. 

351 4.2.3. The base of the edifice and the transition with the crust

352 As indicated above, the base of the volcanic edifice on the oceanic crust is inferred to lie at 

353 around -4 km in elevation and the lithosphere does not show any significant flexure. A -4 km 

354 resistivity transition is clear in two areas only. The first one is beneath La Plaine des Sables-

355 Fond de la Rivière de l'Est where the oceanic crust is more resistive (> 150 ohm.m) than the 

356 base of the volcanic construction (< 100 ohm.m). The second one is at the NW, where, as 

357 indicated above, a very conductive layer is present at the base of the volcanic construction. A 

358 third transition is suggested beneath the Rivière des Remparts, but in this area the model is 

359 poorly constrained by MT soundings.

360 The hypovolcanic dense complex of the Ancient Shield (ASC) of Piton de la Fournaise 

361 revealed by gravity in the interior of the edifice (Fig. 6 a and b) would be expected to show a 

362 higher resistivity that its surrounding, as it is the case for another intrusive complex beneath 

363 Piton des Neiges volcano (Gailler and Lénat, 2012). Here, the dense complex does not show a 

364 resistivity contrast with the rest of the lower part of the edifice. This lack of correlation 

365 between the resistivity distribution and the gravity model may be explained by two types of 
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366 reasons. The geometry and density distribution of gravity model may be biased by the fact 

367 that constant density is assumed for both the intrusive complex and its surrounding. This 

368 could be a too large simplification of the reality and the geometry of the dense body could be 

369 significantly different if large density variations exist within the dense body and within its 

370 surrounding. A second type of explanation would be to consider that parts of the dense body 

371 are fractured and/or hydrothermally altered, and therefore less resistive. As a whole, the deep 

372 part of the edifice seems rather homogeneous in resistivity and no structural features, such as 

373 the transition with Les Alizés, is observed.

374 4.2.4. The oceanic lithosphere

375 The upper oceanic lithosphere beneath La Réunion is globally resistive with values up to 

376 several thousand ohm·m (Fig. 6a and b). The boundary between the crust and the upper 

377 mantle, estimated to be around –12 km (Gallart et al., 1999), is not marked in the model. At 

378 this range of depth, resistivity contrasts are suggested only below Plaine des Sables and 

379 Enclos area on the Bostick analysis (Fig. 4b). Beneath the NW flank, a pronounced 

380 conductive anomaly of the crust extends at large depth. It starts at the NW of the Plaines des 

381 Sables-Fond de la Rivière de l'Est area and deepens down to about 8 km at the border of the 

382 model. It seems to more or less follow the N120 rift zone comprising a very conductive (< 5 

383 ohm.m) zone in the upper 2 km that is distinct from a similar feature observed above in the 

384 volcanic construction. 

385 High resistivity values (>1000 ohm.m) below the W flank and the Rivière des Remparts from 

386 about -8 to -16 km in depth, are not reliable, because this area is only covered by a few 

387 number of soundings and lies at the edge of the model. The highly conductive area at a depth 

388 of -16 km covering a large area below the Plaine des Sables-Fond de la Rivière de l’Est and 

389 even part of the Enclos and the NW flank of Piton de la Fournaise on the Bostick analysis 
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390 (Fig. 4b) is also not reliable, because our study area is relatively narrow and may be not 

391 adequate to resolve the resistivity distribution in this range of depths (Bhattacharya and 

392 Shalivahan, 2002). 

393 5. Discussion and conclusion

394 The interior of Piton de la Fournaise has been investigated by numerous geophysical and 

395 geological studies. However, the information for all the methods become less precise with 

396 depth and therefore the deep part of the volcanic construction and its interaction with the 

397 lithosphere are poorly known. Our MT study offers the advantages of being able to probe both 

398 the volcanic construction and the upper lithosphere and to use a different physical parameter 

399 than those of the previous seismic, gravity and magnetic studies. An interpretative scheme is 

400 presented in figure 6c, based on our 3D resistivity model and results from other studies.

401 The upper part of the edifice is very typical of basaltic shield volcanoes predominantly built 

402 by highly permeable lava flows. Accordingly, the first layer of water unsaturated lava flows is 

403 highly resistive. The fact that it evolves at depth to a more conductive layer (water saturated 

404 lava flows) supports the hydrogeological model of Join et al. (2005) that postulates the 

405 presence of a continuous high water table at Piton de la Fournaise. This contrasts with the 

406 classical Hawaiian hydrogeological model where high elevation groundwater bodies are 

407 disconnected and impounded by dike swarms or impervious layers. 

408 At depth, within the edifice, the presence of more or less continuous highly conductive (< 5 

409 ohm.m) patches is a special feature. Such low resistivity values imply the presence of highly 

410 conductive fluids and/or minerals. High conductivity fluids should be hot and/or mineralized 

411 ones. High conductivity minerals in this context are hydrated minerals commonly resulting 

412 from hydrothermal alteration. The high conductivity layer is described in greater detail by 

413 Lénat et al. (2000) beneath the Central Cone where it can be unambiguously linked to the 
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414 presently active hydrothermal system of the volcano. Beneath the Plaine des Sables-Fond de 

415 la Rivière de l'Est, an hydrothermal origin of the conductor can only be presumed. Gravity 

416 studies have shown that this area is underlain by a dense structure interpreted as a 

417 hypovolcanic intrusive system (Gailler, 2010), source of heat and fluids for hydrothermal 

418 activity. This complex would have formed during the Ancient Shield stage and, therefore, the 

419 conductor beneath the Plaine des Sables would have developed during this period. The third 

420 notable patch of high conductor in the study area is the one observed in the lower part of the 

421 volcanic construction below the NW flank of Piton de la Fournaise (Fig. 6b). The fact that this 

422 conductor is not a widespread but a localized structure suggests that it is not due to an 

423 invasion of seawater but more likely to volcanic activity. Its location coincides with that of a 

424 part of the N120 rift zone with numerous cinder cones. In this framework, it can be tentatively 

425 explained by hydrothermalized and /or hot volume of rocks developing around a dense swarm 

426 of cooling intrusions at the base of the edifice and, possibly in the upper part of the crust 

427 where a similar conductor is observed. This system may be still active because a deep seismic 

428 activity (between about 10 and 20 km) and CO2 emanations are observed in this area (Liuzzo 

429 et al., 2015; Michon et al.; 2016; Boudoire et al., 2017).

430 The dense hypovolcanic intrusive system found beneath the Plaine des Sable and the western 

431 part of the Enclos by Gailler (2010) is not characterized by a resistivity contrast with the rest 

432 of the edifice. Only overlying highly conductive layer may attest of its presence. Similarly, the 

433 interface between Les Alizés and Piton de la Fournaise volcanoes inferred by Lénat et al. 

434 (2012b) does not correspond to any obvious resistivity contrast in our model.

435 The upper lithosphere is markedly more resistive than the bulk of the volcanic construction 

436 (except for the upper part of this latter). However, one main resistivity anomaly is present in 

437 the crust, located beneath the NW flank. It spatially coincides, as indicated above, with the 

438 N120 rift zone assumed to be linked with present day seismic and degassing activity. It is 
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439 therefore appealing to suggest that the lowering of the resistivity of the crust in this area may 

440 be due to the magmatic activity (magma intrusion, hydrothermal activity, presence of hot fluids 

441 …). The NW flank therefore appears as a main area of interest in the study of Piton de la 

442 Fournaise activity and its evolution as well. Also note that, at the base of the crust, the 

443 underplating is not imaged in our 3D resistivity model. For further investigations in depth, the 

444 study should be extended to the whole island to study the structures beneath Piton des Neiges 

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

461 Figure 1: a) 3D view of Piton de la Fournaise showing the main structural features and the 

462 location of the main places discussed in the text. The study area is framed in red; b) 

463 Interpretive W–E geological section of Piton de la Fournaise by Lénat et al. (2012a). 

464 Coordinates in kilometers (WGS84, UTM40S).

465 Figure 2: Location of the resistivity soundings used in this study. The area of interest is 

466 framed in red. Coordinates in kilometers (WGS84, UTM40S). More details are given in 

467 Supporting Information (Fig. S1). 

468 Figure 3: Map of dimensionality for six different period bands, using WALDIM code (Martı´ 

469 et al., 2009). 

470 Figure 4: a) Map of invariant phases for periods ranging from 10-4 to 103, using WINGLING 

471 software. b) Bostick resistivity inversions are also presented showing the main distribution of 

472 resistivity at fixed elevation, using WINGLING software.

473 Figure 5: Comparison of the apparent resistivity and phases between the model responses and 

474 the raw data for the G10 sounding a) off-diagonal components; b) all components.

475 Figure 6: a) 3D model represented as a multi-segments section crossing the main area of 

476 interest, i.e. Plaine des Sables, Enflos Fouqué, Fond de la Rivière de l’Est and NW flank of 

477 Piton de la Fournaise. b) Interpretative scheme of the 3D model. ASC for Ancient Shield 

478 Complex.
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Figure A.1: a) Location of the resistivity soundings used in this study at the scale of Piton de la 6 

Fournaise. b) Zoom on each set of soundings from various organizations. The study area is 7 

framed in red. 8 

The soundings have a typical spacing of 700 m in the center of the survey area (2 by km²), 9 

increasing to 1000 m towards the periphery. 10 

The data, available as EDI files, were processed using WinGLink ™ Version 2.6.02 provided by 11 

Geosystem society. In addition to treatment and modelling options, this software also provides 12 

features of a geo-referenced database for all geophysical measurements. When multiple sets of 13 

data were available for a sounding (i.e. HF and LF for AMT and MT data), the combination of the 14 

data was also performed with this software. 15 
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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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Total RMS = 20560.45

Zxy RMS   = 20339.08
Zyx RMS   = 20779.46
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Total RMS = 21298.52

Zxy RMS   = 21243.25
Zyx RMS   = 21353.66



Site: G02
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Total RMS = 16595.32

Zxy RMS   = 16033.28
Zyx RMS   = 17138.94



Site: G03
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Total RMS = 16040.16

Zxy RMS   = 16495.12
Zyx RMS   = 15571.92



Site: G05
Measured Predicted Zyx

Zxy

-4.00 -3.00 -2.00 -1.00 0.00 1.00 2.00 3.00
LOG10 [Periods (s)]

-1.00

0.00

1.00

2.00

3.00

4.00

LO
G

10
 [A

pp
. R

es
is

. (
oh

m
.m

)]

-4.00 -3.00 -2.00 -1.00 0.00 1.00 2.00 3.00
LOG10 [Periods (s)]

-200
-170
-140
-110

-80
-50
-20
10
40
70

100
130
160

P
ha

se
 (

D
eg

.)

O
ve

rv
ie

w
 M

ap
 

Total RMS = 18732.56

Zxy RMS   = 19105.57
Zyx RMS   = 18351.98



Site: G06
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Total RMS = 15633.57

Zxy RMS   = 15428.56
Zyx RMS   = 15835.92



Site: G08
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Total RMS = 12092.52

Zxy RMS   = 12525.79
Zyx RMS   = 11643.14



Site: G09
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Total RMS = 15210.51

Zxy RMS   = 14903.62
Zyx RMS   = 15511.34



Site: G10
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Total RMS = 15949.68

Zxy RMS   = 16038.32
Zyx RMS   = 15860.54



Site: G25
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Total RMS = 16749.41

Zxy RMS   = 18478.39
Zyx RMS   = 14820.07



Site: G26
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Total RMS = 18982.16

Zxy RMS   = 20157.87
Zyx RMS   = 17728.65



Site: G27
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Total RMS = 16839.70

Zxy RMS   = 17219.77
Zyx RMS   = 16450.85



Site: G28
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Total RMS = 16537.34

Zxy RMS   = 17289.55
Zyx RMS   = 15749.23



Site: G29
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Total RMS = 14708.17

Zxy RMS   = 13939.03
Zyx RMS   = 15439.04



Site: G30
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Total RMS = 14179.85

Zxy RMS   = 14620.19
Zyx RMS   = 13692.35



Site: G31
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Total RMS = 17140.71

Zxy RMS   = 16530.46
Zyx RMS   = 17729.97



Site: G32
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Total RMS = 16158.40

Zxy RMS   = 16013.28
Zyx RMS   = 16302.23
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Total RMS = 19592.65

Zxy RMS   = 20550.51
Zyx RMS   = 18585.49



Site: G34
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Total RMS = 15834.54

Zxy RMS   = 15926.74
Zyx RMS   = 15741.81



Site: G35
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Total RMS = 15338.90

Zxy RMS   = 15802.70
Zyx RMS   = 14860.64
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Total RMS = 15956.09

Zxy RMS   = 15017.94
Zyx RMS   = 16842.07



Site: G37
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Total RMS = 15411.35

Zxy RMS   = 15950.64
Zyx RMS   = 14852.48
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Total RMS = 17188.67

Zxy RMS   = 18076.96
Zyx RMS   = 16251.89
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Total RMS = 14490.77

Zxy RMS   = 14886.06
Zyx RMS   = 14084.39
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Total RMS = 15332.18

Zxy RMS   = 15116.79
Zyx RMS   = 15544.59
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Total RMS = 16716.44

Zxy RMS   = 17499.59
Zyx RMS   = 15834.42
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Total RMS = 15693.14

Zxy RMS   = 16494.77
Zyx RMS   = 14848.29
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Total RMS = 15880.53

Zxy RMS   = 16607.10
Zyx RMS   = 15119.09
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Total RMS = 15637.37

Zxy RMS   = 16340.34
Zyx RMS   = 14901.27



Site: G45
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Total RMS = 15393.25

Zxy RMS   = 15206.71
Zyx RMS   = 15577.55
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Total RMS = 14380.60

Zxy RMS   = 13629.48
Zyx RMS   = 15094.40
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Total RMS = 16398.34

Zxy RMS   = 16715.07
Zyx RMS   = 16075.38
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Total RMS = 18339.42

Zxy RMS   = 17670.07
Zyx RMS   = 18985.18



Site: G49
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Total RMS = 15208.89

Zxy RMS   = 15280.30
Zyx RMS   = 15137.14
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Total RMS = 14461.07

Zxy RMS   = 14280.00
Zyx RMS   = 14639.91
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Total RMS = 14848.28

Zxy RMS   = 14359.02
Zyx RMS   = 15321.93
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Total RMS = 16028.94

Zxy RMS   = 16114.83
Zyx RMS   = 15942.59



Site: MT16
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Total RMS = 16398.04

Zxy RMS   = 17957.32
Zyx RMS   = 14673.99



Site: MT19
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Total RMS = 15821.50

Zxy RMS   = 15692.19
Zyx RMS   = 15949.77
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Total RMS = 20672.62

Zxy RMS   = 17998.55
Zyx RMS   = 23038.36
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Total RMS = 17862.84

Zxy RMS   = 18187.76
Zyx RMS   = 17531.91



Site: X03
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Total RMS = 15019.14

Zxy RMS   = 14354.29
Zyx RMS   = 15655.79



Site: X05
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Total RMS = 17940.69

Zxy RMS   = 16463.21
Zyx RMS   = 19305.43



Site: X06
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Total RMS = 18029.86

Zxy RMS   = 19210.54
Zyx RMS   = 16766.24
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Total RMS = 13583.37

Zxy RMS   = 12967.00
Zyx RMS   = 14172.95



Site: X11
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Total RMS = 15324.60

Zxy RMS   = 13576.03
Zyx RMS   = 16893.14



Site: X12
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Total RMS = 19107.14

Zxy RMS   = 19227.66
Zyx RMS   = 18985.86



Site: X14
Measured Predicted Zyx

Zxy

-4.00 -3.00 -2.00 -1.00 0.00 1.00 2.00 3.00
LOG10 [Periods (s)]

-1.00

0.00

1.00

2.00

3.00

4.00

LO
G

10
 [A

pp
. R

es
is

. (
oh

m
.m

)]

-4.00 -3.00 -2.00 -1.00 0.00 1.00 2.00 3.00
LOG10 [Periods (s)]

-200
-170
-140
-110

-80
-50
-20
10
40
70

100
130
160

P
ha

se
 (

D
eg

.)

O
ve

rv
ie

w
 M

ap
 

Total RMS = 14438.90

Zxy RMS   = 14829.41
Zyx RMS   = 14037.53



Site: X15
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Total RMS = 15184.08

Zxy RMS   = 15589.95
Zyx RMS   = 14767.07
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Total RMS = 16329.50

Zxy RMS   = 15238.98
Zyx RMS   = 17351.61
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Total RMS = 18192.31

Zxy RMS   = 17442.28
Zyx RMS   = 18983.14
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Total RMS = 21161.00

Zxy RMS   = 13001.47
Zyx RMS   = 26954.36
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Total RMS = 18083.14

Zxy RMS   = 17642.59
Zyx RMS   = 18551.81
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Total RMS = 18245.60

Zxy RMS   = 20432.66
Zyx RMS   = 15757.86
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Total RMS = 18875.07

Zxy RMS   = 17704.10
Zyx RMS   = 19977.52
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Total RMS = 18886.54

Zxy RMS   = 18043.71
Zyx RMS   = 19693.33
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Total RMS = 19157.47

Zxy RMS   = 18360.72
Zyx RMS   = 19922.39
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Total RMS = 18356.35

Zxy RMS   = 17857.94
Zyx RMS   = 18841.59
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Total RMS = 15183.62

Zxy RMS   = 15004.09
Zyx RMS   = 15361.06
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Total RMS = 17432.71

Zxy RMS   = 16696.87
Zyx RMS   = 18085.40
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Total RMS = 17754.72

Zxy RMS   = 18425.72
Zyx RMS   = 17057.35



Site: X33
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Total RMS = 15148.42

Zxy RMS   = 15818.73
Zyx RMS   = 14387.06



Site: X34
Measured Predicted Zyx

Zxy

-4.00 -3.00 -2.00 -1.00 0.00 1.00 2.00 3.00
LOG10 [Periods (s)]

-1.00

0.00

1.00

2.00

3.00

4.00

LO
G

10
 [A

pp
. R

es
is

. (
oh

m
.m

)]

-4.00 -3.00 -2.00 -1.00 0.00 1.00 2.00 3.00
LOG10 [Periods (s)]

-200
-170
-140
-110

-80
-50
-20
10
40
70

100
130
160

P
ha

se
 (

D
eg

.)

O
ve

rv
ie

w
 M

ap
 

Total RMS = 17292.40

Zxy RMS   = 16252.76
Zyx RMS   = 18272.99



Site: X35
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Total RMS = 17449.80

Zxy RMS   = 16734.63
Zyx RMS   = 18075.41



Site: X40
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Total RMS = 14628.71

Zxy RMS   = 14129.51
Zyx RMS   = 15111.43



Site: X41
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Total RMS = 12094.18

Zxy RMS   = 13192.71
Zyx RMS   = 10885.36



Site: X87
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Total RMS = 16765.96

Zxy RMS   = 15966.60
Zyx RMS   = 17528.92




