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Our results indicate that the anisotropy of the stress field favours the slip along the intrusions due to cointrusive shear stress, generating flank-scale displacements of the edifice, especially in the case of subhorizontal intrusions, capable of triggering large-scale flank collapses on basaltic volcanoes. Apart from previous models of subvertical intrusions-related mechanism of collapse, our field study combined to theoretical approach confirms the importance of shallow-dipping intrusions in the morphostructural evolution of basaltic volcanoes with particular regards to flank instability.
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Alessandro Tibaldi

Dipartimento di SCienze Geologiche e Geotechnologie, Università di Milano Bicocca alessandro.tibaldi@unimib.it > This study compares the results of numerical modelling (MBEM) of the displacements associated to high-angle and low-angle intrusions within basaltic volcanoes. > Our results indicate that the anisotropy of the stress field favours the slip along the intrusions due to cointrusive shear stress. > Slip along subhorizontal intrusions induces flank-scale displacements of the edifice capable of triggering large-scale flank collapses on basaltic volcanoes. > Our study confirms the importance of shallow-dipping intrusions in the morphostructural evolution of basaltic volcanoes with particular regards to flank instability. Dear Editor, the article we submit deals with the study of deformation associated with subvertical and subhorizontal intrusions below the flanks of a volcanic edifice. It represents an original contribution, based on numerical modelling (trough a Mixed Boundary Element Method) and on some new field data collected on a highly eroded basaltic volcano (Piton des Neiges, La Reunion Island). The latter data suggest that the occurrence of subhorizontal intrusions in basaltic volcanoes may be frequently underestimated.

Research Highlights

In the article we propose that subhorizontal intrusions play a not less important role than subvertical ones in the morphostructural evolution of basaltic volcanoes and, particularly, in promoting large-scale flank collapses. The results from numerical modelling show, in fact, that within an edifice loaded by an anisotropic stress field, the co-intrusive shear stress creating slip along subhorizontal intrusions can be an efficient mechanism of high-amplitude deformation on volcano flanks.

We guess that the article we submit fits the topics of Journal of Volcanology and Geothermal Research because:

1) a synthetic comparison between data from literature on sheet intrusions geometry and size in basaltic volcanoes and field observation is made, and the relative occurrence of subhorizontal vs. subvertical intrusions in poorly-or highly-eroded volcanoes is discussed; 2) it is suggested that model involving magmatic intrusions should better take into account their realistic geometries, possibly deduced from field observations; 3) the quantitative importance of low-angle intrusions in volcanic flank instability is reinforced by the obtained results of numerical modelling. T. Catry (1,2), V. Cayol (3), L. Michon (2), M. Chaput (2), V. Famin (2), C. Romagnoli 5

(1) 6 7 8

(1) Dipartimento di Scienze della Terra e Geologico-Ambientali, Università di Bologna, 1 Piazza di 9

Porta San Donato 40127 Bologna, Italy (catry.thibault2@unibo.it), ( 2 Besides erosion, flank collapse is the main cause of destruction of volcanic edifices 50 (e.g. Moore, 1964). A longstanding problem in volcanology is to explain why flank 51 collapse often coincides with periods of enhanced magmatic activity. In a first 52 category of proposed explanations, the flanks of a volcano could slide on a basal 53 shear plane dipping outward (i.e. a detachment) or landward (i.e. a decollement), 54 pushed by recurrent subvertical magma injections (i.e. dikes) into the rift zones 55 (Swanson et al., 1976;[START_REF] Dieterich | Growth and persistence of Hawaiian volcanic rift zones[END_REF]Iverson, 1995;[START_REF] Elsworth | Dike intrusion as a trigger for large earthquakes and 591 the failure of volcano flanks[END_REF]. 56

However, this model requires an unrealistic amount of intrusions of reasonable 57 dimensions to yield the observed surface deformations of volcano flanks (Iverson, 58 1995). An alternative end-member model has been recently proposed, in which the 59 injection of subhorizontal intrusions (i.e. sills) in planes of weakness activates flank 60 sliding by the sole action of gravity (Famin and Michon, 2010). The mechanical ability 61 of such low-dipping intrusions to destabilise a volcanic edifice remains to be tested . 62 In this paper, we investigate how planar intrusions can induce or enhance flank 63 collapse in a volcano, depending on their geometry. To do so, we first provide a 64 review of the most commonly observed intrusion geometries in basaltic volcanic 65 edifices undergoing recurrent collapses. Using a numerical Boundary Element 66 Method, we then evaluate the pattern of co-intrusive strains related to each 67 intrusion geometry and the associated stress field. This relationship between 68 geometry of intrusions and deformation is investigated in the case of an edifice 69 loaded by either an isotropic or an anisotropic stress field. Our numerical study not 70 only shows that some intrusion geometries generate larger deformations and more 71 flank collapse than others; it also provides keys to identify these geometries from the 3 3 3 pattern of surface edifice deformations. These theoretical results could be applied to 73 evaluate the destabilisation hazard of an eruptive crisis, provided that the surface 74 deformations are monitored in real time. 75 76 77

2-Sheet intrusions within basaltic edifices 78

In basaltic setting, magma is injected in the edifice as sheet intrusions rooted in a 79 magma reservoir. Field analyses carried out on active and extinct basaltic volcanoes 80 in Hawaii, American Samoa, Fogo, Tenerife, Stromboli and La Réunion have revealed 81 that steeply-dipping intrusions (70-90°, Table 1) are dominant in the upper part of 82 the edifices (< 1 km depth) (Walker, 1986;[START_REF] Zbinden | Dikes and the petrology of Waianae volcano, 742 Oahu[END_REF]Walker and 83 Eyre, 1995;[START_REF] Day | Recent structural 582 evolution of the Cumbre Vieja volcano, La Palma, Canary Islands: volcanic rift[END_REF]Marinoni and Gudmundsson, 2000;Tibaldi, 2003;84 Letourneur et al., 2008). These intrusions are concentrated along preferential 85 pathways (the rift zones).

86

A strikingly different geometry have been described for the intrusive complex 87 injected in the lowermost units of the volcanic edifice of La Gomera (Canary 88 archipelago), where most of the sheet intrusions present outward shallow dips 89 ranging 0° to 30° [START_REF] Cendrero | The volcano plutonic complex of La Gomera[END_REF], Ancochea et al., 2008). These intrusions are 90 related to the development of a shield volcano that underwent successive flank 91 collapses (Ancochea et al., 2006). Then, the volcano was cut by sub-vertical dikes 92 related to the younger edifice (Ancochea et al. 2006). Finally, abundant shallow 93 dipping intrusions also developed in the submarine sequence of La Palma (Canary 94 archipelago), above the plutonic complex (Staudigel and Schmincke, 1984;95 Fernandez et al., 2002). In a similar way to La Gomera, shallow-dipping intrusions are 96 4 4 cut by subvertical dikes related to the younger edifice (Staudigel and Schminke, 97 1984). 98

In the southern part of Piton des Neiges volcano, the deeply incised extinct volcano 99 of La Réunion, about 60% of sheet intrusions have a dip lower than 40°. These 100 intrusions, which display radial outward dip directions (Fig. 1), are either scattered in 101 the lava pile or concentrated in narrow deformation zones. On the northern flank of 102 Piton des Neiges, the majority of sheet intrusions also dip outward at low angle (≤ 103 30°), and are injected in a detachent (Famin and Michon, 2010). 104

Thus, besides subvertical intrusions, subhorizontal magma injections may occur in 105 basaltic volcanoes. The difference in the structural level cut by each intrusion 106 geometry, i.e. in subsurface for subvertical intrusions and at depth for subhorizontal 107 ones, suggests that magma is injected subhorizontally at depth and subvertically in 108 the upper part of the edifice. We consequently aim at understanding with a 109 numerical Boundary Element Method the role of subvertical or subhorizontal magma 110 injections in the volcano stability. 111 112

3-Numerical modelling of sheet intrusions 113 114

Theoretical studies indicate that magma should intrude perpendicular the least 115 principal stress [START_REF] Anderson | The dynamics of sheet intrusion[END_REF]. If the intrusion intrudes a preexisting fracture or 116 fault [START_REF] Currie | The mechanism of intrusion of lamprophyre dikes 579 indicated by 'Offsetting' of dikes[END_REF]Gudmundsson, 1983), or is guided by a rheological 117 contrast [START_REF] Kavanagh | An experimental investigation of sill 621 formation and propagation in layered elastic media[END_REF]Menand, 2009;[START_REF] Maccaferri | A numerical model of dyke 635 propagation in layered elastic media[END_REF], the intrusion 118 might be emplaced in a direction oblique to the minimum principal stress, resulting 119 in normal and shear displacements as preexisting shear stresses are relaxed to zero 120 5 5 as the fracture opens. 121 122

Model description 123

In order to study the response of a volcano to such an intrusion, we use a Mixed 124 Boundary Elements numerical Method (MBEM) [START_REF] Cayol | 3D mixed boundary elements for elastostatic 563 déformation fields analysis[END_REF] for linear 125 elastic, homogeneous and isotropic media. 126 The MBEM is a fully three dimensional method which considers realistic 127 topographies as well as any number and geometry of sources, such as magma 128 reservoir, intrusions or faults. Boundary conditions are stresses. Here, perturbations 129 (driving stresses) of the initial state of stress are calculated and applied to the 130 fractures in order to investigate the resulting displacement field. Our model is static, 131 as we are interested in the final deformation produced by the intrusion. 132 A Young's modulus E = 5GPa and a Poisson's ratio   = 0.25 were inferred from 133 seismic velocities at Piton de la Fournaise neighbour volcano (Nercessian et al., 1996;134 Brenguier et al., 2007;Prono et al., 2009), corrected by a factor of 0.25 to account 135 for the difference between dynamic and static moduli at a low confining pressure 136 (Cheng and Jonston, 1981). 137

The topography and the fractures (sheet intrusions) are meshed by triangular 138 elements. Mesh density increases in areas where deformation gradients are 139 expected to be the largest and decreases further (Fig. 2). Slopes of basaltic volcanoes 140 usually range from few degrees to 12° (Rowland and Garbeil, 2000) although some 141 volcanic edifices, such as Piton de la Fournaise and Stromboli, have unusual slopes 142 locally reaching 20 to 35°. An axial-symmetrical cone-shaped topography with 20° 143 slopes is thus used (Fig. 2). As the slope of the edifice has little influence on 6 6 6 displacements if it is not steeper than 20° [START_REF] Cayol | Three-dimensional modelling of the 1983-1984 567 eruption at Piton de La Fournaise Volcano, Reunion Island[END_REF] Since the geometry of subhorizontal intrusions is poorly-constrained by field data, 150 we assumed both kind of intrusions are planar and have a trapezoidal shape (Fig. 3a). 151 Indeed, at Piton de la Fournaise volcano, the inversion of Insar and GPS data showed 152 that the geometry of intrusions that occurred in the 1998-2005 period (Fig. 5a, 153 Fukushima et al., 2010;Peltier et al., 2007;Peltier et al, 2008) was very often 154 trapezoidal . Here, the size of the intrusions is such that both sills and dikes have the 155 same area. Following field studies, we assume that subvertical intrusions have dips 156 ranging from 60 to 90° and that subhorizontal intrusions have dips ranging from 157 180° to 200° (Fig. 3b). 158

159

The intrusions are assumed to be injected from a reservoir located at 2.5-3 km below 160 the summit of the edifice, corresponding to the level of neutral buoyancy in basaltic 161 edifices [START_REF] Tilling | Anatomy of a basaltic volcano[END_REF]. Neutral buoyancy is the level where magma 162 density equal density of the surrounding rocks. This depth is the depth of the top of 163 summit reservoir determined at Kilauea, Mauna Loa, Krafla [START_REF] Tryggvason | Widening of the Krafla fissure swarm during the 1975-1981 725 volcano-tectonic episode[END_REF] and 164 Piton de la Fournaise (Peltier et al., 2007 and2008;Nercessian et al., 1996;Battaglia 165 et al., 2005). As the modelled edifice is 2.5 km high, in our models, the top of the 166 subhorizontal intrusions and the bottom of the subvertical intrusions are located at 167 sea level, beneath the axis of symmetry of the topography. 168 169 7 7

Principal stresses in the edifice 170

Initial principal stresses in the elastic medium are assumed to be parallel to the 171 geographic axis at the location of the intrusions. Indeed, maximum principal stress 172 directions resulting from gravity-loaded models, were shown to be subvertical 173 except for the shallowest part of the edifice where they become parallel to the 174 ground surface [START_REF] Cayol | Three-dimensional modelling of the 1983-1984 567 eruption at Piton de La Fournaise Volcano, Reunion Island[END_REF]Letourneur et al, 2008). These principal 175 stresses will be refered to as  v and  h , for the vertical and horizontal principal 176 stresses, respectively. 177

We define the stress ratio k as 178

k = h / v (1) 179 
In this study, displacements associated to injections in edifices loaded by two 180 different initial state of stress are compared. (I) the initial stress is assumed to be 181 isotropic with terms equal to the weight of rocks such that the ratio k is 1 (ii) the 182 initial stress is assumed to be anisotropic, such that the maximum principal stress is 183 vertical and the ratio k is <1. 184

A crude estimate of the crust stress ratio k is given by considering a half-space 185 deforming uniaxially under its own weight (no horizontal extension). For this special 186 case, the stress ratio is determined to be [START_REF] Jaeger | Fundamentals of rock mechanics[END_REF]:

187  k   h  v   (1 )  1/3 for    0.25 ( 

2) 188

This loading neglect pore fluids and that fact that the state of stress in a edifice 189 results from the successive episodes of tectonic loading and faulting. There are 190 several evidence that the crust is critically stressed. In volcanic islands as well as 191 continental crust, stress changes created by fluids movement, whether magmatic 192 [START_REF] Dieterich | The use of earthquake rate changes as a 589 stress meter at Kilauea volcano[END_REF], acqueous or gasous (Roeloffs, 1996;Segall et al., 1994) or 193 resulting from fault motions (Stein et al., 1992;Segall et al., 2006), trigger seismicity. 194 In situ stress measurements in deep wells and Boreholes worldwide (Townsend and 195 Zoback, 2000) show that Coulomb failure theory, using friction coefficients,  , in the 196 range of 0.6-1, give predictions that are consistent with the measurements. These 197 studies also indicate that pore pressures are close to hydrostatic. Assuming the crust 198 is in a state of failure equilibrium, we can compute the stress ratio k of a fluid 199 saturated crust as : At the fracture surface (see Figure 4 for a description of the model parameters), the 212 stress perturbations tensor corresponding to the intrusion of magma in the elastic 213 rock matrix is defined as : 214 in the inclined fracture with its top at  z 0 , and an constant 217 overpressure  P 0 , inherited from the magmatic source: 218

200   h  v  1  2   1  2    2  w  r  1  2  
 (z)  P m (z)  k v (z) 0 0 0 P m (z)  k v (z) 0 0 0 P m (z)   v (z)
 P m (z)   m g(z 0  z)  P 0 ( 6 

) 219

We asume that, in the edifice, the maximum principal stress

  v is lithostatic. It is given by 220   v (z)   r g(z surf  z) (7)

221

Here,   r is the bulk density of rocks and fracture, dipping at an angle  , can be computed from equation (5) and are given as: where  (z) is given by (5) and  n  (sin,0,cos)  is the unit normal vector to the 232

225   n (z)  P m (z)  v (z)(k sin 2  cos 2 ) ( 8 

fracture. 233

In the calculations, we the take the same bulk density of rocks as used for defining 234 

4-Results 249

Modelling results for several dip angles of subhorizontal and subvertical intrusions 250 are first presented at the beginning of the section then 2 cases are discussed : 1-251 a75°-dip intrusion, as described in Oahu Island (Walker, 1986) and determined from 252

Piton des Neiges data and 2-a 10°-dip intrusion, as determined for sills at Piton des 253 Neiges. We compare the maximum opening and slip at the intrusion surface and 254 surface displacement of the edifice , for stress fields having different stress 255

anisotropies k and dip angles. 256 257 Dip of the intrusion (Fig. 5) 258

In an anisotropic stress field, the opening of the subhorizontal intrusion increases 259 when the dip increases due to the decreasing effect of σ vertical when the inclination 260 of the sill gradually reaches 200°. The opening is then facilitated in the direction of 261 the smallest stress. The case of the subvertical intrusion is more complex: one can 262 intuitively expect that when the subvertical intrusion becomes vertical, the opening 11 11 1 1 is higher than for a intrusion inclined of 60° because of the decreased influence of 264 the vertical stress. However, the opening of the intrusion increases when its dip 265 decreases. The behaviour of the opening of the subvertical intrusion can be 266 explained by the fact that the slip increase (Fig. 5b), which facilitates the opening in a 267 direction normal to the intrusion, balancing the effect of the vertical stress. The 268 opening of the intrusions in an anisotropic stress field is therefore influenced by the 269 dip of the intrusion and the shear stress creating slip along the intrusion. 270

Figure 7b shows that in isotropic conditions there is no slip along the intrusions, 271 whatever their dip, while in anisotropic stress field an increase of the dip of a 272 subhorizontal intrusion creates an increase of the slip along it because the shear 273 stress is stronger when the obliquity towards σ3 (= σ horizontal ) increases. The slip along 274 the subvertical intrusion increases with the decrease of the dip due to stronger 275 influence of σ vertical (load of the edifice). 276

The fact that in isotropic stress field, the dip has no influence on the slip along the 277 intrusions which is always close to 0 (Fig. 5b) and poor influence on the opening of 278 the intrusions (Fig. 5a) results in small-amplitude surface displacements (Fig. 5c and 279 d). On the contrary, the fact that an anisotropic stress field favours the increase of 280 opening and slip due to dip variations creates large amplitude displacements at the 281 surface of the edifice (Fig. 5c andd). 282

Large scale deformation events seem to require a combination of opening of the 283 intrusions and slip along the intrusions, enhanced by the anisotropy of the stress 284 field loading the edifice. 285 12 12 1 2 288 This section investigates the role of the anisotropy on the opening, slip, and surface 289 displacements. This has been tested for dip values fixed at 75° and 190° for the 290 subvertical and subhorizontal intrusions, respectively (Fig. 5b). 291

When the anisotropy raises (k from 1 to 0.6) the opening of the intrusions increases 292 because the horizontal component of the stress is smaller and smaller compared to 293 the vertical stress. Normal opening in the direction of the the horizontal stress is 294 thus favoured. This increase is larger for high-angle intrusion than for low-angle one 295 because this latter is submitted to stronger effects of the edifice load (Fig. 6a). The 296 increase of the anisotropy ratio facilitates the slip along the intrusions because σ3 (= 297 σ horizontal ) is lower and lower compared to σ vertical (= σ1), increasing the shear stress 298

(Fig 6b).
Finally, since a low value of anisotropic stress field encourages the 299 combined effects of opening and slip, it creates large amounts of internal and 300 eastward surface displacements of the edifice (Fig. 6c andd), confirming the 301 previous results of figure 5. 302 303

Opening and slip 304

In this and in the following section, the results obtained for a 75°-dipping and 190°-305 dipping intrusions are taken into account in case of isotropic and anisotropic stress 306 field, respectively. In our model, all magmatic bodies are intruded at the level of the 307 sea. An internal overpressure of 1 MPa in a subvertical intrusion (75°) creates, in an 308 isotropic stress field, a maximum opening (thickness) reaching 1 m at the center of 309 the intrusion (Fig. 7a1). Because of the isotropic stress field, the intrusion is not 310 submitted to shear stress and the slip along it is equal to 0 (Fig. 7a3). The geometry 311 of a subhorizontal intrusions, in the same conditions of overpressure and stress field, 13 1 3 shows that the maximum opening is about 1 m in the center and the head of the 313 fracture (fig. 7a2). As for a subvertical intrusion, when the intrusion is not submitted 314 to shear stress the slip along it is null (fig. 7a4). The opening is clearly predominant 315 over the slip if the sheets intrude in an isotropic stress field. As defined in the 316 previous section, the anisotropic stress field implies a ratio k ≠ 1. Here, we have 317 chosen to display the case of σ horizontal /σ vertical = 0.8. Apart from the nature of the 318 stress field, all other parameters remain the same as in the case of an isotropic stress 319 field (geometry of the intrusions, overpressure of 1MPa, etc.). Because of 320 topographical effects and the structure of a natural edifice (with variations of 321 volcanic products in space and time, existence of rift-zones and fractures, etc.) a 322 model where the edifice is loaded by an anisotropic stress field seems more realistic 323 to investigate its mechanical response to magmatic intrusions. 324

13
Figure 7b shows that when a subvertical intrusion occurs in an anisotropic stress 325 field, unlike the previous case, the geometry of the intrusion is controlled both by 326 the opening and the slip due to shear stress. In this case, the opening is 2.5 times 327 stronger than in an isotropic stress field (Fig. 7b1), and the slip appears to be as high 328 as the opening (Fig. 7b2). As for the subhorizontal intrusion, the opening is of the 329 same order as in isotropic stress field (Fig. 7b3) with a maximum value of 1m (the 330 effect of the topography is much stronger in this case, partly preventing the normal 331 opening of the intrusion) while the slip becomes predominant reaching 4m (Fig. 7b4). 332

In anisotropic stress field thus, the opening and the slip both play a role in the 333 mechanical effects of a magmatic intrusion on the edifice. 334 14 14 1 4 For what regards the surface deformation in isotropic stress field, the results show 337 that : 338 -an outward 75°-dip intrusion submitted to 1 MPa overpressure creates 339 outward displacements of small amplitude, with a maximum value of 0.3 m (Fig. 8a). 340

Vertical displacements reach 0.15 m (Fig. 9a). The surface displacements exhibit an 341 area of maximum deformation circular in shape, reaching around 0.25 m of 342 maximum displacements but limited in the summit area of the volcano (few 343 kilometers from the top of the cone). At the periphery of the edifice apex, the 344 surface displacements decrease strongly and are close to 0 (negative values 345 correspond to inward or downward movements, Fig. 8a and9a). 346

347

-in the case of a subhorizontal intrusion (8 km long), the displacements 348 remain of small amplitude (Fig. 8a and 9a on the right), similar to that due to high-349 angle intrusions (Fig. 8a and 9a on the left). The deformation is located below the 350 flank of the edifice, with a vertical and an outward component. The maximum 351 surface displacements area is located above the head of the intrusion, on the 352 volcano flank between 8 to 12 km from the summit and displacements reach 0. Neiges volcano (La Reunion Island) point out a discrepancy that may occur studying 373 young, poorly-eroded, or old, highly-eroded, basaltic volcanoes: when the erosion 374 gives access to the core of the edifice, measured intrusions are mostly subhorizontal, 375 while subvertical ones mostly occur at shallower levels. The distribution of intrusions 376 and the transition between high angle/low angle intrusions seem to be controlled by 377 the depth of injection within the edifice. The deeper the injection, the more 378 frequent are subhorizontal intrusions. Other basaltic volcanoes like La Palma and La 379 Gomera in the Canary islands (Ancochea et al., 2008) show that an important part of 380 magmatic intrusions is made of subhorizontal intrusions, espaecially in the deepest 381 parts of the edifices corresponding to the early stages of the construction of the 382

volcanoes. 383

According to some field studies, low-angle intrusions preferentially intrude 384 weak layers [START_REF] Taisne | Dike propagation through layered rocks[END_REF]Famin and Michon, 2010). In particular, the 16 16 1 6 geometry of low-angle intrusions is commonly explained by topographical effects 386 and the occurrence of heterogeneities such as the interface between two volcanic 387 deposits with different physical properties (Lister and Kerr, 1991;Rivalta, 2005;388 Kavanagh et al., 2006) in the volcanic edifice. Moreover, the distribution of some 389 intrusions can not be simply explained by lateral propagation of magma at the Level 390 of Neutral Buoyancy (Lister and Kerr, 1991). A local rotation of the stress field due to 391 the presence of heterogeneities is more likely at the origin of the observed 392 geometries [START_REF] Valentine | Emplacement of shallow dikes and sills 728 beneath a small basaltic volcanic center -The role of pre-existing structure 729 (Paiute Ridge, southern Nevada, USA)[END_REF]Burchardt, 2008). 393 Gressier et al. (2010) showed that, in sedimentary basins, the depth of the 394 transition subvertical/subhorizontal intrusions may be controlled by the pore fluid 395 overpressure. Due to their low permeability, in fact, rocks in sedimentary basins 396 often contain fluids in overpressure and this condition encourages the formation of 397 hydraulic fractures and the propagation of magmatic injections. The deep outcrops 398 at Piton des Neiges volcano (400-1500 m) are mainly made of primitive basic 399 breccias, formed during the first stage of the volcano-structural evolution of the 400 edifice (Chevallier and Vatin-Perignon, 1982;Maillot, 1999). These breccias are 401 highly altered by hydrothermal processes due to the circulation and accumulation of 402 fluids. The alteration tends to lower the permeability of the breccia, allowing the 403 increase of the pore fluid pressure within the formation. The overpressure can also 404 be favoured by the fact that, generally, breccia levels are stratigraphically located 405 between levels of massive, several meters-thick lava flows, sealing the breccia. In 406 Piton des Neiges volcano, the breccia commonly lies on differentiated lava flows and 407 is covered by the same lava flows. 408 Breccia levels commonly found within basaltic volcanoes thus are likely to be 409 17 1 7

in pore fluid overpressure conditions that, associated to heterogeneities (Gressier et 410 al., 2010), can favour the formation of subhorizontal intrusions in the deepest part of 411 the edifices, like at Piton des Neiges volcano. In addition, in an anisotropic media 412 [START_REF] Kavanagh | An experimental investigation of sill 621 formation and propagation in layered elastic media[END_REF]Gressier et al, 2010 and this study), an excess in pore pressure 413 (compared to hydrostatic value) is sufficient to enhance the formation of 414 subhorizontal intrusions. 415

Low-angle injections have also been described on young, active and poorly-eroded 416 volcanoes. At Piton de la Fournaise volcano, as already suggested by Famin and 417 Michon (2010), the recently observed deformation of the eastern flank could be 418 linked to the injection of a subhorizontal intrusion below the flank of the edifice. 419

Drillings carried out in 1989 in the Grand-Brûlé area (lowest part of the Enclos-420

Grand-Brûlé-Structure, [START_REF] Michon | Morphology of Piton de la Fournaise basaltic shield volcano (La Réunion Island): Characterization and implication in the volcano evolution[END_REF] identified levels of piled thin « layers » of 421 picritic basalts (Rançon et al., 1989) at the contact between a frozen magmatic 422 chamber and superficial lava flows. These layers could have played the same role as 423 the subhorizontal intrusions described by Famin and Michon (2010) In an anisotropic stress field the shear stress creating slip along the subhorizontal 461 intrusions favours the lateral displacement of the flank of the edifice. The slip has 462 also an influence on the opening of the intrusion, which is increased when combined 463 to slip so that a complex relationship occurs between opening/slip and deformation 464 of the edifice. 465 Combined to the data obtained for an isotropic stress field where smal amplitude of 466 displacements are observed, our results prove that the shear stress occurring in 467 anisotropic stress field creates the conditions that allow slipping along intrusions 468 generating large-scale deformation of the edifice. The shear stress affects both 469 subvertical and subhorizontal intrusions. However, this effect is very localised on 470 high-angle intrusions where around 2 % of the surface of the intrusion is affected by 471 maximum slip of 2.6 m (Fig. 7) while it concerns the whole surface of the low-angle 472 intrusion reach 4 m of slip (Fig. 7). This is due to the fact that in the case of 473 subhorizontal intrusion, the maximum principal stress σ1 (vertical stress) has a 474 stronger influence, the load of the edifice leading to lateral slip in the direction of the 475 minimum principal stress σ3 (less constrained direction) and high amplitude 476 displacements , located below the flank of the edifice. In the case of subvertical 477 intrusions, High amplitude displacmements are generated by the combination of 478 localised opening (in the direction of σ3) + slip affecting a smaller area of the apex of 479 the edifice (Fig. 8 and9). The case discussed by Famin and Michon (2010) in the core of Piton des Neiges 487 volcano is the first observable outcrop where a detachment plane is in direct 488 relationship with low-angle intrusions. Together with the submarine evidence 489 offshore La Reunion [START_REF] Oehler | Recurrence of major flank landslides during 662 the last 2-Ma-history of Reunion Island[END_REF], these authors underline that this volcano 490 experimented a major (long-term) destabilization of its northeastern flank. The 491 repeated low-angle intrusions should have reactivated a preexisting slip surface, 492 generating large movements of the unbuttressed flank of the volcano towards the 493 North. Some other examples of basaltic volcanoes underline a probable role of 494 subhorizontal intrusions in the deformation of the edifice like at Stromboli volcano 495 (Casagli et al., 2009) or Piton de la Fournaise volcano (Famin and Michon, 2010). At 496 mount Etna, Walter et al. (2005) studied the interplay between subvertical intrusions 497 and flank movements based on numerical modelling (BEM). They showed that the 498 flank-scale movements at Etna can be triggered by subvertical injections on magma 499 when combined to movements along major faults (Pernicana, Trescastagni, Ragana 500 and Santa Venerina fault systems and basal detachment) favouring outward slip of 501 the whole flank. Although a lot of studies consider the role of vertical intrusions as 502 trigger of flank collapses on volcanoes (Dahlen, 1984;[START_REF] Dieterich | Growth and persistence of Hawaiian volcanic rift zones[END_REF]Iverson, 1995;503 Elsworth and Voight, 1995;Elsworth and Day, 1999) The statistical study of the populations of basaltic intrusions from published data and 517 recent measurements on basaltic volcanoes show that not only the role of 518 subvertical but also subhorizontal intrusions have to be considered in the morpho-519 structural evolution of basaltic volcanoes. The quantitative importance of low-angle 520 intrusions is reinforced by the theoretical analysis we carried out using a MBEM . A 521 new model of interaction between intrusions and flank-scale movements is 522 evidenced : within an edifice loaded by an anisotropic stress field, it appears that the 523 co-intrusive shear stress creating slip along subhorizontal intrusions is an efficient 524 Piton des Neiges is a highly extinct shield volcano eroded by three deep depressions (Cirques) surrounding the summit of the edifice. Within the Cirques are exposed old basic products from the volcano shield building stage (>2,1Ma -430 ka). We carried out a structural investigation in the basic deposits of the Cirque of Cilaos (south of Piton des Neiges summit) to constrain the destabilization processes that affected the edifice during its early aerial phase of construction.

mechanism
The internal structure of the cirque of Cilaos is made of piled basic lava flows and breccias, capped by lavas from the differentiated stage (< 350 ka). The breccias mainly consist in debris avalanche deposits and debris flows containing only basic elements. Two kinds of debris avalanche breccias can be distinguished: the "lower" breccia, with a consolidated green-dark matrix, is widely zeolitised, chloritized and serpentinized and is crosscut by many intrusions (dikes and sills). The "upper" breccia presents a light brown zeolitized matrix, poorly consolidated and poorly intruded. Both avalanches display jigsaw-cracked blocks, up to a few tens of meters in diameter.

Several evidences of brittle deformation (faults and/or intrusions) were recorded within the breccias and the basic lava flows. Paleo-stresses reconstructed from deformation data allow the recognition of two successive episodes of deformation (Figure 1):

--The first, older step of deformation is extensional with a minimum principal stress σ 3 oriented N-S. It is recorded within the "lower" breccia and the underlying zeolitized lava flows which are assumed to be the oldest formations of the Cirque. --The second, later step of deformation is extensional with σ 3 oriented NW-SE. It is widely expressed in all basaltic formations (lavas and breccias) of the Cirque. It is coeval with strike-slip faulting whose minimum principal stress is also oriented NW-SE. Shear structures and beddings dips within the breccia suggest a runout toward the NW. Intrusions from the basic stage, striking N20-N40 and dipping NW, are also consistent with a flank destabilization toward the NW. These results in Cilaos show that the dismantling of Piton des Neiges volcano is the consequence of both slow and rapid destabilizations that occurred in at least two episodes:

(1) a N-S destabilization during the initial eruptive history of the volcano, whose related deposits, zeolitized and chloritized, are still visible at the bottom of the Cirque, in riverbeds.

(2) a NW rapid collapse producing debris avalanche deposits (that currently cover the main part of the Cirque of Cilaos), accompanied by slow internal deformation that affected the whole stratigraphic sequence. The temporal evolution of the stress fields recorded in Cilaos can also be observed north of Piton des Neiges, in the Cirque of Salazie. A recent study within debris avalanche deposits attests that the northern flank of the edifice was affected by an extensional deformation (rapid failure combined with slow deformation) in a N-S direction (Famin and Michon, 2010). New deformation data, collected in overlying pahoehoe lava flows (in the northern scarp of the Cirque of Salazie), evidence that this flank undergone a later stage of slow internal deformation in a NW-SE direction.

The combined study of cirques of Cilaos and Salazie reveals that (1) dismantling events on Piton des Neiges volcano are characterized by the combination of episodic catastrophic flank collapses and slow deformation, (2) the stress field evolved from a N-S-to a NW-SE-oriented extension during the shield building stage, perhaps as a consequence of the nearby growth of the Alizés or and/or Piton de la Fournaise volcanoes, and (3) this evolution was a large-scale process that affected the whole edifice. The high-MgO, diamond-bearing eclogites from the Jericho kimberlite in the northern Slave craton are unique in their high Mg# (82-87), high incompatible element contents, radiogenic Sr isotope ratios, and abundant diamonds (up to 20 modal %) that contain lower-Mg garnet inclusions (Mg#~54). As first noted by [1], these diamonds have the lightest carbon isotope compositions ever reported for diamonds (# 13 C = -37 to -41‰). Although upcoming SIMS # 13 C analyses will help delineate the mechanism of diamond formation, we note that # 13 C values of ca. -40‰ cannot reasonably be explained by Rayleigh-style fractional crystallization of diamond at mantle temperatures (T>800°C) from a parental fluid isotopically heavier than -35‰. Thus, these Jericho diamonds require the existence of a strongly 13 C-depleted carbon reservoir beneath the northern Slave craton.

The #13C of organic carbon in modern marine sediments is ~ -20‰ [2], and therefore not a viable carbon source for the Jericho diamonds. Consequently, [1] invoked a heretofore unidentified, highly localized and 13 C-depleted carbon source for the Jericho high MgO eclogitic diamonds. We suggest that this anomalous carbon source may have been organic carbon formed by methane fixation by methanogenic bacteria in the Neoarchean (ca. 2.7 Ga) or Paleoproterozoic (ca. 2.0 Ga) times, which are characterized by # 13 C values as low as -50‰ [2,3]. Interestingly, these time periods broadly correspond to hypothesized subduction events beneath the Slave Craton.

We propose that the protoliths of the high-MgO Jericho diamond eclogites were similar to those of common 'basaltic' eclogites, but melt depletion coupled with peridotite chemical equilibration produced the high-MgO compositions. Diamond formation was coincident with a semi-cryptic metasomatic event, which trapped some of the original, low-Mg eclogitic garnet and produced the incompatible-element-rich and radiogenic nature of the eclogites. The ca. -40‰ organic carbon may have been intrinsic to slab eclogitization during Neoarchean and/or Paleoproterozoic subduction events. Alternatively, the eclogites may have been older and metasomatized by slab-derived fluids generated during Neoarchean or Paleoproterozoic subduction events.

Piton des Neiges (PdN) and Piton de la Fournaise (PdF) volcanoes (La Réunion Island, Indian Ocean) are famous to produce lavas considerably more homogeneous than other hotspots worldwide. Their products show narrow ranges of 87 Sr/ 86 Sr (0.70397 -0.70436), ! Nd (3.1 -4.6) and ! Hf (7.9 -11.0) throughout the whole 2 Ma volcanic history of the island [1,2,3,4,5]. Modest variations in Pb isotopes were identified which do not disrupt much the homogeneous picture of the magmas [3,4].

We report for the first time Sr-, Nd-, Hf-and Pb-isotope compositions for submarine basalts dredged along the NE rift zone of PdF. The composition of the samples is enriched in incompatible elements (1.10<K 2 O<1.44, 0.35<P 2 0 5 <0.56, 2.58<(La/Sm) C1 norm. <2.93) and radiogenic Sr, Nd and Hf [ 87 Sr/ 86 Sr = 0.70460-0.70476, ! Nd = 2.9-3.6 and ! Hf = 7. 5-8.3] and isotopically the most radiogenic ever published (Fig. 1). Preliminary results of lava flow mapping using remote sensing in Piton de la Fournaise, La Réunion island. 
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I. INTRODUCTION

Piton de la Fournaise (PDF) (Fig. 1), on La Réunion Island, is one of the world's most active basaltic volcanoes with an average of one event every 8 months [1]. Between 1980 and 2008, 38 lava flows have been observed. The cartography of lava flows has particularly important implications for the knowledge of the lava emitted by the volcano, and can be very useful to increase the understanding of the PDF.

Even though remote sensing techniques have been used for volcanological studies for many years, there does not currently exist a methodology for automatic cartography that can be applied to all volcanoes. This fact can be attribute to the poor use of high resolution imagery, the difficulties of timage reatment as applied to complex lava flow fields and the poor use of spectral and object-based automation approaches.

II. LAVA FLOWS MAPPING USING OPTICAL DATA

A.

Presentation of the study area Most of PDF's recent activity is located in the Fouqué Caldera. Eruptive fissures are mainly situated near the Dolomieu Crater, in the Grandes Pentes (Eastern part) and in the Northem and Southem parts of the caldera. Lava flows furthest from the caldera are easiest to map owing to their isolation. A total of 37 lava flows, between 1980 and 2007, have been digitized (Fig. 2). The accuracy with which each flow was digitized depends on the resolution of the imagery available. Is Lava flows mapped from aerial photography with resolution of 50cm do not have the same precision as those mapped from 20mSPOT 4 imagery.

C. Accuracy

Statistics have been gathered to compare the perimeters and areas of different digitized lava flows , depending on the data used to create the outline.

It was found that the perimeter of a lava flow digitized from SPOT 5 data can differ with up to 37.84% from the perimeter of that same lava flow when digitized from aerial photography. Similarly the area of lava flows can differ with up to 17.68%, depending on the data used as input. This would indicate that the perimeter obtained from the digitized lava flows cannot be used with certainty, but that the area can be used as a rough estimation.

Furthermore the relative perimeter and area errors are not correlated: the relative perimeter error does not influence the area error (Fig. 3) The larger variation in perimeter than area, as well as the lack correlation between the errors in these variables is consistent with the behaviour of fractal shapes, which have fixed areas, but perimeters that increase with increasing detail (zoom) level. 

III. AUTOMATIC CARTOGRAPHY

The aim is to produce an automatic cartography using a data treatment sequence not only for the visible surface information [2,3] but a complete one capable of obtaining the complete lava flow. During a first iteration a delimitation of the volcano influence area should be done. Different image processing methods can subsequently be used, depending on the lava flow type. The processing involved in extracting an isolated lava flow is significantly less complex than for overlapping flows. As a result, the processing of these two flow types are discussed separately.

A. Isolated lava flows

In the case of an isolated lava flow covering a vegetated area or a recent lava flow overlapping with older ones, the use of automatic classification or edge detection techniques allow us to obtain an automatic cartography using different software (Envi 4.4, Ecognition, Matlab…) as shown in Fig. 4.

In these examples the spectral contrast of the lava flow with its surrounding material is sharp and the extraction of lava flows are relatively simple. When the spectral reflectance of the flow is similar to its surroundings, however, the treatment becomes more complicated.

B. Automatic cartography

To obtain an accurate automatic cartography, different image treatment processes have been used in Envi 4.4 (Fig. 5):

• a layer stacking of thermal and optical imagery;

• a principal component analysis;

• a decision tree classification;

• a classification to vector transformation.

Layer stacking was used to build a new multiband file from georeferenced data. During this process, thermal and optical imagery was resampled and reprojected to a common output image where all the data extents overlap. Using the thermal band allowed us to focus on one complete lava flow. This is an automatic discrimination by thermal wavelengths that correspond to an active area compared to its immediate environment.

Principal component analysis produce an image with spectrally uncorrelated output bands using a linear transformation to maximize the variance of the data. This transformation allows for an increase the optical reflectance variation in the area of high thermal activity.

The decision tree classification is a type of multilevel classifier. It is made up of a series of binary decisions that determine the classification of each pixel. For example, the use of a thermal threshold can delimit if a certain pixel falls inside the thermally active area or not. Inside the thermally active group a differentiation can be done between low and high thermal emission. The resulting classification yields the lava flow of interest as a specific class.

The classification to vector transform is executed to isolate and export the target class to a vector file.

C. Result accuracy

The total area obtained shows a variation of 11.5% of overestimation with the referenced one, and 13.1% for the perimeter. So the automatic mapping result obtain a good accuracy result. The aim of automatic cartography.

IV. OBJECT ORIENTED APPROACH

The use of object-oriented methods in classification automation is currently underexploited in volcanological studies [3,4,5,[START_REF][END_REF] .

A. Using image objects

In object-oriented segmentation, an image is divided into objects. An object is a group of similar, connected pixels that represent a region of relative homogeneity in an image. Regions in the image provide much more information than single pixels since the regions contain the spectral information of their constituent pixels, but can be analyzed further, based on color, shape, and texture. 

B. Analysis

The object-oriented classification automation was found to work only on isolated flows, the lava flow fields in Piton de la Fournaise being too complex for the segmentation when lava flows overlap. Newer flows overlying ancient ones can, however, be differentiated successfully (Fig. 6).

Fissures on the volcano exhibit a strong contrast with characteristic reflectance, which makes it possible for them to be distinguished using object-oriented classification.. In this case the linearity of the fissures allow them to be identified using functions of shape and length of the image objects. Only some shadows can cause trouble in the automation. (Fig. 6).

V. CONCLUSION

It is a cartographic objective that brings this automatic study. The aim to create an automated image processing chain is achieved. However the creation of a complete lava flow cartography using this technique is currently not feasible, because of the limited temporal frequency of available optical imagery, and the lack of sufficient thermal imagery.

In April 2007, Piton de la Fournaise volcano experienced a caldera collapse during its largest historical eruption. We present here a structural analysis both of the caldera and the surrounding area, and precise GPS data recorded with a dense GPS network specifically dedicated to the analysis of deformation related to the summit collapse structures. Despite a collapse of more than 300 m in the central zone, the geometry of the new caldera is similar in map view to that of the pre-existing collapsed structure, which was formed from the coalescence of several pit craters. The caldera shows an asymmetric inner geometry with sub-vertical walls in the NW quadrant and steep scarps composed of inward tilted blocks in the southern half. The presence of preserved polished surfaces on the lower part of the sub-vertical scarp indicates that it corresponds to the caldera north-western ring fault. The April 2007 caldera collapse led to the development and the reactivation of concentric fractures on the caldera rim, mostly along the southern limit of the caldera. GPS data show that fractures result from radial extensional stresses that are restricted within the first tens of meters of the caldera edge. GPS data also reveal that the caldera collapse was coeval with a centripetal deflation, whose magnitude is largest along the southern half of the caldera. The displacements recorded by GPS result from both a general deflation, due to magma withdrawal from Piton de la Fournaise's summit magma chamber, and additional local effects related to the caldera collapse. Comparison of the caldera collapses at Piton de la Fournaise, Miyakejima and Fernandina reveals striking similarities, with cyclic seismic signals accompanying small-scale deflation-inflation cycles. This strongly suggests a common mode of collapse. Hence, we propose a unifying model of caldera collapse in basaltic setting, in which the inward deflation due to magma withdrawal from the magma chamber prevents the collapse of the caldera roof until the gravitational stress acting on the rock column above the magma chamber exceeds the shear strength along pre-existing ring faults. The downward displacement stops when the pressure increase into the magma chamber is able to again sustain the rock column. The succession of ( 1) inward deflation that prevents the collapse, (2) collapse due to gravitational stress and (3) stopping of the downward motion is repeated many times. The frequency of the cycles is influenced by the rate of magma withdrawal and by the amount of intrusion of magma along the ring faults.

© 2008 Elsevier B.V. All rights reserved.

Introduction

Basaltic volcanoes present summit calderas, whose formation is related in most cases to lateral magma migration from a shallow magma reservoir (e. g. MacDonald, 1965). Observations of basaltic calderas worldwide, and the few recorded collapse events, show common structural characteristics and collapse mechanisms, which can be summarised as follows. First, caldera collapses are contemporaneous with a periodic seismicity underlined by either a very-long-period seismic signal (Miyakejima in 2000, [START_REF] Kumagai | Very-long-period seismic signals and the caldera formation at Miyake Island, Japan[END_REF] or large earthquakes, i.e. between M s 4.4 and5.5 (Fernandina in 1968, Simkin and[START_REF] Simkin | Caldera collapse in Galapagos Islands[END_REF][START_REF] Filson | Seimicity of a caldera collapse: Galapagos Islands 1968[END_REF]. Despite differences in the type of seismic signal, their periodicity has been interpreted in the same way, i.e. an intermittent collapse of the rock column into the magma chamber [START_REF] Simkin | Caldera collapse in Galapagos Islands[END_REF][START_REF] Filson | Seimicity of a caldera collapse: Galapagos Islands 1968[END_REF][START_REF] Kumagai | Very-long-period seismic signals and the caldera formation at Miyake Island, Japan[END_REF]. Questions remain on the source of the periodicity which is interpreted as being controlled either by the constant magma outflow [START_REF] Kumagai | Very-long-period seismic signals and the caldera formation at Miyake Island, Japan[END_REF], by an irregular geometry of the bottom of the collapsing rock column [START_REF] Filson | Seimicity of a caldera collapse: Galapagos Islands 1968[END_REF] or by regular stress built up along the caldera fault, which is sporadically relieved by movement along the ring fault [START_REF] Simkin | Caldera collapse in Galapagos Islands[END_REF]. Second, analyses of the surface deformation have long-revealed that collapses are coeval with centripetal deflation of the edifice [START_REF] Wilson | Ground surface movement at Kilauea Volcano[END_REF][START_REF] Ryan | Magma reservoir subsidence mechanics: theoretical summary and application to Kilauea Volcano, Hawaii[END_REF]. Both deformations, i.e. the collapse and the inward subsidence, result from pressure decrease within the magma chamber and/or the plumbing system [START_REF] Mogi | Relations of the eruptions of various volcanoes and the deformations of the ground surfaces around them[END_REF][START_REF] Walsh | Surface deformation associated with volcanism[END_REF][START_REF] Ito | A dike intrusion model in and around Miyakejima, Niijima and Kozushima in[END_REF]. Third, collapse calderas often show peripheral concentric extensional fractures hundreds of metres from the edge of their caldera rim [START_REF] Simkin | Caldera collapse in Galapagos Islands[END_REF]Lénat and Bachèlery, 1990;[START_REF] Troll | Cyclic caldera collapse: piston or piecemeal subsidence? Field and experimental evidence[END_REF][START_REF] Acocella | Regional and local tectonics at Erta Ale caldera, Afar (Ethiopia)[END_REF][START_REF] Carter | Pits, rifts and slumps: the summit structure of Piton de la Fournaise[END_REF]. The various authors describe an increase of extension and vertical displacements close to the caldera rim, but their interpretations differ. The changes in rim geometry are thought to result from superficial processes postdating the caldera formation [START_REF] Acocella | Regional and local tectonics at Erta Ale caldera, Afar (Ethiopia)[END_REF], from extensional stresses related to the centripetal subsidence [START_REF] Branney | Downsag and extension at calderas: new perspectives on collapse geometries from ice-melt, mining, and volcanic subsidence[END_REF], or from inflation-deflation cycles (Lénat and Bachèlery, 1990).

In April 2007, Piton de la Fournaise volcano experienced a caldera collapse during its largest historical eruption (Michon et al., 2007). We present here the summit deformation accompanying this event. We integrate a detailed analysis of both concentric fractures and intracaldera structures and faults, with high precision GPS data from a dense network implemented surrounding the caldera. Our study benefited from an initial field and GPS campaign carried out in March 2007, a few days before the onset of the eruption and collapse. The GPS network has been reoccupied twice, in May and November 2007, in order to determine the syn-collapse and post-collapse displacements, respectively. This paper aims at determining the relationship between the concentric fractures and the collapse. It also attempts to better understand the collapse mechanism and its relation to eruption dynamics. Finally, it addresses the role of pre-existing structures in the development of a new caldera.

Geological setting

Piton de la Fournaise volcano is one of the world's most active volcanoes [START_REF] Lénat | Dynamics of magma transfer at Piton de la Fournaise volcano (Réunion Island, Indian Ocean)[END_REF]. At the edifice scale, it is characterised by two NE and SE rift zones and an E-W U-shaped caldera formed around 4.5 ka ago (Bachèlery, 1981; Fig. 1a andb). The volcanic activity is concentrated in the upper part of the U-shaped structure, the Enclos caldera, where the accumulation of volcanic products has built up a steep central cone (Michon et al., 2009-this issue). Prior to April 2007, the summit of the active cone was cut by two collapse structures: Bory in the west, which is currently inactive, and Dolomieu in the east, the location of the caldera collapse during the large April 2007 eruption (Fig. 1c). Before this collapse, the elongated shape of the pre-existing Dolomieu was the result of the coalescence of several pit craters (Lénat and Bachèlery, 1990;[START_REF] Carter | Pits, rifts and slumps: the summit structure of Piton de la Fournaise[END_REF]. The largest of these events occurred between 1933 and 1936, during which the eastern half of Dolomieu experienced a 150 mdeep collapse (Fig. 1d; [START_REF] Lacroix | Les transformations récentes du sommet du volcan actif (Piton de la Fournaise) de l'Ile de la Réunion[END_REF]Bachèlery, 1981). Until 1953, the western part of Dolomieu also suffered recurrent collapses that were accompanied by progressive subsidence of the crater floor. From 1953 the lava accumulated during the frequent summit eruptions and progressively filled the collapse structure, whose outer contour remained unchanged until March 2007, despite the small pit crater collapse in 1986 [START_REF] Hirn | Episodes of pit-crater collapse documented by seismology at Piton de la Fournaise[END_REF] and a brutal but minor subsidence in 2002 (Fig. 1d; [START_REF] Longpré | The November 2002 eruption at Piton de la Fournaise volcano, La Réunion Island: ground deformation, seismicity, and pit crater collapse[END_REF]. It is noteworthy that the August 2006-January 2007 summit eruption created a lava pile of 20-30 m on the Dolomieu floor, filling the crater and overtopping the eastern caldera wall (Michon et al., 2007).

In 1990, a detailed structural analysis of the summit of the active cone revealed a complex network of concentric extensional fractures concentrated around Dolomieu only (Fig. 1d; Lénat and Bachèlery, 1990). It also highlighted the asymmetric distribution of the concentric fractures around the east and west parts of Dolomieu. The eastern rim of Dolomieu was characterised by a few fractures restricted to a 50-80 m wide zone. In contrast, concentric fractures were scattered within a 200-300 m wide zone around the western half of Dolomieu. The northern limit of this fracture network coincides with a topographic break-in-slope that corresponds to the hidden boundary of a paleo-pit crater (Lénat and Bachèlery, 1990;Michon et al., 2009-this issue). South of Dolomieu, the Petit Plateau paleo-pit crater, formed around 1911 (Bachèlery, 1981), consists of an independent system of concentric fractures that delimitates the hidden collapsed structure. The age of the overall fracture system is hard to determine. However, the lack of any significant fractures south of the western fracture zones, where the lava emitted by the 1936 and 1956 eruptive fissures covers the surface (Fig. 1d), suggests that fractures in the west predate these eruptions. In the east, the similar distribution of both the limits of the 1933-1936 pit crater and the peripheral concentric fractures supports a temporal relationship between the main collapse event and the development of extension fractures close to the rim. Since 1990, the only significant change in the concentric fracture system was observed during the August 2006-January 2007 eruption, during which fractures close to the rim in the south-eastern part of Dolomieu opened of a few tens of centimetres to a few metres. These fractures accommodated the progressive inward tilting of rock panels torn apart from the rim of the collapse structure.

The April 2007 caldera collapse of Piton de la Fournaise occurred during the largest historical eruption, starting on 30th March and ended the 1st May 2007. Although the detailed evolution of the eruption has already been presented (Michon et al., 2007;Staudacher et al., 2009-this issue), we summarise below the main characteristics that allow us to interpret the origin and dynamics of the caldera collapse. On 30th March, a first eruptive fissure opened south-east of the central cone at about 1900 m above sea level (Fig. 1b). After less than 10 h, the magma emission ceased, whereas the summit seismicity remained at a very high level. The magma emission started anew on 2nd April when an eruptive fissure opened at about 600 m asl, 7 km away from the summit (Fig. 1b). The rate at which magma was discharged, which was already large, increased during 5th April contemporaneously with a summit centripetal deflation. The first summit collapse occurred on 5th April at 20:48, contemporary to a magnitude 3.2 volcano-tectonic event (Michon et al., 2007). It was immediately followed by a sudden centrifugal uplift of the caldera rim (Michon et al., 2007;Staudacher et al., 2009-this issue). The collapse also had a striking impact at the eruption site where the seismic signal increased by around 50%. Then, both the seismic signal and the summit displacements began to occur in cycles characterised by an inward deflation accompanied by an increase of the seismic signal, ending with a sharp outward uplift contemporaneous with sudden decrease of the seismicity. The cycle frequency gradually increased from 2 h to 30 min (Michon et al., 2007;Staudacher et al., 2009-this issue). A total of 38 collapse events were distinguished between 5th April, 20:48, and 7th April, 00:40. First observations of the new caldera, in the afternoon of 6th April, revealed that the 16 first collapses triggered the development of most of the summit collapse caldera (Michon et al., 2007). Disregarding continued spalling of material from the caldera wall, the final geometry of the caldera was attained on 10th April. The eruption continued at a low level until the 1st May 2007.

Summit deformation related to the April 2007 eruption

Structural analysis

On 6th April, the first observations indicated that the collapse was elongated along an E-W axis and concentrated in the northern part of Dolomieu (see Fig. 4b in Michon et al., 2007). It was bounded by 200-300 m-high subvertical scarps in the east, west and north, and by subsiding terraces in the south. Two annular plateaus corresponding to the pre-existing floor of Dolomieu remained in the E and SW (see Fig. 4 in Michon et al., 2007). At the end of the collapse, on 10th April, the new caldera had a maximum depth of 320-340 m (Michon et al., 2007;[START_REF] Urai | Size and volume evaluation of the caldera collapse on Piton de la Fournaise volcano during the April 2007 eruption using ASTER stereo imagery[END_REF] at the location of the initial collapsed structure. The deepest part of the caldera is covered by scree resulting from the frequent rock slides from the caldera walls (Fig. 2a). Two different topographic expressions of the collapse are distinguished. The southern, eastern and north-eastern walls have average slopes of 40-50°, whereas the north-western wall is sub-vertical (70-80°). The distribution of these two distinct geometries coincides with the structure differences observed on 6th April. The north-western caldera flank already existed on 6th April, by which time it was bounding the northern collapse structure. The preservation of polished surfaces, found only on the lower half of this scarp (Fig. 2b), suggests that the north-western caldera wall corresponds to an inward-dipping ring fault. In contrast, the geometry of the southern, eastern and north-eastern flanks post-dates 6th April. This likely results from the inward subsidence of the southern and eastern plateaus similar to that observed during the caldera formation at Miyakejima [START_REF] Geshi | Caldera collapse during the 2000 eruption of Miyakejima Volcano, Japan[END_REF].

In map view, Dolomieu was a 1-1.1 km-long and 0.76-0.80 kmwide elongated structure before the April 2007 eruption (Fig. 3). The April 2007 caldera collapse constitutes the largest collapse event ever observed at Piton de la Fournaise. However, despite a collapse of several hundreds of metres, the contour of the new caldera did not significantly change. The new caldera widened only a few tens of metres in the north, west and south parts, mostly a few days after the caldera collapse (Fig. 3). The similar geometry of the pre-existing collapse structure and the new caldera, and the lateral growth of the initial collapse up to the pre-existing Dolomieu boundary can be compared to the map view evolution of the caldera collapse at Miyakejima, where the initial caldera grew laterally up to approximately the limit of the pre-existing 2.5 ka-old Hatchodaira caldera [START_REF] Geshi | Caldera collapse during the 2000 eruption of Miyakejima Volcano, Japan[END_REF].

We also showed in Section 2 that, prior to 2007, the rim of Dolomieu was affected by asymmetrically distributed concentric fractures (Fig. 1). Three radial profiles were implemented in February 2007 around Dolomieu, at different distances from the caldera edge, in order to determine the potential reactivation of these fractures during collapse events (Fig. 3). The effect of the April 2007 caldera collapse has been evaluated by a reiteration of the profiles in May 2007. Fig. 3, which shows the fracture width before and after the collapse, illustrates the influence of the April 2007 caldera collapse in the fracture system. It clearly shows that the collapse reactivated only the closest fractures to the caldera edge, and had no impact away from the edge. The concentration of the deformation is corroborated by the development of a narrow fracture system within the first tens of metres from the caldera edge, the density of which varies laterally. The new concentric fractures are densely distributed around the southern part of the caldera, whereas they are nearly non-existent in the east (Fig. 2a).

GPS data

Since 2001, the deformation of Piton de la Fournaise related to dyke intrusion has been regularly monitored by the GPS network of the Piton de la Fournaise Volcano Observatory (OVPF/IPGP; [START_REF] Peltier | Suivi, modélisation et évolution des processus d'injections magmatiques au Piton de La Fournaise (Réunion), à partir d'une analyse croisée des données de déformation[END_REF]. This network, which is composed of about 80 stainless steel benchmarks cemented around the crater, on the flanks and at the base of the summit cone, accurately measures large scale deformation of the Piton de la Fournaise edifice, but is inadequate to evaluate in detail the summit deformation linked to collapse events. Hence, we implemented a new GPS network in November 2005, specifically dedicated to the structural analysis in a narrow zone around Bory and Dolomieu.

Methodology

The new GPS network is composed of 62 benchmarks (geodetic nails fixed into massive lava) installed along 24 radial profiles, and of two permanent receivers of the OVPF/IPGP located at the summit and outside the Enclos caldera (Fig. 1b andc). The position of each point of the network was measured before the eruption (in March 2007), and twice after the eruption (in May and November 2007). This allows the determination of the deformation related to the April 2007 caldera collapse and the residual subsidence following this event. Measurements were performed in differential mode with dual-frequencies receivers (2 Ashtech Zextrem and 2 Trimble NetRS). The SNEg summit receiver of the permanent GPS network of OVPF/IPGP (Fig. 1) was used as reference. Its position was systematically calculated with respect to a stable permanent receiver (GITg) located outside the Enclos caldera. The location of SNEg was precisely measured in static mode during 6 h with a 1 s sampling rate. In a way similar to measurements at Merapi volcano [START_REF] Beauducel | Mechanical discontinuities monitoring at Merapi volcano using kinematic GPS[END_REF], measurements of the benchmarks were performed with a small base line (b1.5 km), a 1 s sampling rate and station on the benchmarks of 3 min. During each GPS campaign, several benchmarks were measured twice with a time interval of several hours in order to take into account not only the instrumental RMS values, but also the handling error. Thus, the average horizontal precision calculated for each benchmark is of 1.1 cm and the vertical average precision is of 0.8 cm.

Displacements between March and May 2007

Between March and May 2007, the summit of Piton de la Fournaise experienced a progressive pre-eruptive outward inflation, additional uplift related to a dyke intrusion, and the caldera collapse. The permanent GPS network of the OVPF/IPGP clearly shows that the initial outward deformation was of minor importance with respect to the eastward dyke intrusion and much less than that measured during the caldera collapse (Peltier et al., 2009-this issue). Hence, most of the displacements inferred from our GPS campaigns in March and May 2007 result from the collapse event. Only the easternmost benchmarks are significantly influenced by the 30th March intrusion.

Our GPS data clearly show the large centripetal deformation related both to magma chamber deflation and the collapse event (Fig. 4b). When excluding the easternmost data points, which were also affected by the 30th March dyke intrusion that led to the opening of eruptive fissures SE of the cone (Fig. 1b), the displacement values range between 31 and 253 cm (Fig. 4a). It is likely that the latter value, which strongly differs from the surrounding ones, results from the displacement of an isolated block. The largest surface displacements are located on the southern caldera rim, where values higher than 130 cm are reached close to the caldera wall. Our data also exhibit a sharp decrease of the displacements (-38 to -61%) in the first two hundred metres from the northern and southern caldera edge. Such differences, which suggest the occurrence of extensional stresses on the proximal caldera rim, can be correlated with the location of the new concentric fractures, i.e. in a narrow zone around the western half of the caldera (Fig. 2a). Additional information can be found in the direction of the displacement vectors, which indicate the approximate location of the deflation source [START_REF] Walsh | Surface deformation associated with volcanism[END_REF]). Here, the overall displacements suggest a deflation source elongated along a N75 axis that corresponds to the direction of elongation of the preexisting Dolomieu and of the 6th April initial collapse (Fig. 2a).

The comparison of the horizontal and vertical components of displacement provides further information that can be used to better constrain the geometry of the deflation source [START_REF] Dieterich | Finite element modeling of surface deformation associated with volcanism[END_REF]. GPS data show that the summit deflation led mostly to horizontal displacements (Figs. 4c and5). For every benchmark, the ratio between horizontal and vertical displacements, the H/V ratio, is always higher than 1 (Fig. 5). It shows a remarkably linear distribution with an average value around 2, confirming that most of the benchmark displacements measured between March and May result from a similar, and likely a single origin, i.e. the syn-collapse deflation. The GPS network of the OVPF/IPGP also recorded predominant horizontal displacements at the base of the cone (Peltier et al., 2009this issue). Despite lateral variations between the western and eastern parts, along each transect, the closer to the caldera edge, the lower the H/ V ratios (Fig. 5). Then, with the exception of the caldera walls, which suffered mostly vertical displacements, the central cone of Piton de la Fournaise experienced a predominant centripetal "horizontal collapse".

Displacements between May and November 2007

The GPS network has been reoccupied in November 2007 in order to identify post-collapse subsidence. Data show that during the 6 month-long period, the caldera rim continued to slightly subside (Fig. 6). According to Staudacher et al. (2009-this issue), 95% of the post-collapse deformation occurred during the first 3 months and the remaining 5% during July to November 2007. The distribution of the displacements for the period between May and November 2007 differs from that of the period between March and May 2007. The direction of the displacement vectors and the distribution of the largest displacements around the western half of the collapse caldera, could suggest a deflation source located below the western half of the caldera (Fig. 6). However, it cannot be excluded that the difference in the deformation pattern results from local deformation. It is noteworthy that the latest caldera wall destabilisations only occurred along the western scarps, where the inward displacements were still significant. Contrary to the H/V ratios for the period between March and May 2007, which show important lateral variations, the H/V ratios for the period between May and November 2007 present a homogeneous spatial distribution with values lower close to the caldera edge than at the distal extremity of the transects (Fig. 6c). This suggests an identical deformation style all around the caldera, which is independent of the amount of deformation. In consequence, our GPS data provides information both on the source and the mode of deformation. Concentric fractures consist of extensional structures that are commonly observed around calderas. For example, at Erta 'Ale, (1) they are found within 20-60 m of the caldera rim, (2) their distance from the rim increases with the height of the caldera scarps, and ( 3) their opening width tends to increase when they are nearer to the rim [START_REF] Acocella | Regional and local tectonics at Erta Ale caldera, Afar (Ethiopia)[END_REF]. Their development is consequently interpreted in terms of gravitational destabilisation of the caldera walls after the collapse [START_REF] Acocella | Regional and local tectonics at Erta Ale caldera, Afar (Ethiopia)[END_REF]. At Fernandina, a similar fracture network has been observed around the caldera after the 1968 collapse [START_REF] Simkin | Caldera collapse in Galapagos Islands[END_REF]. Fractures are present on the rim 500 m from the edge and their density and size increase approaching the edge. Contrary to Erta 'Ale, the fracture network is interpreted as resulting from the collapse event (Simkin and Howard, 1971). These different interpretations of similar fracture networks raise the question of the multiple origins of the concentric fractures. Considering the concentric fracture network of Piton de la Fournaise, we propose several mechanisms that lead to the development or reactivation of concentric fractures.

1-The analysis of the fracture network before and after the April 2007 caldera collapse of Piton de la Fournaise reveals that concentric fractures do form on the caldera rim during collapse events. At Piton de la Fournaise, they are restricted to a few tens of metres of the caldera edge. A combination of GPS and structural data indicates that their formation is related to extensional stresses, which affected the proximal part of the caldera rim. They developed essentially south of the caldera where the sub-vertical part of the walls is of a few tens of metres (Fig. 2). The lack of correlation between the fracture density and the height of the caldera walls suggests that most of the extensional stresses do not result from local gravitational effects. This process can however not be entirely ruled out, specifically for the nearest fractures of the caldera edge. In consequence, we propose that most of the new concentric fractures result from extensional stresses that affect the proximal part of the caldera rim during the inward tilt of the caldera floor during successive collapses of the rock column. Such a mechanism is supported by the spatial correlation between the densest fracture zone and the tilted blocks around and into the southern half of the caldera. The development of the new fracture network was coeval with the reactivation of the pre-existing concentric fractures, which were the closer to the edge (Fig. 3). 2-Concentric fractures form at the limit of paleo-collapsed structures such as Petit Plateau and the western paleo-pit crater (Fig. 1d). The concentric fractures around these paleo-collapsed structures could result from a progressive subsidence due to compaction of the formations that filled the depression. However, 90-95% of the filling is composed of massive lava bodies that can hardly be compacted and the upper lava unit, which flowed outside the crater, is also affected by the concentric fractures. We propose that the whole paleo-collapsed structures may slightly subside during later collapses, triggering the development of circumferential extensional fractures above their hidden limits. Such a mechanism is suggested by our GPS data, which show for the period between March and May 2007 vertical displacements of the benchmarks located above the Petit Plateau paleo-pit crater between 20 and 40% greater than those outside the structure. 3-Finally, concentric fractures are reactivated during the progressive filling of the caldera. This process has been clearly observed during the August 2006-January 2007 summit eruption, during which concentric fractures progressively opened while lava accumulated within Dolomieu. It is likely that the extensional stresses that favour the fracture reactivation in a narrow zone around the caldera result from the increased weight of lava accumulated in the collapsed structure.

In summary, our observations of the concentric fractures between August 2006 and November 2007 allowed us to distinguish three mechanisms of fracture formation and reactivation. Contrary to [START_REF] Acocella | Regional and local tectonics at Erta Ale caldera, Afar (Ethiopia)[END_REF], we doubt that gravitational instabilities of the caldera wall explain the development of an entire concentric fracture network. The similarities between the fracture networks around the April 2007 caldera of Piton de la Fournaise and the caldera of Erta 'Ale rather suggest that the concentric fractures at Erta 'Ale may result from extension stresses related to the caldera collapse and maybe to the progressive filling of the caldera.

Origin and dynamics of caldera collapse

The geometry of caldera ring faults and the conditions required to promote a caldera collapse have been intensively studied during the last decades (e.g. [START_REF] Marti | Experimental studies of collapse calderas[END_REF][START_REF] Gudmundsson | Formation and development of normal-fault calderas and the initiation of large explosive eruptions[END_REF][START_REF] Acocella | Analogue models of collapse calderas and resurgent domes[END_REF][START_REF] Roche | Experimental study of caldera formation[END_REF]Roche et al., , 2001;;Roche and Druitt, 2001;[START_REF] Walter | Formation of caldera periphery faults: an experimental study[END_REF][START_REF] Folch | Geometrical and mechanical constraints on the formation of ring-fault calderas[END_REF][START_REF] Acocella | Understanding caldera structure and development: an overview of analogue models compared to natural calderas[END_REF]. However, very few dealt with the dynamics of the collapse, i.e. continuous collapse or pulsating collapse, although the related magma deposits [START_REF] Rosi | Interaction between caldera collapse and eruptive dynamics during the Campanian Ignimbrite eruption, Phlegraean Fields, Italy[END_REF][START_REF] Reubi | Variability in eruptive dynamics associated with caldera collapse: an example from two successive eruptions at Batur volcanic field, Bali, Indonesia[END_REF] and monitoring data [START_REF] Filson | Seimicity of a caldera collapse: Galapagos Islands 1968[END_REF][START_REF] Kumagai | Very-long-period seismic signals and the caldera formation at Miyake Island, Japan[END_REF] show contrasting behaviours. We compare, in what follows, the deformation and seismic data monitored during the caldera collapses of Fernandina, 1968, Miyakejima, 2000and Piton de la Fournaise, 2007, in order to (1) stress the similarities between each event and consequently (2) determine a unifying mechanism that explains the different dynamics of caldera collapse.

Deformation data at Miyakejima and Piton de la Fournaise show that the caldera collapses have been preceded by an inward deflation of the edifice [START_REF] Ukawa | The 2000 Miyakejima eruption: crustal deformation and earthquakes observed by the NIED Miyakejima observation network[END_REF]Michon et al., 2007;Staudacher et al., 2009-this issue). The seismicity, which was characterised by frequent volcano-tectonic (VT) events before the onset of the subsidence, drastically changed once Miyakejima and Piton de la Fournaise started to deflate. The VT events disappeared and a low-frequency seismic signal progressively increased [START_REF] Ukawa | The 2000 Miyakejima eruption: crustal deformation and earthquakes observed by the NIED Miyakejima observation network[END_REF]Michon et al., 2007). The initial deflation phase ended by a sudden outward uplift of the edifice coeval with a magnitude 3.2 VT event at Piton de la Fournaise and a very-long-period event at Miyakejima [START_REF] Kumagai | Very-long-period seismic signals and the caldera formation at Miyake Island, Japan[END_REF]Michon et al., 2007). Afterwards, the edifices experienced identical deformation patterns with a succession of cycles characterised by a progressive deflation immediately followed by a sudden uplift (Fig. 7a). The deformation cycles were contemporaneous with a pulsating seismic signal [START_REF] Kumagai | Very-long-period seismic signals and the caldera formation at Miyake Island, Japan[END_REF]Michon et al., 2007). At Piton de la Fournaise, every cycle was characterised by a progressive amplification of the seismic signal, which then suddenly decreased to a low level (Fig. 7b). The periodicity of the cycles gradually increased from 2 h to 30 min. Among the 38 cycles, only the two earliest ones were ended by large volcano-tectonic events (Michon et al., 2007). At Miyakejima, the seismicity evolved during each deformation cycles from an increasing swarm-like activity of low-frequency earthquakes coeval with the progressive deflation, up to very-long-period seismic events during the outward uplift [START_REF] Ukawa | The 2000 Miyakejima eruption: crustal deformation and earthquakes observed by the NIED Miyakejima observation network[END_REF][START_REF] Kumagai | Very-long-period seismic signals and the caldera formation at Miyake Island, Japan[END_REF]. The cyclic distribution of the seismicity at Piton de la Fournaise and Miyakejima shows striking similarities with the seismicity monitored by a regional seismic network mostly distributed in North and South America during the 1968 caldera collapse of Fernandina. Indeed, the caldera formation was coeval with the occurrence of 30 earthquakes, the magnitude of which exceeded 4.5 (Fig. 7b;[START_REF] Filson | Seimicity of a caldera collapse: Galapagos Islands 1968[END_REF]. Each main event was preceded by an increase of the seismicity and followed by an almost aseismic period. This distribution consequently suggests the existence of seismic cycles whose duration progressively decreased from 6 h to 2 h. Note that the largest earthquakes, M s N 5, appeared during the first seismic cycles (Fig. 7b). Despite differences in the type of seismic signal (VT or verylong-period events) that may originate from the geometry of the ring faults and the type of seismic networks, this overview of both the seismicity and the deformation recorded at Fernandina, Miyakejima and Piton de la Fournaise strongly suggests that each caldera collapse occurred in a similar way.

It has already been proposed that the main earthquakes at Fernandina, the very-long-period events at Miyakejima and the sharp decreases of the seismic signal at Piton de la Fournaise originate from the incremental collapse of the rock column into the magma chamber [START_REF] Simkin | Caldera collapse in Galapagos Islands[END_REF][START_REF] Filson | Seimicity of a caldera collapse: Galapagos Islands 1968[END_REF][START_REF] Kumagai | Very-long-period seismic signals and the caldera formation at Miyake Island, Japan[END_REF]Michon et al., 2007). Although the periodicity is an obvious common feature, its origin has been interpreted in different ways for each volcano. The periodic very-long-period events and collapses at Miyakejima have been considered as to be caused by the constant magma outflow, which episodically sucked the rock column into the magma reservoir [START_REF] Kumagai | Very-long-period seismic signals and the caldera formation at Miyake Island, Japan[END_REF]. At Fernandina, the irregular geometry of the bottom of the collapsing rock column [START_REF] Filson | Seimicity of a caldera collapse: Galapagos Islands 1968[END_REF] and the regular stress built up along the caldera fault, which is sporadically relieved by movement along the ring fault [START_REF] Simkin | Caldera collapse in Galapagos Islands[END_REF], are two different mechanisms that have been proposed to explain the step by step collapse.

Combining the different characteristics of the caldera collapses at Fernandina, Miyakejima and Piton de la Fournaise, we put forward a unifying mechanism of basaltic caldera formation. We focus our discussion on calderas related to magma withdrawal from a magma chamber during eruptions or intrusions. Calderas formed by the deformation of the hydrothermal system (e.g. Merle and Lénat, 2003;Merle et al., 2006) are consequently not addressed in this paper.

First of all, the deformation of the summit of basaltic volcanoes is intimately linked to large lateral eruptions or magma intrusions [START_REF] Macdonald | Hawaiian calderas[END_REF]. Natural examples of Piton de la Fournaise and Miyakejima reveal that calderas may develop over times of days to weeks during or after the magma withdrawal [START_REF] Geshi | Caldera collapse during the 2000 eruption of Miyakejima Volcano, Japan[END_REF][START_REF] Wright | Interpretation of the Miyakejima 2000 eruption and dike emplacement using time animations of earthquakes[END_REF]Michon et al., 2007). The pressure decrease into the magma chamber caused by the magma withdrawal entails, above all, the centripetal subsidence of the edifice (Fig. 8b). The continuous inward deflation progressively changes the stress within the edifice. Despite the pressure decrease within the magma chamber, the centripetal deflation prevents the downward motion of the rock column due to gravitational stress by increasing both the shear stress τ opposite to the collapse and the shear strength along the pre-existing ring faults, which are common on long-lived volcanoes (Fig. 8b). The collapse of the rock column occurs when the difference between the Fig. 7. a -Deformation recorded by radial tiltmeters at Miyakejima [START_REF] Ukawa | The 2000 Miyakejima eruption: crustal deformation and earthquakes observed by the NIED Miyakejima observation network[END_REF] and Piton de la Fournaise (Staudacher et al., 2009-this issue) during the caldera collapses.

Here, the increase and decrease of angle (in microradian) indicate summit deflation and inflation, respectively. b -Seismicity during the collapse of Piton de la Fournaise (Michon et al., 2007) and Fernandina [START_REF] Filson | Seimicity of a caldera collapse: Galapagos Islands 1968[END_REF]. See text for discussion. gravitational stress and the pressure within the magma chamber is sufficient so that the shear strength of the ring faults is exceeded (Fig. 8c). Then, the downward displacement stops when the pressure increase into the magma chamber sustains the rock column anew.

We showed above that every collapse at Piton de la Fournaise and Miyakejima were coeval with outward uplift of the caldera rim. Such displacements were interpreted for Miyakejima as resulting from the expansion of the magma chamber when the rock column intrudes it [START_REF] Kumagai | Very-long-period seismic signals and the caldera formation at Miyake Island, Japan[END_REF]. Although this hypothesis cannot be ruled out, we prefer the following alternative explanation. The immediate, short outward deformation of the caldera rim after the collapse corresponds to the elastic response of the edifice, when the downward stress is sporadically released during the motion of the rock column. The ongoing subsidence, which directly results from the magma withdrawal, promotes a new stress increase along the ring fault and prevents the collapse of the rock column. The collapse occurs anew when the shear strength is overcome by the gravitational stress exerted on the rock column. Each cycle is consequently characterised by the succession of (1) a deflation phase which inhibits the downward displacement of the rock column, and (2) a sudden collapse when the gravitational stress exceeds the shear strength along the faults. The duration between two collapses may be influenced by the injection of magmatic fluids along the ring faults. In such a case, their shear resistance declines [START_REF] Anderson | The dynamics of faulting[END_REF][START_REF] Hubbert | Role of fluid pressure in mechanics of overthrust faulting[END_REF] and the time span between two collapses could therefore decrease like at Fernandina and Piton de la Fournaise for a constant or increasing magma withdrawal, and increase if the rate of magma outflow decreases. Recently [START_REF] Wright | Interpretation of the Miyakejima 2000 eruption and dike emplacement using time animations of earthquakes[END_REF] proposed that calderas develop only following high rates of magma withdrawal. Following [START_REF] Druitt | On the formation of calderas during ignimbrite eruptions[END_REF], [START_REF] Martí | Pressure evolution during calderaforming eruptions[END_REF], Roche andDruitt (2001), Geyer et al. (2006), we think that the amount of magma withdrawal is the critical parameter that initiates Staudacher et al., 2009-this issue), triggered a slight summit subsidence only [START_REF] Peltier | Suivi, modélisation et évolution des processus d'injections magmatiques au Piton de La Fournaise (Réunion), à partir d'une analyse croisée des données de déformation[END_REF]. Besides the volume of withdrawn magma, the occurrence of a caldera collapse is likely influenced by the strength of the edifice, the occurrence and geometry of pre-existing ring faults, the depth and size of the magma chamber (e.g. [START_REF] Acocella | Understanding caldera structure and development: an overview of analogue models compared to natural calderas[END_REF].

At Piton de la Fournaise, the step by step increase of both the tremor and the emission rate at the eruption site, after the first collapses, indicates that the rock column directly affected the magma chamber by increasing the pressure into the magma reservoir (Michon et al., 2007). Each collapse was accompanied by an ash plume composed of lithics solely above the summit (Staudacher et al., 2009-this issue). The simultaneity between deep and surface processes suggests a continuum of deformation from the roof of the magma chamber up to the surface. The collapse of such a piston-like rock column may explain the predominance of the horizontal component at both the base of the cone and the summit, where H/V values are around 2 for the period between March and April 2007. According to [START_REF] Dieterich | Finite element modeling of surface deformation associated with volcanism[END_REF], such a displacement pattern is better explained by a vertically elongate axisymmetric source of deformation. This deflation source could correspond to the piston-like rock column that progressively moved downward. Hence, we propose that the predominantly horizontal centripetal deformation of the edifice results from the vertical motion of the piston-like column that allowed the "horizontal collapse" of the edifice.

This synthesis on the three best known basaltic calderas suggests that when the magma withdrawal-related inward subsidence is sufficiently advanced, the rock column between the magma chamber and the surface, intermittently collapses. We propose that the pulsating dynamics were resulting from a competition between deflation, which prevents the collapse, and gravity exerted on the block, which makes it possible despite deflation. It is noteworthy that pulsating eruption dynamics have also been proposed for several silicic calderas [START_REF] Rosi | Interaction between caldera collapse and eruptive dynamics during the Campanian Ignimbrite eruption, Phlegraean Fields, Italy[END_REF][START_REF] Rosi | Plinian pumice fall deposit of the Campanian Ignimbrite eruption (Phlegraean Fields, Italy)[END_REF][START_REF] Troll | Caldera formation in the Rum Central Igneous Complex, Scotland[END_REF][START_REF] Reubi | Variability in eruptive dynamics associated with caldera collapse: an example from two successive eruptions at Batur volcanic field, Bali, Indonesia[END_REF]. This dynamic was mostly interpreted in terms of piecemeal caldera collapses. We assume that the collapse mechanism determined for basaltic calderas can be applied to silicic eruptions. The type of collapse, i.e., intermittent or continuous, would be then influenced by the emission rate. In summary, the volume and the rate of magma withdrawal would control the collapse initiation and dynamics, respectively. 4.3. Geometry of the collapse at Piton de la Fournaise [START_REF] Carter | Pits, rifts and slumps: the summit structure of Piton de la Fournaise[END_REF] recently proposed that the magma chamber associated with the recurrent collapses of Dolomieu, before the April 2007 eruption, was located at around 1000 m below the surface, i.e. 1500 m asl. However, inversions of deformation data, GPS and interferometry, related to the eruptions of Piton de la Fournaise strongly suggest that dykes originate from a magma reservoir lying between 0 and 800 m asl (Fukushima et al., 2005;Peltier et al., 2007). Assuming that magma withdrawal from this magma chamber triggered the April 2007 caldera collapse, the aspect ratio of the caldera system, which corresponds to the depth versus width of the magma reservoir [START_REF] Roche | Experimental study of caldera formation[END_REF], is about 2. Analogue models indicate that for high aspect ratios multiple reverse faults break up the roof into large pieces and subsidence occurs as a series of nested cones [START_REF] Roche | Experimental study of caldera formation[END_REF](Roche et al., , 2001)). However, at Piton de la Fournaise, as at Miyakejima where the aspect ratio is also high [START_REF] Geshi | Caldera collapse during the 2000 eruption of Miyakejima Volcano, Japan[END_REF], the pulsating dynamics of the collapse rather suggests that the collapsed rock column behaved as a coherent block [START_REF] Kumagai | Very-long-period seismic signals and the caldera formation at Miyake Island, Japan[END_REF]. We propose that the geometry differences between models and nature are mainly due to the presence of pre-existing ring faults in nature, whereas models are composed of isotropic materials.

On 6th April, 2007, the first observations of the caldera at Piton de la Fournaise indicated the occurrence of a first elongated collapse structure bounded by sub-vertical scarps (Michon et al., 2007). The presence of preserved polished surfaces on the scarps (Fig. 2b) suggests that the subsidence was controlled by inward steep normal faults in sub-surface (Fig. 9b). Considering the usual development of steep outward reverse faults in analogue models (e.g., [START_REF] Marti | Experimental studies of collapse calderas[END_REF], we propose that the base of these inward faults is connected to outward dipping reverse faults, which are vertical at depth. The remaining southern and eastern plateaus subsequently collapsed on 7th April (see Fig. 4 in Michon et al., 2007). Their inward collapse can be usefully compared to the tilting blocks, which develop on analogue models between the central collapse and the outer normal ring faults [START_REF] Roche | Experimental study of caldera formation[END_REF](Roche et al., , 2001;;[START_REF] Acocella | Understanding caldera structure and development: an overview of analogue models compared to natural calderas[END_REF]. Hence, the pre-existing southern and eastern boundaries of Dolomieu were probably reactivated in normal faulting mode (Fig. 9c). The inward deformation related to the tilt of the southern plateau probably affected the southern rim of the caldera as suggested by the occurrence of maximal inward displacements along its southern limit for the period between March and May 2007. Thus, the spatial correlation between the densest fracture zone, the maximal displacements of the caldera rim and the inward tilt of the southern plateau into the caldera suggests that the displacements recorded by GPS result from both a general deflation due to the magma withdrawal from the magma chamber and local effects due to the caldera collapse. Besides the clear control of pre-existing structures in the April 2007 collapse, the similar geometry of Dolomieu before and after the collapse suggests that the source of the collapse, i.e. the magma chamber, did not significantly change during the last hundred years.

Conclusion

We implemented in November 2005 a new GPS network around the summit collapsed structure of Piton de la Fournaise in order to determine the deformation related to collapse events. The present work clearly shows that the network allowed a precise determination of the summit deformation during and after the April 2007 caldera collapse. Moreover, combining GPS data and a structural analysis, we highlight the relationship between the inward displacements, the development of concentric fractures and the dynamics of collapse.

The paper also presents several sources leading to the formation of concentric fractures. Concentric fractures, which are restricted to the first tens of meters of the caldera edge result from extension stresses that are related to (1) the inward tilt of the caldera floor during the successive collapses of the rock column, (2) the reactivation of hidden limits of paleo-collapsed structures and (3) the progressive replenishment of the caldera by lava flows, the load causing a local downsag.

The seismicity and deformation data for the caldera collapses at Fernandina, 1968, Miyakejima, 2000, and Piton de la Fournaise, 2007, suggest a similar pulsating collapse mechanism. Taking into account the stress evolution into the edifice, we propose a unifying model of caldera collapse in basaltic setting that explains the cyclic deformation. The pulsating dynamics result from a competition between deflation, which prevents the collapse, and gravity exerted on the rock column above the magma chamber, which makes it possible despite deflation.

Finally, the structure of the new caldera of Piton de la Fournaise and its evolution during the collapse is explained by the collapse of a coherent block limited by vertical to outward dipping faults at depth and sub-surface normal faults. The similar contours of Dolomieu before the collapse and of the new caldera, remarkably shows the control of the pre-existing structures in the April 2007 caldera collapse.

  -UNIVERSITÀ DI BOLOGNA PIAZZA DI PORTA SAN DONATO, 1 -40126 BOLOGNA -ITALIA -TEL. 051-2094900 -FAX 051-2094904 info@geomin.unibo.it Submission of research article: "Co-intrusive shear stress triggers flank collapse on basaltic volcanoes" by Catry et al. to Journal of Volcanology and Geothermal Research

  ) Laboratoire Géosciences 10 Réunion, UMR CNRS 7154 IPGP, Université de la Réunion , Saint-Denis, France (tcatry@univ-11 reunion.fr), (3) Laboratoire Magmas et Volcans, UMR 6524, CNRS-IRD-Université Blaise Pascal, are affected by lateral instabilities of their flank during their 21 evolution. Classical models consider the relationship between vertical intrusions of 22 magma and flank movements along a preexisting sliding surface. A set of published 23 and new field data allowed us to recognize the role of subhorizontal intrusions in the 24 process of flank instability and to characterize the geometry of both subvertical and 25 subhorizontal intrusions.

  the density of water and the bulk density of volcanic rock, /m3 and considering friction coefficients 203 corresponding to extreme values of laboratory experiments (0.6-1), we get ratios of 204 h / v ranging from h / v = 0

  ), the magma pressure is created by the magma density,

  n (z), and shear stress change,  (z), resolved on the 224

  stress change generally 237 inferred for intrusions. From the inversion of GPS and InSAR displacements 238 associated to recent eruptions of Piton de la Fournaise volcano(Peltier et al, 2007; et al., 2010), values of overpressure were determined to range 240 from 0.3 to 6MPa. 241 At Stromboli volcano, using ground-based InSAR displacements and forward 242 numerical modelling,Casagli et al. (2009) estimated overpressures of 0 to 1 MPa for 243 the pre-effusive displacements of the 2007 eruption.. At Sierra Negra volcano 244 (Galapagos Island), a sill overpressure of 4.5 MPa was estimated at a depth of 2 km 245 from the inversion of InSAR data. In our models, we assume a mean value of normal 246 stress change of   n (z)= 1 MPa. 247 248

  stress field, the patterns of internal displacements and surface 356 deformation are similar to those obtained in isotropic stress field but the amplitudes 357 of displacements strongly increase (Fig8b and 9b). The area affected by intrusions is 358 still located below the summit and the flank of the edifice respectively, but the 359 0.8/0.6 m (instead of 0.3/0.15 m) at the surface (Fig.8 and 9). The directions of 15 151 5 displacements indicate that for a subhorizontal intrusion submitted to shear stress, 361 the outward movements are stronger than in the case of isotropic stress field 362 reaching 0.5 m against 0.15 m (Fig.8b). of geometries of sheet intrusions has been documented through field 371 observations (see section 2). Field data collected in the inner structure of Piton des 372
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 22 in the Cirque de 424 Salazie (Piton des Neiges volcano), where picritic sills triggered the reactivation of a 425 preexisting detachment fault involved in the large-scale flank destabilization of the 426 Northeastern flank of the edifice. 427 Future studies on other basaltic volcanoes could reveal that subhorizontal intrusions 428 are common in the deep parts of the edifices, emphasizing their role in the morpho-429 structural evolution of basatic volcanoes. Large scale flank displacements enhanced by shear stress on basaltic 435 volcanoes 436 437 Our results indicate that an increase in the ratio of anisotropy generates an increase 438 of internal and surface deformation, by favouring the slip along the intrusions in an 439 anisotropic stress field (Fig. 10), especially in the case of subhorizontal intrusions. 440 441 442 5.2.1-origin of the anisotropic stress field 443 The conditions of formation and/or propagation/arrest of magmatic intrusions 444 within volcanoes depend on the state of stress of the edifice. The state of stress is 445 controlled itself by the mechanical properties of the material constituting the 446 volcano and by the loading conditions (i.e. internal and external pressures applied to 447 the edifice). Our study considers the influence of an anisotropic stress field on the 448 mechanical evolution of an edifice associated to magmatic intrusions, in order to 449 account for more realistic state of stress within basaltic volcanoes. This aspect is 450 often described at stratovolcanoes where internal heterogeneities are common due 451 to the variety of activity and eruptive products.The anisotropic stress field loading 452 basaltic volcanoes can have several origins like topographical effects, heterogeneities 453 in the edifice (presence of rift-zones, fractures, interface between layers with 454 different mechanical properties), buttressed/unbuttressed flanks. 455 Gressier (2010) confirmed experimentally that an anisotropic stress field favours the 456 formation of subhorizontal intrusions within volcanic edifices. Role of shear stress in the displacements fields on basaltic volcanoes 460

  480 481 Our theoretical results evidence a new mechanism of large-scale flank collpase on 482 20 20 2 0 basaltic volcanoes: the co-intrusive shear stress creating slip along subhorizontal 483 intrusions in an anisotropic stress field leads to flank-scale deformation of basaltic 484 edifices, likely to trigger large sector collapses of the edifices. 485 486

  , our theoretical results and the 504 example of mount Etna underline that high-angle intrusions alone are not the only 505 way to generate flank-scale deformation triggering sector collapses on basaltic 506 21 21 2 1 volcanoes. Another trigger has to be considered : subhorizontal intrusions in pre-507 existing detachments below edifices flanks. Piton des Neiges, Piton de la Fournaise 508 and Etna well illustrate the interaction between magmatic intrusion, slipping plane 509 and flank failure on volcanoes. on the combination of new field data on the Piton des Neiges 514 volcano (La Reunion Island) and results from numerical modelling brings new insights 515 on the contribution of magmatic intrusions in the process of volcano flank instability. 516

Figure 1 :Figure 2 : 760 Figure 3

 127603 Figure 1: Rose diagram showing the dip directions of subhorizontal intrusions in the 753 Cirque of Cilaos (Piton des Neiges volcano). 754 755 756 Figure 2: Geometry and mesh of the topography in map view. The mesh is denser in 757 the summit part, above the area where magmatic intrusions is located. 758 759 760 Figure 3: a-Geometries of subVertical (subV) and subHorizontal (subH) intrusions 761 considered in the model and b-the range of assumed dips. These representations 762 are not at scale. Both type of intrusions have the same area in the model. 763 764 765 766

Figure 4 :Figure 5 :Figure 6 :

 456 Figure 4: Main parameters involved in the calculation of the displacements 767 associated to a suvertical or subhorizontal (this sketch) intrusion. 768 769 770 Figure 5: Influence of the dip of subvertical and subhorizontal intrusions on the 771 maximum opening of the intrusion (a), the maximum slip along the intrusion (b), the 772 maximum internal displacements within the edifice (c) and the maximum outtward 773 surface displacements (d). The role of the dip is tested in an isotropic stress field and 774 in an anisotropic stress field (k = 0.8). 775 776 777 Figure 6 : Influence of the anisotropy of the stress field loading the edifice on the 778 maximum opening of the intrusions (a), the maximum slip along the intrusions (b), 779 the maximum internal displacements within the edifice (c) and the maximum 780 outward surface displacements (d). SubV = subvertical ; subH = subhorizontal 781 intrusions. 782 783 784 Figure 7: a-modelled opening (a1 and a3) and slip (a2 and a4) of a sectorial, 75°-785 outward dipping and 190°-outward dipping intrusions within an edifice loaded by an 786 isotropic stress field; b--modelled opening (a1 and a3) and slip (a2 and a4) of a 787 sectorial, 75°-outward dipping and 190°-outward dipping intrusions within an edifice 788 loaded by an anisotropic stress field (k = 0.8). 789 790 791 Figure 8: a-Modelled outward displacements associated to subvertical (75°) and 792 subhorizontal (190°) intrusions in an isotropic stress field ; b-Modelled outward 793 displacements associated to subvertical (75°) and subhorizontal (190°) intrusions in 794 an anisotropic stress field (k = 0.8). 795 796 797 798 Figure 9: a-Modelled vertical displacements associated to subvertical (75°) and 799 subhorizontal (190°) intrusions in an isotropic stress field ; b-Modelled vertical 800 displacements associated to subvertical (75°) and subhorizontal (190°) intrusions in 801 an anisotropic stress field (k = 0.8). 802 803 804 Figure 10: Relationship between slip and opening of subvertical (subV) and 805 subhorizontal (subH) intrusions, submitted either to isotropic or anisotropic stress 806 field. 807

Fig. 1 :

 1 Fig. 1: Successive steps of destabilization of the southwestern and northern flanks of Piton des Neiges volcano, inferred from microstructural studies. a. Older phase of deformation oriented N-S in the Cirque of Cilaos. b. Later phase of deformation oriented NW-SE in the Cirque of Cilaos and coeval with strike-slip faulting. c. Similar N-S to NW-SE stress field evolution in the cirque of Salazie (modified from Famin and Michon, 2010).
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  Famin, V. & Michon, L. Volcano destabilization by magma injections in a detachment. Geology 38, 219-222 (2010).. SMART*, T. CHACKO, L.M. HEAMAN, T. STACHEL AND K. MUEHLENBACHS Dept. of Earth and Atmospheric Sciences, Univ. of Alberta, Edmonton, AB, Canada (*correspondence: kasmart@ualberta.ca)

Figure 1 :

 1 Figure 1: Plot of 87 Sr/ 86 Sr ratio vs ! Nd values. Pb isotope data ( 206 Pb/ 204 Pb = 18.943 -18.974; 207 Pb/ 204 Pb = 15.598 -15.606; 208 Pb/ 204 Pb = 39.045 -39.141), design a specific trend in 206 Pb/ 204 Pb -208 Pb/ 204 Pb with respect to PdN and PdF's trends. One of these samples is dated by K-Ar at 3.3 Ma corresponding to the oldest dated rock of all the edifices. Our new data shed lights on the existence of a third volcano at La Réunion Island.

  applied for each sensor in order to extract and map lava flow contours and surface morphology. These methods include photo interpretation as well as fusion of thermal band and optical images. In addition we performed several tests with specific software combining object and spectral based techniques. Subsequently, a simple statistical comparison between different perimeters and areas mapped allowed us to determine a precision ratio. Results show that difficulties in extracting contours arise when the study area is a complex lava flow field where the different lava flows overlap, or have a similar textural and radiometric characteristics.
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 14 Figure 1: Piton de la Fournaise

Figure 2 Figure 3 :

 23 Figure 2 : Lava Flows Cartography between 1980 and 2007

Figure 5 :

 5 Figure 5: Automatic cartography treatment sequence
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Fig. 1 .

 1 Fig. 1. a -Location of Piton de la Fournaise volcano on La Réunion Island. b -Location of the eruptive centre within the Enclos caldera. Eruptive fissures opened on March 30th and April 2nd are located by 1 and 2, respectively. SNEg and GITg correspond to the reference receivers of the summit GPS network. c -Distribution of the benchmarks around the summit collapsed structures of Dolomieu and Bory. Benchmarks measured in March and May 2007 (yellow), in May and November (black) and for both periods (red). d -Fracture network around the summit collapsed structures (after Lénat and Bachèlery, 1990).

Fig. 2 .

 2 Fig. 2. a -The April 2007 caldera. The maximum depth is located in the northern half of the caldera. Note the differences between the northern and southern caldera flanks. New concentric fractures are represented by arrows. Fractures opened essentially south of the caldera. Souf: Soufrière pit crater. b -View of the north-western caldera wall. Several polished surfaces were preserved few days after the caldera collapse until destruction of this scarp by landslide in May 2007.

Fig. 3 .

 3 Fig. 3. Contours of the summit structures before and after the caldera collapse. Fracture width along three radial profiles measured in February and May 2007.
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Fig. 4 .

 4 Fig. 4. Displacements between March and May 2007. a -Total displacements (in cm). b -Displacement vectors for horizontal components. c -Horizontal and vertical components (in cm).
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Fig. 5 .

 5 Fig. 5. Horizontal/vertical ratio for the period between March and May 2007. The H/V ratios are linearly organised suggesting a predominant common source of deformation.

Fig. 6 .

 6 Fig.[START_REF][END_REF]. Displacements measured for the period between May and November 2007. a -Total displacements (in cm). b -Displacement vectors for horizontal components. c -Horizontal/vertical ratio.
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Fig. 8 .

 8 Fig. 8. Schematic representation of the mechanics of caldera collapse in basaltic setting. a -Initial stage. Long-lived volcanoes commonly present pre-existing ring faults resulting from previous caldera collapse. b -Inward deflation related to magma withdrawal from the magma chamber. Despite gravitational stresses acting on the rock column above the magma chamber, the column is sustained by additional normal and shear stresses applied on the ring fault and the remaining pressure within the magma chamber. The stress σ resulting from deflation acting on the fault is decomposed into a normal σ n and a shear τ component. ρ, h and g correspond to the density and the height of the rock column, and gravitational acceleration, respectively. Black and white arrows represent displacement vectors and stresses, respectively. c -Collapse of the rock column when the gravitational stresses exceed the shear strength along the ring faults. The collapse of the column triggers an elastic rebound of the edifice by stress release. It may also induce an increase of the magma outflow as revealed by the step by step increase of the emission rate at the surface after the first collapses during the April 2007 eruption of Piton de la Fournaise(Michon et al., 2007). Each cycle is subsequently characterised by the succession of step b (inward deflation) and c (collapse and outward uplift).

Fig. 9 .

 9 Fig. 9. Evolution of the caldera collapse during the April 2007 eruption inferred from the surface deformation. a -Initial stage. b -On April 6. c -After the collapse. The geometry and depth of the magma chamber is still poorly constrained.
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