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Abstract 46 

 47 

 Field surveys were performed on the terminal cone of Piton de la Fournaise in 2006 48 

and 2008 to precisely map the self potential (SP) signal and determine the zonation of the 49 

hydrothermal activity both on the flanks of the cone and in the summit area, including inside 50 

the Bory and Dolomieu craters. SP maps inside the craters have been performed 8 months 51 

before the 5-7 April 2007 caldera collapse. Zonations appear both at the scale of the cone and 52 

of the summit and allow new interpretation of the electrical signal distribution on the terminal 53 

cone of Piton de la Fournaise. Superimposed to the SP maxima linked to the rift-zones, 54 

several areas of SP maxima associated with collapse structures have been detected: (1) in the 55 

summit area, the Bory and Dolomieu craters show the strongest SP values with amplitudes 56 

exceeding 2 V with respect to the base of the cone, and with a sharp lateral variation to the 57 

East, corresponding to the inner boundary of the Dolomieu caldera, collapsed on 5-7 April 58 

2007, and (2) in the paleo pit craters surrounding the summit which show amplitudes similar 59 

to the Dolomieu-Bory craters. The analysis of the variations of the signal with time evidences 60 

a modification of the fluid flow pattern with a higher associated SP signature to the east in 61 

2008. We interpret the amplification of fluid flow to the east in 2008 as a consequence of the 62 

eastward motion of the eastern flank of the volcano during the April 2007 eruption. The 63 

acquisition of SP data during two periods separated by the April 2007 eruption turns out to be 64 

a good opportunity to correlate the SP signal to the Piton de la Fournaise structure and to its 65 

evolution in term of hydrothermal and eruptive activity. 66 

 67 
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1- Introduction 68 

 69 

The Piton de la Fournaise volcano is located on La Reunion Island, in the Indian 70 

Ocean. It is one of the most active volcanoes in the world with a mean of 2 eruptions per year 71 

since 1998 (Peltier et al., 2009a). The central active cone is located inside a U-shape 72 

depression formed by the Enclos Fouqué/Grandes Pentes/Grand Brûlé, a major structure 73 

opened on the Indian Ocean (Fig. 1). The origin of this structure (collapse, sliding or 74 

combination of both processes) is still debated. In the past 4.5 ka, the eruptive activity usually 75 

took place inside this U-shape depression and only a few eruptions occurred beyond its limits 76 

(Bachèlery, 1981).  77 

The summit of the terminal cone is characterized by the presence of two collapse 78 

craters: Bory and Dolomieu (Fig. 1). In the past 200 years, the Bory crater did not experience 79 

major volcanic or tectonic activity of its own (Lénat and Bachèlery, 1990). On the other hand, 80 

the Dolomieu crater morphology was ceaselessly reshaped by successive collapse and 81 

eruptive events. The Dolomieu crater was the result of the coalescence of several pit craters 82 

and, until April 2007, the crater floor was leveled by accumulated lava flows and projections 83 

emitted by summit eruptions (Lénat and Bachèlery, 1990). During the large April 2007 84 

eruption, the Dolomieu crater was affected by a major collapse increasing its depth to 340 m 85 

(Michon et al., 2007a; Urai et al., 2007). Today, the eruptive activity is slowly refilling the 86 

crater.  87 

On the Piton de la Fournaise volcano, multiple SP studies have already been carried 88 

out in the Enclos Fouqué structure, on the terminal cone (Lénat, 1987; Malengreau et al., 89 

1994; Zlotnicki et. al, 1994; Michel and Zlotnicki, 1998) and/or on outlying areas of the 90 

massif (Boubekraoui and Aubert, 1999; Levieux, 2004; Lénat, 2007; Barde-Cabusson et al., 91 

2009). Malengreau et al. (1994) and Michel and Zlotnicki (1998) produced self-potential 92 
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maps of the terminal cone and the surrounding areas (some are presented in Figure 2). They 93 

evidenced the coincidence of high SP values (with respect to the surrounding areas) with the 94 

three main eruptive axes of the volcano, i.e. the northern and southern rift zones and the 95 

N120º rift zone, also well-known as a major structural orientation for the island (Bachèlery, 96 

1981; Michon et al., 2009a; Fig. 1). 97 

At a lower scale, Malengreau et al. (1994) attributed the SP maxima recorded in the 98 

summit area to the hydrothermal activity around the magma reservoir. Lénat et al. (2000) 99 

supported this hypothesis from the interpretation of direct current electrical and transient 100 

electromagnetic soundings. The authors interpreted the low resistivity zones inside the cone 101 

as altered rocks of the hydrothermal system. In their interpretation, hydrothermal fluid 102 

circulation is thus implicated to explain both the SP positive peak and the low resistivity zone. 103 

Even if these previous SP studies identified the main eruptive axes draining 104 

hydrothermal fluids, data spacing and measurement distribution did not allow discriminating 105 

in detail the smallest structures, especially at the summit, an area strongly affected by 106 

fractures.  However it is important regarding the recent evolution of the summit area to well 107 

constrain the active structure controlling its eruptive activity and its collapses. So, we carried 108 

out new detailed SP measurements in order to constrain more precisely the structural limits 109 

and the active hydrothermal zones at different scales from the edifice (terminal cone) to the 110 

summit, taking into account the previous hydrological models on Piton de la Fournaise (Join 111 

et al., 2005). 112 

This paper presents the results of a self-potential study employed in characterize the electric 113 

signal on the Piton de la Fournaise terminal cone. The data is discussed to determine the 114 

distribution of the hydrothermal activity and its relations with the structure and dynamics of 115 

this volcano. We also discuss the data in relation with the April 2007 Dolomieu collapse. 116 

 117 
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2- Data acquisition and processing 118 

 119 

Self-potential (SP) signals refer to quasi-static electrical potential anomalies, usually 120 

measured at the ground surface of the Earth, that are associated with the occurrence of source 121 

current densities existing at depth (Sill, 1983; Corwin, 1997). Various sources can generate a 122 

difference of potential, but on active volcanoes, the main source of SP anomalies is related to 123 

the flow of the groundwater (Massenet and Pham, 1985; Ishido et al., 1997; Bedrosian et al., 124 

2007). In this case, self-potential signals is generated by the streaming potential effect, related 125 

to the flow of the pore water relative to the mineral grain framework in saturated (Overbeek, 126 

1952; Nourbehecht, 1963) and unsaturated conditions (Revil and Cerepi, 2004; Linde et al., 127 

2007). The fact that the SP signal is generally positive in the flow direction can be understood 128 

thanks to the electric double (or triple) layer theory describing the electrochemical 129 

interactions occurring at the interface between a mineral and the pore water (e.g. Revil, 2002 130 

and references therein). In active volcanoes, pH of the hydrothermal system can range from 131 

low (~2) to high (>10) values. However, experimental results (Revil, 2002) generally gives 132 

pH in the range 5–8, and therefore the zeta potential is usually negative. The surface of 133 

silicate and alumino-silicates of volcanic rocks is negatively charged. The corresponding 134 

negative fixed surface charge is counterbalanced by a mobile charge in the so-called electrical 135 

diffuse layer. The diffuse layer has a net charge of opposite sign to the surface charge of the 136 

mineral to maintain a global electroneutrality in the system. The flow of pore water drags 137 

most of the mobile positive charges of the electrical diffuse layer in the flow direction, 138 

generating a positive electric self-potential at the ground surface. Most hydrothermal systems 139 

associated with active volcanoes evidence a large positive SP anomaly in the area where fluid 140 

flow is upwelling (e.g. Revil, 2002; Ishido, 2004; Lénat, 2007). However, it is important to 141 

note that in some cases rocks are positively charged in neutral pH conditions and that some 142 
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volcanoes showing geothermal activity on their flanks have shown no positive anomalies 143 

associated (Aizawa, 2008; Aizawa et al., 2008; Hase et al., 2003; Guichet and Zuddas, 2003). 144 

Therefore, in absence of laboratory experiments to measure the zeta potential of the rocks, the 145 

classic interpretation of SP data (hydrothermal upwelling corresponding to positive SP zone) 146 

constitutes only an assumption. 147 

We acquired a dense dataset of 4621 self-potential measurements (SP) on the Piton de 148 

la Fournaise volcano in July and August 2006, i.e. 8 months before the large April 2007 149 

eruption and Dolomieu collapse. We repeated the summit SP mapping in May 2008, one year 150 

after the Dolomieu collapse. The SP equipment consisted of a high-impedance voltmeter 151 

(~10 Mohm), a pair of Cu/CuSO4 non-polarizing electrodes and an insulated copper cable. 152 

During the measurements, the reference and moving electrodes were switched every few 153 

hundred meters in order to avoid the systematic error due to electrodes offset. We controlled 154 

the contact between the electrodes through the ground by checking the electric resistance 155 

before each measure point. As a rule of thumb, the electrical resistance between the two 156 

electrodes should be always ten times smaller than the internal impedance of the voltmeter 157 

(Corwin, 1997). 158 

Data were acquired along 12 profiles crossing the entire terminal cone, a circular loop 159 

around the base of the cone, and a loop around the summit craters with a regular spacing of 160 

20 m (Fig. 3b). In addition, we performed a denser measurement network in the summit area 161 

with 24 radial lines outside the craters with a 2 m spacing, 15 radial lines from the center of 162 

the Dolomieu crater, 4 from the center of the Bory crater, and 2 circular profiles along the 163 

craters inner walls with a 20 m spacing (Fig. 3a, c, d). The whole measurement network is 164 

interconnected so that we applied a closure correction along the loops, in order to limit 165 

cumulative errors. The order of magnitude of the closure correction is of a few tens of 166 

millivolts. Usually the 0 mV reference for SP measurements is taken at the sea or a water 167 
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table as it provides a constant value in time. Given no such stable reference is available in the 168 

studied area, we used the self-potential map of a former study to connect our dataset to the sea 169 

(data from Levieux, 2004 and Lénat, 2007). The datasets were joined in at point X 364.709, 170 

Y 7650.933 (UTM-WGS84, km), in a zone where the hydrothermal and eruptive activity is 171 

scarce (black arrow on Figure 3b). 172 

 173 

3- Data analysis 174 

 In this section, we first describe the results obtained from the wide-scale SP map of the 175 

terminal cone of Piton de La Fournaise and, in a second time, we detail the repartition of the 176 

anomalies in the summit area. 177 

 178 

3.1- Self-Potential map of the terminal cone  179 

 180 

The entire cone is characterized by negative self-potential values relative to the sea.  181 

On a typical profile crossing an active volcanic cone, the SP variations are axis-symmetrical 182 

and a radial cross-section generally displays a W-shape centered on the cone (e.g. Ishido et 183 

al., 1997; Zlotnicki et al., 1998; Revil et al., 2003; Ishido, 2004; Finizola et al., 2004; Lénat, 184 

2007). On the Piton de la Fournaise, the SP map of the terminal cone, which we will consider 185 

as a reference pattern, shows a continuous increase of the SP values from the base of the cone 186 

to the summit area (Fig. 3b). We found an average SP/elevation gradient of 1.3 mV/m 187 

(ranging from 0.2 to 3.7 mV/m) along profiles on the flanks of the terminal cone; the average 188 

gradient along the 24 radial profiles around the crater is of 7mV/m (ranging from 3.1 to 15 189 

mV/m and with Profile 6 showing a gradient of -12.2 mV/m); for the Dolomieu and Bory 190 

craters, the SP/elevation graph shows a quasi-vertical alignment of the points (Fig. 4). The 191 

highest SP variation from the base of the cone to the craters is about 2.3 V. The northern, 192 
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southern, and eastern flanks are the seats of three main elongated radial anomalies compared 193 

to the reference pattern (Fig. 3b). 194 

  195 

 A radial SP anomaly extends on the northern flank with a roughly N150º direction, 196 

near the crater, shifting to a N10º direction in the lower part of the cone (Fig. 3b). The 197 

southern flank is affected by a N25º similar radial anomaly. Each of these two elongated 198 

anomalies is about 1 km large and defines a SP maximum of about 1V amplitude with respect 199 

to the surrounding areas. Farther east and west from those main axes the SP anomalies vanish 200 

progressively. They seem to extend on both sides of the summit area, in the north and in the 201 

south, beyond the investigated area.  202 

 203 

On the eastern flank of the cone, a more diffuse SP maximum, outlined by the SP 204 

contour lines, highlights a significant anomalous zone (profile 19 and 21 on figure 3b). The 205 

maximum SP value is about -1600 mV in the lower part of the cone (at an elevation of 206 

1900 m), and higher in the crater vicinity. It means the anomaly is about 400 mV and 600 mV 207 

lower than the maximum values registered on the northern and southern flanks respectively. 208 

 209 

Figure 5 shows a good correlation between the location of the eruptive fissures since 210 

1981 and the position of the SP maxima. In particular the most recent eruptive fissures are 211 

located on the highest SP values and their repartition follows a very similar orientation than 212 

that of the northern and southern rift zones. In the NNE direction, no SP maximum anomaly 213 

appears, while eruptive fissures exist. However this direction is barely followed by dykes, 214 

compared to the rift zones. Only 4 dykes affected this direction in 35 years (Peltier et al., 215 

2009a). 216 

 217 
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These three main elongated anomalies were already visible in 1992-1993 and also in 218 

1981 but with a lower amplitude on the northern one (Fig. 2; Malengreau et al., 1994, Michel 219 

et Zlotnicki, 1998).  220 

 221 

3.2- Detailed self-potential map of the summit area 222 

3.2.1- Self-potential zonation along the crater boundaries 223 

 224 

With a color scale adapted to the SP amplitude of the summit area, interesting 225 

information appears about the SP signal zonation (Fig. 3a and 3c). The strongest anomalies 226 

are centered on the Bory and Dolomieu craters. A significant SP difference of up to several 227 

hundred millivolts exists between the crater floor and the rims of these two craters, except (1) 228 

on the northern border, close to profiles 3-4, (2) on the northwestern border, on profile 7, and 229 

(3) on the southeastern border, between profiles 15 and 21. For instance, in the northeastern 230 

side of Dolomieu, we observe a difference of approximately 600 mV between the rim and the 231 

Dolomieu crater floor. The usual hydrogeological gradients observed on the inactive flanks of 232 

Piton de la Fournaise (i.e. topographic effect) ranges between 0 and –3 mV/m (Lénat, 2007). 233 

The northeastern crater wall was about 30 m high at the time of the survey, which is too small 234 

to explain such a difference of electrical potential by a topographic effect. Moreover, it is 235 

interesting to note that along the north-south rift zone axis, five profiles also displays strong 236 

SP variations (of several hundreds of mV) between the rim and the floor of Dolomieu crater 237 

(see profiles 5, 6, 12, 13 and 14 on figure 3a).  238 

 239 

3.2.2- Self-potential zonation inside the Dolomieu crater 240 

 241 
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On Figure 3a the amplitude of the SP signal and the orientation of the isolines 242 

highlight a clear zonation between the eastern third and the rest of the Dolomieu crater (also 243 

see figure 6). The eastern part of the Dolomieu crater is marked by a nearly E-W SP spatial 244 

variation from -1100 mV along the crater wall up to -500 mV near the center of the crater, 245 

500 m farther. The isolines show a NNW-SSE orientation while they do not follow a 246 

particular direction on the rest of the crater floor. This feature observed on a flat area reflects 247 

a clear heterogeneity of the Dolomieu crater structure before the April 2007 collapse. 248 

 249 

3.2.3- Self-potential anomalies around the craters 250 

  251 

On the external edge of the Dolomieu and Bory craters, five small-scale SP maxima 252 

are individualized (red-orange color in Fig. 3a, c). These anomalies are located respectively: 253 

(1) south of the Dolomieu crater, crossing profiles 16 and 17 (DS in Fig. 3a, c), (2) north of 254 

the Dolomieu crater, crossing profile 4 (DNW in Fig. 3a, c), (3) north of the Bory crater, 255 

crossing profile 7 (BN in Fig. 3a, c), (4) north of the Dolomieu crater between profile 2 and 3 256 

(DN in Fig. 3a, c), (5) south-east of the Dolomieu crater, crossing profile 20 (DE in Fig. 3a, 257 

c). 258 

(1) In the south, the DS anomaly is 200-250 m wide and globally superposed to the 259 

Petit Plateau paleo-pit crater. This later formed around 1791 (Bachèlery, 1981), consists in 260 

surface of a system of concentric fractures that delineates the hidden collapsed structure 261 

(Peltier et al., submitted). This is one of the areas showing the maximum fracture and fissure 262 

density around the Dolomieu crater (see Fig. 5 and Michon et al., 2009a). The related SP 263 

maximum has a wider extension than the superficial structural boundary of the Petit plateau 264 

pit crater (Fig. 5).   265 
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 (2) The DNW SP anomaly to the north of Dolomieu (profile 4 on figure 3a, c) 266 

corresponds as well to a highly fractured zone. It is related to the hidden boundary of a larger 267 

paleo-pit crater named Pre-Bory pit crater (see figure 5; Lénat and Bachèlery, 1990; Michon 268 

et al., 2009a). Large part of this SP maximum is located just inside the boundary of Pre-Bory 269 

pit crater. 270 

(3) The BN SP anomaly (profiles 7 on figure 3a, c) is located also just inside the Pre-271 

Bory pit crater limits and seems to extend at least up to the northern extremity of profile 6 272 

with a slightly lower SP amplitude. 273 

(4) The DN SP anomaly (between profiles 2 and 3 on figure 3a, c) is located close to 274 

the Pre-Bory pit crater but corresponds to another structural boundary named Soufrière pit 275 

crater, formed in 1964 (Fig. 5; Carter et al., 2007).   276 

(5) The DE SP anomaly (profile 20 on figure 3a, c) located on the eastern border of 277 

Dolomieu, did not appear on the 1981 SP map (Malengreau et al., 1994) but was present in 278 

1992 (Fig. 2: map from Michel and Zlotnicki, 1998) and still exists in 2006 (our survey). 279 

Strikingly, several dykes (18-19 December 1975, September 1985, January 1990, July 1991, 280 

July 1999 and August 2004 dykes) cross this particular point. Shortly after our survey, the 30 281 

August 2006 eruptive fissure crossed the crater wall at the same point as the December 2003 282 

eruption did before.  283 

 284 

 Even if the position of the main anomalies in not modified from one survey to the 285 

other, by calculating the difference between the 2008 and 2006 SP maps (figure 3d) we can 286 

evidence a significant variation of the amplitude of the signal in several areas. We identify an 287 

increase of the SP signal at the eastern limit of the northern and southern rift zones and in the 288 

southern part of the N120º rift zone, around the Dolomieu crater, (red shades) and a decrease 289 

of the signal on the southern rift zone and in part of the northern rift zone (dark blue shades).  290 
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 291 

4- Discussion: Self Potential as a marker of the structures controlling eruptive and collapse 292 

events 293 

 294 

The entire cone is characterized by negative self-potential values relative to the sea. 295 

The SP distribution depends on the hydrogeological pattern of the study area. Recent studies 296 

show that cold and dilute descending groundwater is important for SP generation (Ishido, 297 

2004; Aizawa et al., 2009). Basically, they show that negative SP zones generated by 298 

infiltration are the actual anomalies while the SP maxima are created by the surrounding 299 

minima. In the case of Piton de la Fournaise, Join et al, (2005) simulation gives hydraulic 300 

confirmation of a the presence of a continuous aquifer and of a central groundwater dome. In 301 

the Enclos Fouqué Caldera (Fig. 1), the water table is then nearly parallel to the topography 302 

(Join et al., 2005). Taking a reference at the sea means we consider the water table is at sea 303 

elevation and that the interpretation of SP negative anomalies is downward fluid flow (e.g. see 304 

Lénat, 2007). Following the hydrogeological model proposed by Join et al. (2005), in our 305 

maps, hydrothermal upwelling will then be marked by SP maxima and positive SP/elevation 306 

correlations and infiltration by some SP minima and negative SP/elevation correlations. 307 

Moreover, we will interpret the SP data jointly with information from Lénat et al. (2000) on 308 

the resistivity structure of the terminal cone and their interpretations in term of hydrothermal 309 

activity.  310 

In the typical W-shaped SP signal of active volcanic cones cited before, some authors 311 

interpret the two minimums of the W signal as the transition between the hydrogeologic SP 312 

signature of the lower flanks (negative SP/elevation correlation) and the hydrothermal SP 313 

signature of the upper part of the edifice (positive SP/elevation correlation) (e.g. Zlotnicki et 314 

al., 1998; Finizola et al., 2004; Lénat, 2007). Just considering the terminal cone of Piton de la 315 
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Fournaise volcano, no W-shape signal and very few negative SP/elevation correlations have 316 

been observed (Fig. 4). At the scale of the Enclos Fouqué caldera, in the western part, along 317 

the SP maximum evidenced by Michel and Zlotnicki (1998) is possibly compatible with a 318 

transition to the hydrogeological area but the relationship between SP signal and elevation 319 

cannot be established (flat topography in this area). The amplitude of the SP signal on the 320 

three main positive SP radial anomalous areas and the positive SP/elevation correlation 321 

encountered on all the flanks of the terminal cone, strongly suggest (1) that the whole terminal 322 

cone of Piton de la Fournaise is affected by rising of hydrothermal fluids and (2) that the 323 

summit craters and the northern, southern, and eastern axes are preferential paths for 324 

hydrothermal fluids.  325 

 326 

The strong hydrothermal rising fluids preferentially located in the upper part of the 327 

cone and along the three rift zones can hide the presence of infiltration in the surrounding 328 

areas. An exception is found along Profile 1 (Fig. 3b) that shows a SP minimum (DNE) 329 

associated to a negative SP/elevation gradient (-1.25 mV/m). This suggests that DNE 330 

minimum could evidence a preferential downward water flow pathway (Fig. 7). 331 

 332 

The detailed summit SP map and the general SP map of the entire cone of the Piton de 333 

la Fournaise volcano offer a good opportunity to discuss the importance of the structural 334 

boundaries in controlling hydrothermal fluid flows and potentially magmatic injection. The 335 

general SP map shows that the entire edifice is affected by hydrothermal activity, but with 336 

different intensities from an area to another. 337 

Ishido (2004) demonstrated that, if an electrical conductive structure (as 338 

hydrothermally altered rock) extending to deep levels is present below the summit area of a 339 

volcanic cone, SP around the summit is substantially increased, resulting in the characteristic 340 
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strong positive anomaly observed in this area of active volcanoes. Considering the ambiguity 341 

in interpreting SP data alone (Revil et al., 2008; Finizola et al., 2006, 2009), it is interesting to 342 

compare our SP results and interpretation (see Fig. 7) with the electrical resistivity 343 

measurements obtained by Lénat et al., 2000, on the same area, in 1987-1992. The authors led 344 

a study of the geoelectrical structure of the central part of Piton de la Fournaise volcano. 345 

Beneath the highly active summit area, the authors observed an electrical conductor rising 346 

below the terminal cone (resistivity values <20 ohm.m below ~500m depth and <250 ohm.m 347 

from ~500m up to ~300 m depth) that they interpreted as an altered hydrothermal zone. The 348 

overburden is composed of resistive terrains (1000 to 3000 ohm.m and >8000 ohm.m for the 349 

shallowest 100m), typically interpreted as water-sparse region, not significantly affected by 350 

hydrothermal circulation (e.g. Aizawa et al., 2009; Garcia and Jones, 2010; Revil et al., 2010). 351 

On Piton de la Fournaise, fresh lava flows show resistivity ranging 10000 to 100000 ohm.m 352 

so that resistivities of 1000 to 3000 ohm.m can mean a weak hydrothermal circulation.  353 

However, areas affected by intensive hydrothermal activity are usually characterized by 354 

resistivities ranging from a few ohm.m to few hundreds ohm.m (e.g. Revil et al., 2004, 2008; 355 

2011; Finizola et al., 2009, 2010). In our survey performed in July 2006, 9 months before the 356 

April 2007 caldera collapse, several evidences attest to an intensification of the hydrothermal 357 

activity in the shallower part of the cone below the craters, with respect to the conditions 358 

during the 1987-1992 period (Lénat et al., 2000): (1) The sharp SP horizontal gradient (~1000 359 

mV in a few tens of meters) between the inner and external part of the Dolomieu crater (Fig. 360 

3a) suggests a shallow and strong lateral variation in the fluid circulation pattern and/or in the 361 

resistivity structure. (2) Just after the April 2007 collapse, hot areas have been observed on 362 

the ground surface through IR camera inside the Dolomieu collapse structure (Staudacher et 363 

al., 2010), and (3) hydrothermal alteration has been observed along the cliffs left by the 2007 364 

Dolomieu caldera collapse between the surface and 300m depth (Peltier et al., submitted). 365 
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Because resistivity is highly sensitive to hot and mineralized volcanic fluids like hydrothermal 366 

fluids, it is possible that the resistivity structure changed between 1987-1992 and 2006 due to 367 

the hydrothermal/magmatic activities (Aizawa et al., 2011, and reference therein). The top 368 

300 m beneath Dolomieu crater may have turned to be affected by more intense hydrothermal 369 

activity before the 2007 collapse, responsible for the strong SP maxima measured in July 370 

2006 in the crater area. Based upon these considerations we can interpret the signal observed 371 

on Piton de la Fournaise in terms of spatial variations of underground hydrothermal activity.  372 

If some geological and geophysical clues have been found to constrain the shallowest 373 

part of the hydrothermal system before the 2007 collapse event, it is not easy to infer the 374 

hydrothermal circulation condition at depth from SP data alone. SP sources being broadly 375 

distributed in the volcanoes (Yasukawa et al., 2005; Aizawa et al., 2009), the large 376 

wavelength (~1 km) superimposed on the northern and southern rift zones (Fig. 5) do not give 377 

a strong constrain on the depth of the SP source. Considering the results obtained by Lénat et 378 

al., (2000), with resistivity values < 20 ohm.m, up to the maximum depth of investigation 379 

(~1000m below the surface), we can reasonably assume that the hydrothermal system is 380 

intensively active up to that depth. Below 1000 m depth, we have no data to constrain the 381 

hydrothermal fluid flow, as shown on figure 7. 382 

Based on our SP study, we highlight the main zones of hydrothermal release of the 383 

Piton de la Fournaise and describe various types of structural boundaries: 384 

(1) Summit crater boundaries: The major structure draining hydrothermal fluids is 385 

the Dolomieu-Bory crater zone (Fig. 3). The Dolomieu-Bory boundary is a well-known 386 

structural limit. Major part of the dykes associated to summit and proximal eruptions start 387 

around this limit (Peltier et al. 2009a). The main SP anomaly then underlines the major rule of 388 

this area on the magma transit to the surface on Piton de la Fournaise. The border faults of 389 

these two craters (Fig. 5) constitute a major structural barrier reducing drastically the radial 390 
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diffusion of hydrothermal fluids into the ground, outside the craters. The importance of the 391 

Dolomieu-Bory structural boundaries on the control of hydrothermal fluid flow between the 392 

inner and the outer part of the Dolomieu-Bory craters is also attested by the data collected 393 

after the 5-7th April 2007 Dolomieu caldera collapse. Indeed, the location of the main 394 

anomalies on the SP maps of the summit area realized before (July 2006) and after (May 395 

2008) the Dolomieu collapse is similar (Fig. 3a and c). This means that this major collapse 396 

event did not affect significantly the fluid flow pattern in the vicinity of the collapsed area. 397 

This can be easily understood through the geological evolution of the summit area, which has 398 

been affected by several collapse and pit-crater events. The most recent ones inside the 399 

Dolomieu crater took place between 1931 and 1935 (east), in 1953 (southwest), in 1961 400 

(southwest), in 1986 southeast), in 2002 (southwest) and in 2007 (the whole Dolomieu crater) 401 

(Peltier et al., 2009b). These events were alternated with periods of eruptive activity refilling 402 

the craters through the accumulation of lava flow. The succession of collapse events along the 403 

same crater limits (the current Dolomieu-Bory limits) demonstrates the individualization of a 404 

rock column delimited by the Dolomieu-Bory boundaries. Such individualization of a rock 405 

column explains the localization of the main hydrothermal fluid circulations inside the craters 406 

and why the last collapse of April 2007 does not affect significantly the hydrothermal fluid 407 

flow pattern. Also, the absence of significant changes in the position of the SP anomalies and 408 

the absence of amplitude variation for most part of this area between July 2006 and May 2008 409 

(Fig. 3a, c, d) after such a collapse, attests that the pre-existing Dolomieu-Bory structural 410 

boundaries were acting as a barrier for lateral fluid flow before the April 2007 collapse. 411 

Inside the Dolomieu crater, another structural barrier for fluid flow has been evidenced 412 

in the eastern side of the crater. The SP zonation previously described affects the whole 413 

Dolomieu crater with a NNW-SSE orientation of the SP isolines on the eastern side of the 414 

crater. There was no significant zonation related to the repartition of the recent lava flows and 415 
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eruptive vents or fissures on the Dolomieu floor. These considerations make highly 416 

improbable the hypothesis of shallow hydrothermal SP sources influencing the observed SP 417 

pattern. Rather than a shallow transient anomaly, we think that the SP signal in Dolomieu was 418 

revealing a hidden pre-existing fracture or fault system to the east controlling the 419 

hydrothermal fluid rising from depth in the crater (Figs. 6 and 7). This hypothesis matches the 420 

interpretation proposed by Michon et al. (2009b) on the Dolomieu caldera collapse process. 421 

The authors show that the structure of the new Dolomieu caldera and its evolution during the 422 

collapse is explained by the collapse of a coherent block limited by vertical to outward 423 

dipping fractures at depth and sub-surface normal fractures. According to the first 424 

observations, on April 7, 2007, the Dolomieu collapse affected first the western and the 425 

northern part of the pre-existing Dolomieu crater while a wide annular plateau corresponding 426 

to the pre-existing floor of Dolomieu was remaining in the east (Michon et al., 2007a). On 427 

April 10 the caldera was enlarged and only few perched terraces remained from the eastern 428 

plateau. The authors add that the similar contours of Dolomieu before the collapse and of the 429 

new caldera, remarkably shows the control of the pre-existing structures in the April 2007 430 

caldera collapse. In the same way, we think that the inner structure of the crater controlled the 431 

successive phases of the collapse and that the SP signal was marking this particular structure 432 

at least 1 year before the collapse. The Dolomieu collapse would result from the combined 433 

effect of a progressive destabilization of the rock column above the magma chamber since 434 

2000, and the large amount of magma withdrawal during the early stage of the 2007 eruption 435 

(Michon et al., 2007a; Peltier et al., 2009b). The eastern plateau remaining in the first phases 436 

of the Dolomieu collapse may be associated to a pre-existing east-dipping fracture 437 

individualizing an eastern block in the rock column beneath Dolomieu. The fracture draining 438 

hydrothermal fluids, this block may have been relatively isolated from the rest of the crater in 439 

terms of fluid advection. This would explain a SP signal progressively decreasing from a 440 



18 
 

hidden fracture to the inner part of the isolated block. Our data matches with a more or less N-441 

S fracture running from the middle-eastern part of Dolomieu at shallow depth to the eastern 442 

edge of the crater at depth (Fig. 6). 443 

(2) Pit crater boundaries: Just outside the Dolomieu and Bory craters, we 444 

evidenced thanks to our high resolution map small scale positive anomalies which amplitudes 445 

are similar to the highest amplitude inside the Dolomieu and Bory craters. The anomalies of 446 

highest amplitude are related with three old pit-crater structures, which are Petit Plateau, Pre-447 

Bory, and Soufrière (see Figs. 5 and 7 for location). In all these cases, the former pit craters 448 

cut either the Dolomieu and/or the Bory crater rims. Considering that pit craters are highly 449 

fractured zones, they constitute more permeable areas explaining the local rise of 450 

hydrothermal fluid flow, of same intensity than inside the Dolomieu and Bory crater. On 451 

another hand, the SP anomaly related to the Petit Plateau pit crater being larger than the 452 

surface fracture network, a hidden and larger collapse structure could be associated to this 453 

structure, at depth (Fig. 5).  454 

(3) Temporally dyke injection pathways: The only small scale maximum SP 455 

anomaly not related with pit crater structure, and already visible in 1992 (Fig. 2) is the south-456 

eastern Dolomieu anomaly (DE on Fig. 3a, c) located on the N120º rift zone and associated to 457 

dyke intrusions feeding eruptions close to this area. Three eruptions associated to eruptive 458 

fissures and dykes have been crossing recently this site (e.g.: in July 1999, August 2004, and 459 

August 2006; Figs. 5 and 7). It is possible that this area was draining hydrothermal fluids 460 

along a major structure of the edifice where dykes are preferentially injected. This SP 461 

anomaly was already visible on the map made by Michel and Zlotnicki (1998; Fig. 2) in 1992, 462 

a few months after the July 1991 eruption and two years after the January 1990 eruption, 463 

which occurred both in this area. On the map of 1981 (Malengreau et al., 1994; Fig. 2), no 464 

such anomaly is visible revealing that the SP intensity in this area is directly related to dyke 465 
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emplacement; indeed in 1981 the last dyke injected in this area was in December 1975. So 466 

this anomaly can be due to (1) the opening and re-opening of fractures during dyke injections 467 

east of the Dolomieu crater which favor temporally deep fluid hydrothermal circulation in this 468 

area or to (2) the shallow advection of fluids in the first meters of the ground in recent 469 

emplaced lava flows (Barde-Cabusson et al., 2009).  470 

(4) Main rift zone pathways: Other maximum SP anomaly corresponds to the three 471 

main axes pointing to the summit area. The diffuse N110-120º axis corresponds also to a main 472 

direction of La Réunion Island associated with the lithospheric structural anisotropy located 473 

beneath the island (Michel and Zlotnicki, 1998; Michon et al., 2007b). We can distinguish the 474 

main N-S axis, corresponding to the well-known rift zones, and this secondary N110-120º 475 

axis of lower intensity. These highly fractured zones are preferential pathways for 476 

hydrothermal rising fluids and are thus zones of major permeability and of low mechanical 477 

resistance and therefore of major probability of eruption. Indeed, these high permeability 478 

areas are preferential pathways for both fluid from the hydrothermal system or for magma 479 

rising from depth. On Piton de la Fournaise like in all active hydrothermal fields, the 480 

amplitude of the SP anomalies can vary with time (Fig. 2; e.g.; Michel and Zlotnicki, 1998) 481 

without changing their spatial distribution, revealing that they are strongly controlled by the 482 

structure of the edifice i.e. by the lithological contrasts, the repartition of the fractures and 483 

eruptive fissures. It is then not surprising that the preferential hydrothermal circulation 484 

underlines the well-known northern and southern rift zones of the volcano (Fig. 2, 3, and 5). 485 

 486 

The rift zones concentrate recent vents, dykes, eruptive fissures and young lava flows 487 

(Fig. 5). Since 1998, the activity of Piton de la Fournaise has been characterized by an 488 

average of two eruptions per year producing mostly lava flows. As a consequence, the recent 489 

(< 10 years) lava overburden is significant on the rift zones. Therefore, the SP positive 490 
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anomalies can probably be due to (1) transient sources associated to shallow advection of 491 

fluids in the first meters of the ground (i.e. recent lava flows; Barde-Cabusson et al., 2009) 492 

and (2) deep convection in a hydrothermal system, affecting several hundred meters below the 493 

surface (wide-scale convection cells). A denser SP mapping could be compared to the map of 494 

the dated lava flows intersecting the rift zones in order to distinguish locally the sources of the 495 

SP signal among these two. 496 

The SP signal variations between our 2006 and 2008 surveys highlight a strong 497 

increase of the signal (more than 350 mV) at the eastern limit of the main N-S rift zone and in 498 

the N120º rift zone and a significant decrease (up to -300 mV) on the N-S rift zone itself (Fig. 499 

3d). At Piton de La Fournaise, structural analyses and geodetic measurements have shown 500 

that the central cone was affected by a preferential eastward motion (Letourneur et al., 2007; 501 

Peltier et al., 2009a and references therein). The flank instability can be explained by stress 502 

accumulation on the unbuttressed eastern flank due to the successive intrusions and 503 

accumulation of magma in the reservoir. The preferential motion of the eastern flank was 504 

especially well visible during the large distal eruption of April 2007 (Augier et al., 2008; 505 

Peltier et al., 2009b). Interferometric data reveal a motion of up to 80 cm of the eastern flank 506 

towards the sea (Augier et al., 2008). The dipolar SP signal observed: increase of the SP 507 

signal on the eastern limit of the N-S rift zone and decrease on the N-S rift zone itself can be 508 

due to an increase of the permeability along this eastern limit following the large eastward 509 

motion of the eastern flank during the April 2007 eruption. The SP decrease observed on the 510 

southern rift zone (maximum -300mV) and on part of the northern rift zone (maximum -511 

200 mV on DNW) can evidence an associated balancing of fluid flow circulation in the 512 

system. Hydrothermal fluids flow migrated to the more permeable area depleting the fluid 513 

supply in the main hydrothermal zones. Interestingly, no significant variation has been 514 

measured on the western part of the northern rift zone, on DS and DE. The fluid circulation 515 
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inside these areas may be isolated from the rest of the system by their own fracture network, 516 

explaining why no disruption is observed. 517 

 518 

5. Conclusions 519 

 520 

The SP dataset collected in 2006 allowed us to build a global map of the Piton de la 521 

Fournaise’s terminal cone and a detailed map of the summit area. We compared it to previous 522 

SP maps and confront our results to the geological history of the edifice to make the following 523 

conclusions, also synthesized on Figure 7: 524 

(1) In addition to the strong SP anomalies characterizing the northern and southern rift zones, 525 

the N120º radial anomaly, and the summit area, the entire terminal cone is affected by an 526 

extended hydrothermal activity, which prevents from observing a classical W-shape SP signal 527 

of an active volcanic cone. 528 

(2) The main hydrothermal release has been identified inside the Dolomieu-Bory craters. 529 

Their limits are major structural barriers for fluid circulation.  530 

(3) The SP mapping in the Dolomieu crater reveals a hidden pre-existing east-dipping fracture 531 

or fault system, which controlled the Dolomieu collapse during the April 2007 eruptive crisis 532 

of Piton de la Fournaise. 533 

(4) As well, the former pit craters surrounding the Dolomieu-Bory craters appear as main 534 

fluid paths deeply connected to the central Dolomieu-Bory hydrothermal fluid path. Also the 535 

Petit Plateau SP anomaly having a larger extension than the visible associated fractures 536 

suggests that the pit crater has a greater extension at depth.  537 

(5) The SP increase between 2006 and 2008, along the eastern limit of the N-S rift zone, can 538 

be associated to the eastward motion of the eastern flank of the volcano during the April 2007 539 

eruption. 540 
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SP anomalies can highlight zones of major permeability and of low mechanical resistance, 541 

and therefore of major probability of deformation, rupture and/or eruption. Using SP 542 

variations to distinguish eruption precursors and low mechanical resistance areas would 543 

require a continuous monitoring of the key areas showing the strongest SP anomalies. 544 

 545 
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Figure Captions 731 

 732 

Figure 1. Overview of the main features of La Réunion Island discussed in the text. B: Bory 733 

crater; D: Dolomieu crater; NRZ and SRZ: northern and southern Rift Zones. 734 

 735 

Figure 2. Self potential maps obtained in 1981 and 1992-93. White dotted lines correspond to 736 

the location of the measured points (variable spacing). 737 

 738 

Figure 3. (a) Self potential maps of the summit area of the Piton de la Fournaise in 2006, and 739 

(c) 2008, (d) difference between them, and (b) self potential map of the terminal cone in 2006. 740 

BN stands for Bory north, DNW for Dolomieu north-west, DN for Dolomieu north, DNE for 741 

Dolomieu north-east, DE for Dolomieu east, DS for Dolomieu south. White dots are the 742 

measured points, black numbers refer to the profiles, and the black arrow points at the 743 

measured point used to connect our dataset to a previous one (Levieux, 2004 and Lénat, 2007) 744 

in order to reference our maps to the sea (see text). 745 

 746 

Figure 4. Plot of elevation versus SP for the 2006 dataset of Piton de la Fournaise. Note the 747 

globally positive correlation between SP and elevation over the whole dataset. The global 748 

gradient was estimated graphically, plotting the corresponding trendlines for the flanks of the 749 

cone and for the summit area (profiles surrounding the craters) data. The value for each 750 

profile has also been estimated to give a range of the values encountered (see text).  751 

 752 

Figure 5: Distribution of the eruptive fissures visible in the field (thin black line, after Michon 753 

et al., 2009a). Light blue lines are eruptive fissures from 1998 to 2007 (Peltier et al., 2009a). 754 

The bold black lines are the estimated dyke location associated to proximal eruptions between 755 
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1981 and 2006 from Michon et al. (2009a). PB stands for Pre-Bory pit crater, S for Soufrière 756 

pit crater, and PP for Petit Plateau pit crater. Dark blue lines are the major structural limits 757 

influencing SP measurements (see text). 758 

 759 

Figure 6. (a) Photo taken on the 6th April 2007 (courtesy of “Gendarmerie nationale”) from 760 

Bory crater, looking at the east and (b) its interpretation; red shapes correspond to fresh lava 761 

flows emitted during the 30 August 2006 - 1 January 2007 eruption, and not yet cold in 762 

subsurface in April 2007. (c) On the eastern side of the Dolomieu crater, our 2006 SP map 763 

shows a pattern that can be interpreted as the control of the hydrothermal circulation by a pre-764 

existing fault inside Dolomieu (white strokes). In 2007 this structure led to the formation of 765 

the eastern plateau during one stage of the Dolomieu caldera collapse. (d) Schematic 766 

structural map from Michon et al., 2007a. 767 

 768 

Figure 7. Synthetic map (left) and 3-D block (right) of the main features evidenced by the self 769 

potential signal and of our main conclusions. In the synthetic map, N10º, N25º, and N110-770 

120º refer to the direction of the rift zones (light-grey areas). The red points refer to the five 771 

SP maximum evidenced around Dolomieu and Bory craters. In the 3-D block, the black 772 

arrows highlight the main structural limits involved in the Dolomieu April 2007 collapse; the 773 

red arrows represent rising hydrothermal fluids. Hydrothermal circulation at depth is 774 

constrained up to 1000 m below the topography using electrical resistivity data from Lénat et 775 

al. (2000). The blue arrows represent infiltration and lateral cold groundwater flow (water 776 

table) as proposed by Join et al., (2005). 777 
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