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abstract
From March 30 to May 1 2007, Piton de la Fournaise, La Réunion Island, experienced a major eruptive crisis, char-

acterized by the largest emitted lava volume (210 × 106m3) of the 20th and 21st centuries, and by a 340 m deep

caldera collapse. The event was captured by InSAR data from the ENVISAT and ALOS-1 satellites. From this data,

we computed the EW and vertical components of the displacement that occurred on the entire edifice during the

co-eruptive period and in the following months. Our results reveal unusually large and time-dependent displace-

ments of the Central Cone and the Eastern Flank of Piton de la Fournaise, both of which continued to deform for at

least a year after the end of the eruption. The analysis of InSAR displacement combined with other geophysical

andfield observations allows us to propose conceptual models to explain the Central Cone and the Eastern

Flank displacements. We propose that the April 2007 caldera collapse induced a sudden decompression of the

hydrothermal system, which had been previously pressurized and heated by temporary sealing of its upper

part. This sudden decompression resulted in a strong centripetal subsidence. This then decreased exponentially

as poro-elastic compaction and creep of the Central Cone propagated from the collapsed rock column to more

distal parts of the hydrothermal system. For the Eastern Flank, we propose that the displacement is related to

an intrusion within the Grandes Pentes. While propagating to the surface, the intrusion may have encountered

a pre-existing structural discontinuity, intruded it and activated it as a detachment surface. It is likely that the de-

tachment slip, by reducing the minimum principal stress close to the summit, allowed the injection of the dyke

that fed the brief March 30–31 eruption. Then it may have promoted the migration of magma from the main

magma storage zone, beneath the Central Cone, to the distal April 2 eruption site. The EW extensional stress

field resulting from the slip of the detachment during the co-eruptive period may have activated a set of normal

faults on which aseismic creep controlled the response of the edifice during the post-eruptive period.
1. Introduction

The development of spatial geodetic techniques has brought about

considerable advances in the monitoring and interpretation of ground

surface displacement in volcanic settings over the last few decades

(Dzurisin, 2007). Several studies have looked at static displacements oc-

curring as an immediate response to stress variation, resulting either

from the infilling or emptying of a magma source in the upper crust

(Pritchard and Simons, 2002; Froger et al., 2007)orfrompropagationof

a magmatic intrusion to the surface (Sigmundsson et al., 1999; Froger

et al., 2004; Fukushima et al., 2005, 2010). Time-dependent displacement

has also been observed in relation to deep intrusions embedded in a

visco-elastic (Newman et al., 2006; Fialko and Pearse, 2012)orelasto-

plastic crust (Trasatti et al., 2005), pressurization or depressurization of
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hydrothermal systems (Rinaldi et al., 2010), volcano-tectonic processes

(Palano et al., 2009; Montgomery-Brown et al., 2011), or compaction

and loading of lavaflows (Stevens et al., 1997).

In this paper, we look at both static and time-dependent ground sur-

face displacements recorded at Piton de la Fournaise (La Réunion hotspot,

Fig. 1a–b) during and after the March 30 to May 1, 2007 eruptions.

Piton de la Fournaise has been extensively monitored since 1980 by

ground surface displacements (GPS, Electronic Distance Measurement,

and tiltmeters) and seismic monitoring networks operated by the

Observatoire Volcanologique du Piton de la Fournaise (OVPF). In 2007,

the GPS network was composed of 12 continuous GPS stations (Fig. 1c)

recording ground surface displacements at 30 s intervals (Staudacher

et al., 2009). Piton de la Fournaise is alsoone of the few volcanoes in the

world to be monitored on a regular basis, since 1998, by Interferometric

Synthetic Aperture Radar (InSAR) data. Thirty of the 39 eruptions that oc-

curred during the 1998–2010 period were imaged using data provided by

the Canadian RADARSAT-1 satellite (Sigmundsson et al., 1999; Fukushima

et al., 2010), the European ASAR-ENVISAT satellite (Froger et al., 2004;
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Fig. 1.a) Location of La Réunion Island in the Indian Ocean. b) Location of Piton des Neiges

(PdN) and Piton de la Fournaise (PdF) volcanoes. c) Topography of Piton de la Fournaise

with 100 m elevation contours and location of the main places discussed in text

(BC: Bory Crater; DC: Dolomieu Crater; EF: Enclos Fouqué; GB: Grand Brûlé; GP: Grandes

Pentes; LC: Langlois Cone; PdO: Plaine des Osmondes). White triangles indicate the loca-

tions of the OVPF GPS permanent stations (filled white triangles indicate the location of

GPS stations discussed in text). White arrows indicate the Michon and Saint-Ange

(2008)V-shaped structure. The locations of the March 2007 and April 2007 eruptive

fissures are indicated by straight white lines, while the lavaflow contours are in black.

Coordinates are in km UTM (40 zone south).
Tinard, 2007), the Japanese PALSAR-ALOS satellite (Augier et al., 2008),

the German TerraSAR satellite (Froger et al., 2011) and the Italian

Cosmo-SkyMed satellites (Bato et al., 2013).

While the OVPF's GPS monitoring network, concentrated in the vi-

cinity of the Central Cone (Fig. 1c), gives an excellent record of the evo-

lution of summit displacement that occurred in March–April 2007, it

does not provide any constraint on the displacementfield over the

whole edifice. Using the various acquisition geometries and sensitivities

provided by the C-band (5.6 cm wavelength) ASAR and the L-band

(23.6 cm wavelength) PALSAR data, we computed the EW and vertical

components of the ground surface displacements which occurred over

the entire edifice during the March–April 2007 eruptions and in the fol-

lowing months. Our results reveal unusually large and time-dependent

displacements of the Central Cone and the Eastern Flank of Piton de la

Fournaise, which both continued to deform for at least a year after the

end of the eruption. The characterization of such large time-

dependent displacement has essential implications not only for risk as-

sessment at the Piton de la Fournaise volcano, but also for the under-

standing of deformation processes related to magma transfer in general.

2. Geological setting

The Piton de la Fournaise volcano forms the SE half of La Réunion, an

oceanic basaltic island in the southernmost part of Mascarene Basin
(Indian Ocean), 800 km east of Madagascar (Fig. 1a–b). Most historical

eruptions of Piton de la Fournaise occurred in the Enclos Fouqué–

Grand Brûlé structure, an EW elongated horseshoe shaped depression

(~13 × 10 km) opened eastward to the Indian Ocean (Fig. 1c). Among

other hypotheses, it has been proposed that the Enclos Fouqué–Grand

Brûlé structure results from a caldera collapse (Chevallier and

Bachelery, 1981; Duffield et al., 1982; Bachèlery and Mairine, 1990;

Bachèlery, 1995) or fromflank collapses (Lénat et al., 1990; Labazuy,

1996; Lénat et al., 2001). Although the question of the Enclos Fouqué–

Grand Brûlé structure origin is still debated, the presence of debris ava-

lanche deposits offshore of the Piton de la Fournaise Eastern Flank dem-

onstrates the occurrence offlank destabilisations running down slope to

the abyssal plain (Lénat et al., 1989; Labazuy, 1996; Le Friant et al.,

2011).

In the upper part of the Enclos Fouqué-Grand Brûlé structure, the

Central Cone, built up by the accumulation of volcanic products, exhibits

an EW elongated shape, with two pit-craters, the Bory crater to the west

and the Dolomieu crater to the east. Joint analyses of ground surface dis-

placements, seismicity and petrology–geochemistry of the lavas have

led different authors to infer the presence of a main magma storage

zone beneath the Central Cone between 0 and 1000 m above sea level

(Lénat and Bachèlery, 1990; Peltier, 2007; Peltier et al., 2009a; Prôno

et al., 2009). However, the exact depth, volume and shape of this storage

zone are still under debate, as well as the presence of only one or several

separate storage units.

After an unusually long period of 63 months rest, on March 1998,

Piton de la Fournaise began a new period of activity, characterized by

an average rate of 2.7 eruptions per year until the December 2010 erup-

tion. During this period, in most cases the eruptivefissures opened in

the summit crater of the Central Cone or occurred directly on theflank

of the Central Cone. Exceptionally,fissures opened at low elevation far

from the central cone in the Plaine des Osmondes or in the Grand

Brulé (Fig. 1c,Peltier et al., 2009a).

3. The March–April 2007 eruptions

The March–April 2007 eruptions were preceded by 10 months of

quasi-continuous activity during which 3 summit eruptions took place

(July–August 2006, August 2006–January 2007 and February 2007,

Peltier et al., 2009a). By the end of this period the Dolomieu crater

(Fig. 1c) had become overfilled and lavaflows started to spill over the

crater rim at its lowest elevation. Thefirst two months of 2007 were

marked by a continuous inflation of the both the entire edifice and the

Central Cone (Staudacher et al., 2009).Peltier et al. (2009b)interpreted

this inflation as evidence of a recharge of the main magma storage zone,

generally assumed to exist beneath the Central Cone, between 0 and

1000 m above sea level (Lénat and Bachèlery, 1990; Peltier, 2007;

Peltier et al., 2009a; Prôno et al., 2009). A deeper source of inflation

was recently proposed from the RER far field very broadband seismic

station (Fontaine et al., 2014). Whatever the source's depth, the

March–April 2007 eruptions were heralded by a progressive increase

in seismicity beneath the summit zone from the end of February to

the end of March. On March 30, at 18:50 GMT an eruptivefissure

opened at 1900 m above sea level at the southeastern base of the Central

Cone (Staudacher et al., 2009). Thefissure fed a small lavaflow

(b106m3,Staudacher et al., 2009,Fig. 1c) of aphyric basalt during an ini-

tial, ~ 10-hour-long, eruptive phase. On April 2 a new eruptivefissure

opened 7 km away from the summit on the lower Eastern Flank

(~ 600 m above sea level,Fig. 1c), also emitting aphyric basalt. From

April 5, the OVPF seismic and GPS networks recorded a significant in-

crease in activity below the Central Cone (Michon et al., 2007). The crisis

climax was reached in the night between April 5 and 6 with the onset of

the collapse of the Dolomieu crater. At the same time, a significant in-

crease in eruptive activity was observed at the lower Eastern Flank

eruptivefissure, together with an evolution of lava composition toward

oceanite (Di Muro et al., 2014). The eruption continued until May 1 with



a continuous lava emission at the Eastern Flankfissure. Considering the

total emitted volume of lava (210 × 106m3,Bachèlery et al., 2010)and

the magnitude of the Dolomieu collapse (340 m in depth, 100–

120 × 106m3in volume,Michon et al., 2007; Urai et al., 2007), the

April 2007 crisis can be regarded as the largest eruption ever observed

at Piton de la Fournaise during the XXth and XXIst centuries.

After the end of the March–April eruptions, no further magmatic ac-

tivity occurred for about 500 days and only 8 minor summit eruptions

(with emitted volume of magma generally lower than 106m3)haveoc-

curred since. This suggests that the system was significantly modified by

the April 2007 events.

4. Data processing

4.1. Computation of the interferograms

We processed two separate interferometric datasets spanning the

co-eruptive period (i.e. the period including the March 30 eruption,

the April 2 eruption and the April 6 caldera collapse) and the post-

eruptive period (i.e. from May 2007 to September 2008) respectively.

For the co-eruptive period, we calculated 2 ascending PALSAR inter-

ferograms (Fig. 2a–b,Table 1), 2 ascending and 2 descending ASAR in-

terferograms (Fig. 3a–d,Table 1).

For the post-eruptive period, we calculated 6 ascending PALSAR in-

terferograms (Online Resource 1) and 129 ASAR interferograms from

ascending and descending viewing directions (Online Resource 2).

All interferograms (PALSAR and ASAR) were produced with the

DIAPASON© software (CNES/Altamira-Information, 1996)usingthe

two-pass method described byMassonnet and Feigl (1998). The con-

tribution of the orbital trajectories in the ASAR interferograms was

modelled and removed using the ESA DORIS orbit state vectors. We

used a 25 m Digital Elevation Model (DEM) made by the French

Geographic Institute (IGN) to model and remove the topographic

contribution. The IGN DEM was also used to provide a geographic

frame (UTM-WGS84) for the interferometric products.

4.2. Computation of the early co-eruptive displacement

Both PALSAR interferograms displayed inFig. 2a–b and the three

ASAR interferograms displayed inFig. 3a–crecorded“early co-eruptive

displacement”related to the early phase of the March–April eruptions, in-

cluding the March 30 intrusion at the southeastern base of the Central

Cone, the opening of the April 2 vent at 600 m a.s.l. on the lower Eastern

Flank and the April 5–April 9 Dolomieu collapse. In addition to these early

co-eruptive displacements, the second PALSAR interferogram (Fig. 2b)
Fig. 2.a) PALSAR ascending interferogram spanning 46 days from March 4 to April 19, 2007. b) 

horizontal bars on the chronological scales indicate periods of volcanic activity while cyan horiz

on the shaded DEM. A complete phase cycle (red–blue–yellow) represents an increase in the Ea

the March 2007 and April 2007 eruptivefissures are indicated by straight white lines. Coordinate

legend, the reader is referred to the web version of this article.)
also recorded the displacement that occurred during the last phase of

the eruption, although the largest displacement is expected to have

occurred during the early phase. The descending ASAR interferogram

displayed in Fig. 3d spans the April 4–May 11, 2007 period (i.e.

35 days). As the second PALSAR interferogram, it recorded displacement

that occurred during the last days of the March–April eruption.

Due to their similar lines-of-sight (LOS,Table 1), the PALSAR inter-

ferograms and the two ascending ASAR interferograms exhibit very

similar patterns of displacement. However, because of the longer wave-

length of PALSAR (1 interferometric fringe = 11.8 cm of displacement

in the LOS direction) with respect to ASAR (1 interferometric

fringe = 2.8 cm of displacement in the LOS direction), the same dis-

placement produces ~4 times less fringes in the PALSAR interferograms.

This characteristic is advantageous where large strain occurs (greater

than ~3 mm·m−1) which might produce spatial aliasing of the interfer-

ometric fringes in the ASAR interferograms, whereas the PALSAR inter-

ferograms remain coherent as long as the strain does not exceed

~13 mm·m−1(Massonnet and Feigl, 1998). As a matter of fact, the

loss of coherence on the ASAR interferograms in the Grandes Pentes,

particularly severe on the swath 6 descending interferogram (Fig. 3c),

is most likely caused by aliasing of the interferometric fringes. In con-

trast, the PALSAR interferograms exhibit a remarkable coherence, not

only over the areas affected by large strain but also over the vegetated

areas of the volcanoflanks (Fig. 2a–b). Similarly, the Dolomieu crater

is incoherent on the four ASAR interferograms and on both PALSAR in-

terferograms as the magnitude of the April 5–6 collapse, at the summit

of the Central Cone, greatly exceeds the theoretical limit of maximum

detectable strain.

The co-eruptive interferograms show complex displacement patterns

that reflect the superimposition of different signals. The characterisation

of the individual signals is difficult to obtain from the interferograms, as

each of them provides only a projection of the ground surface displace-

ment in a specific LOS of the satellite. We obtained a more discriminating

dataset by constructing maps of displacement components (EW, NS, and

vertical) from the independent co-eruptive interferograms using the fol-

lowing formulation (Wright et al., 2004):

û¼− P
τ
Σ
−1
R P

h i
−1

P
τ
Σ
−1
R R ð1Þ

whereûis the column vector containing the EW, NS and vertical compo-

nents of displacement,Pis the matrix containing the LOS unit vector for

the independent co-eruptive interferograms,Ris the column vector con-

taining the displacements measured from the independent co-eruptive

interferograms (obtained after unwrapping and scaling by the radar
PALSAR ascending interferogram spanning 92 days from February 20to May 23, 2007. Red

ontal bars indicate the time spanned by the interferograms. The phases have been draped

rth-satellite distance of 11.8 cm. Black arrows indicate the LOS directions. The locations of

s are in km UTM (40 zone south). (For interpretation of the references to color in thisfigure



Table 1

Parameters of the six co-eruptive interferograms.

Interferogram 1  Interferogram 2  Interferogram 3  Interferogram 4  Interferogram 5  Interferogram 6

SAR/wavelength PALSAR/23.5 cm  PALSAR/23.5 cm  ASAR/5.63 cm  ASAR/5.63 cm  ASAR/5.63 cm  ASAR/5.63 cm

Pass Ascending Ascending Ascending Ascending Descending Descending

Swath–tracka 539 541 2–313 5–399 5–048 6–277

Incidence angleb 37.8° 44.4° 22.8° 37.6° 37.7° 41°

Unit Vector [East, North, Up]c [−0.59,−0.15, 0.79]  [−0.68,−0.17, 0.70]  [−0.38,−0.08, 0.92]  [−0.59,−0.14, 0.79]  [0.57,−0.13, 0.80]  [0.64,−0.15, 0.75]

Orbit–date 1 05903–04/03/2007  05728–20/02/2007  26419–20/03/2007  26505–26/03/2007  26655–06/04/2007  26383–18/03/2007

Orbit–date 2 06574–19/04/2007  07070–23/05/2007  26920–24/04/2007  27006–30/04/2007  27156–11/05/2007  26884–22/04/2007

ha
d(m) −1705 94 −23 −66 126 −75.5

aThe swath is defined only for ASAR data.
b From the vertical.
cLine Of Sight (LOS) unit vector from ground to satellite at midswath for the Piton de la Fournaise latitude.
d The altitude of ambiguity hagives an estimate of the sensitivity of the interferogram to the topography.
half-wavelength) andΣRis the covariance matrix for errors in the mea-

sured displacements, where the off-diagonal terms are set to 0 and the di-

agonal terms correspond to the local variance of the interferograms. In

practise, the near-polar orbits of the ENVISAT and ALOS satellites prevent

the NS component of displacements from being resolved to an acceptable

accuracy. Therefore, we base our analysis of displacement on the EW and

vertical components only.

A prerequisite step to the determination of the 3D displacement

components is the unwrapping of the interferograms. Due to their ex-

cellent coherence, both PALSAR interferograms were successfully

unwrapped without any particular difficulty using the Snaphu algo-

rithm (Chen and Zebker, 2002). However, the strong fringe aliasing af-

fecting the two ascending and the swath 6 descending ASAR

interferograms in the Grandes Pentes (Fig. 3a–c) called for a specific
Fig. 3.a) ASAR ascending interferogram spanning 35 days from March 20 to April 24, 2007. b) 

descending interferogram spanning 35 days from March 18 to April 22, 2007. d) ASAR descendin

chronological scales indicate periods of volcanic activity while cyan horizontal bars indicate the

complete phase cycle (red–blue–yellow) represents an increase in the Earth-satellite distance 

south). (For interpretation of the references to color in thisfigure legend, the reader is referred
procedure to obtain reliable unwrapped phases. Thefirst step was to

generate a map of the large scale co-eruptive displacement, projected

in an arbitrary ascending LOS, by low-passfiltering the unwrapped

phases of thefirst PALSAR interferogram (Fig. 2a) that spans a period

close to the ones spanned by the two ASAR interferograms (Table 1).

We scaled and removed this large scale displacement from the ascend-

ing ASAR interferograms, thus reducing their aliasing. We then used

Snaphu to unwrap the residual phases and we added back the large

scale displacement to the results of the unwrapping. In this way we

achieved a significantly improved unwrapping of the two ascending

ASAR interferograms compared to the simple pass Snaphu procedure.

The second step was to use three of the ascending unwrapped interfer-

ograms to retrieve a rough estimate of the EW and vertical components

of displacement. Note that we did not use the second PALSAR
ASAR ascending interferogram spanning 35 days from March 26 to April30,2007.c)ASAR

g interferogram spanning 35 days from April 6 to May 11, 2007. Red horizontal bars on the

 time spanned by the interferograms. The phases have been draped on the shaded DEM. A

of 2.8 cm. Black arrows indicate the LOS directions. Coordinates are in km UTM (40 zone

 to the web version of this article.)



interferogram (Fig. 2b) in this step as it spans a significantly longer pe-

riod than the three other ascending interferograms and possibly record-

ed significantly different displacements. Then, we low-passfiltered and

projected these estimated displacements in the LOS corresponding to

swath 6 descending ASAR interferogram, in order to generate a map of

the large scale component of the co-eruptive displacement in the de-

scending LOS. Although the dilution of precision on the displacement

components obtained by combining the three ascending interferograms

is important, we assume that the large scale displacement obtained this

way is reliable enough to be used in the same way as for the PALSAR-

derived, large scale displacement. Therefore, we removed it from the

descending ASAR interferogram, we unwrapped the residual phases

and added back the large scale component to the results of unwrapping.

Actually, although removal of the large scale component indisputably

reduced the aliasing of the swath 6 descending interferogram in some

areas of the Grandes Pentes, some other areas remain incoherent and

were not unwrapped successfully.

After unwrapping, we detrended the interferograms in order to ref-

erence them to a common zero phase origin and to remove residual or-

bital component. We then obtained the EW and vertical displacement

components using Eq.(1).

Unwrapping errors corrupt the inverted displacements locally.

Other sources of error, affecting individual interferograms, such as at-

mospheric noise, topographic residuals or displacement occurring out-

side of the common period shared by the entire co-eruptive InSAR

dataset, might also contribute to the corruption of the result of the com-

ponents inversion. For this reason, we discarded the track 541 PALSAR

interferogram and the swath 5 descending ASAR interferogram for the

determination of the components of early co-eruptive displacement.

We estimated the quality of the inverted displacements on a pixel-by-

pixel basis using the total standard error as formulated byStrang

(1986)(see Online Resource 3). We used the resulting standard error

map, combined with an image of the mean coherence of the five co-

eruptive interferograms, to create a mask where all pixels in the area

of interest (Enclos Fouqué, Grandes Pentes) with a standard error

higher than 0.07 m or a mean coherence lower than 25% are masked.

Then we interpolated all the masked areas whose size did not exceed

5 × 5 pixels from neighbouring pixels. The interpolation was done

using a Kriging algorithm (Journel and Huijbregts, 1978).
4.3. Computation of late co-eruptive displacement

We used a three-step procedure to compute the “late co-eruptive dis-

placement”which occurred in the last 10 days of the March–April erup-

tion. First we projected the EW and vertical components of the early

co-eruptive displacement in the LOS of the ascending track 541 PALSAR

interferogram. We thus obtained a synthetic track 541 PALSAR interfero-

gram in which phases are supposed to record only the early co-eruptive

displacement. We subtracted this synthetic interferogram from the actual

one to get phase changes, in track 541 LOS, corresponding to the last days

of the eruption. Finally we use the resulting residual interferogram, to-

gether with the descending swaths/tracks 5/048 ASAR interferogram, to

retrieve the EW and vertical components of late co-eruptive displace-

ments, using Eq. (1).

In contrast to the early co-eruptive displacements, we were not

able to produce a standard error map for the components of the late

co-eruptive displacement since the interferometric dataset used for

the determination of these components does not provide any geometric

redundancy. In addition to the noise sources already mentioned above,

it is obvious that our way of estimating the components of late co-

eruptive displacement implies propagation of early co-eruptive dis-

placement errors to late co-eruptive displacement. As a consequence,

we use the maps of EW and vertical late co-eruptive displacement

only for qualitative interpretation without any attempt to numerically

model them.
4.4. Computation of post-eruptive displacement

The ASAR and PALSAR interferograms covering the ~one and a half-

year period of quiescence after the end of the March–April 2007 erup-

tions show that the ground surface displacement continued for at

least one year, with decreasing amplitude, both at the Central Cone

and in the Grandes Pentes. In order to characterize this displacement,

we calculated their EW and vertical components using the following ap-

proach. First, we selected thefive ASAR swaths providing the largest set

of interferograms with the most regular distribution over the post-

eruptive period (i.e. ascending swaths/tracks 2/313, 5/399 and 7/170

and descending swaths 6/277 and 7/005, Online Resource 2). From

each selected interferograms set, we generated time series of LOS dis-

placement (i.e. a LOS displacement map for each SAR image acquisition

epoch) using the technique proposed byLundgren and Usai (2001).

From each time series, we extrapolated a cumulative LOS displacement

map spanning exactly the same one-year time period (May 2007–May

2008). Finally, we used thesefive extrapolated maps to compute the

EW and vertical components of displacements using Eq.(1).Thequality

of the resulting displacement components was estimated using the

same approach as employed for the early co-eruptive displacement

components.

5. Results

5.1. Early co-eruptive displacement

The early co-eruptive EW and vertical components of displacement

show four main signals (Fig. 4a–b). (1) The western part of the Central

Cone is affected by both eastward and downward displacements indicat-

ing a centripetal subsidence (Ec1 inFig. 4c) reaching a maximum of

50 cm at the NW rim of the Dolomieu crater. (2) The easternflank of

the Central Cone develops a large NS-trending inflation axis of about

4 km between the Langlois cone and the location of the March 30 erup-

tivefissure (Ec2 inFig. 4c). The horizontal displacement (Fig. 4a) is ori-

ented eastward on the eastern side of the axis and westward on the

western side, for a total displacement difference between the east and

the west of up to 20 cm to the north of the Central Cone and up to

45 cm to the south of the Central Cone. The vertical displacement

shows a maximum uplift of about 25 cm to the southeast of the Central

Cone. This asymmetric displacement pattern is typical of a dyke intrusion

(Pollard et al., 1983), as previously observed with InSAR data at Piton de

la Fournaise and elsewhere (Jónsson et al., 1999; Sigmundsson et al.,

1999; Froger et al., 2004; Fukushima et al., 2010). The large scale of dis-

placement suggests a relatively deepsource along most of its length. At

its southern end, the NS axis divides into two N150°E branches and the

scale of displacement becomes shorter, suggesting that the source of

the displacements becomes shallower (Ec2a and Ec2b inFig. 4c). The

easternmost branch (Ec2b inFig. 4c) coincides with the location of the

March 30 eruptive fissure, indicating that the displacement axis is related

to the March 30 dyke intrusion. Given the displacement pattern orienta-

tion, the dyke is more likely oriented NS rather than N125°E as proposed

earlier (Fig. 14 inPeltier et al., 2009b). (3) To the east, between the foot of

the Central Cone and the base of the Grandes Pentes, a wide zone un-

dergoes large displacements. On the horizontal component map, the pat-

tern is fan-shaped and covers an area of about 14 km2in the Grandes

Pentes, indicating an extensive eastward displacement with a maximum

of up to 1.4 m (Ec3 inFig. 4c). The vertical displacement map has a more

complicated pattern, with a general subsidence of the Grandes Pentes, of

up to 33 cm, intersected in its central part by a ~N170°E trending uplift

reaching 37 cm (Ec4 inFig. 4c). These observations indicate that a large

scale downslope displacement of the Grandes Pentes occurred, accompa-

nied by a shorter scale uplift of its central part. The mean ratio of horizon-

tal to vertical displacements, calculated after masking the uplifting area, is

~ 4, suggesting that the displacement occurred on a surface roughly par-

allel to the mean local slope (~ 15°, see also the profile of the displacement



Fig. 4.Early co-eruptive displacements draped on the shaded DEM. a) EW component,

contour level interval is 0.1 m. b) Vertical component, contour level interval is 0.05 m.

c) Sketch map of the main displacement patterns (blue dashed lines) referred to as Ec1

to Ec6. Grey arrows point to the extremities of the profile of the displacement vectors

shown in the upper part of thefigure. Thick black lines in a) and b) indicate the location

of eruptivefissures. AEF: April 2, 2007 eruptivefissure; MEF: March 30, 2007 eruptivefis-

sure; CC: Central Cone; EF: Enclos Fouqué; GB: Grand Brûlé; GP: Grandes Pentes; LC:

Langlois Cone. Coordinates are in km UTM (40 zone south). Chronological scale at the

top of thefigure indicates the periods of eruptive activity (in red) and the period spanned

by the displacement map (in black the period common to the entire InSAR dataset used for

the displacement calculation, in grey the period spanned only by a part of the InSAR

dataset). (For interpretation of the references to color in thisfigure legend, the reader is

referred to the web version of this article.)
vectors onFig. 4c). On the other hand, it is noteworthy that the maximum

displacement affects the area with the steepest slopes in the Grandes

Pentes (~20°, see also the profile of the displacement vectors on

Fig. 4c). (4) At the SE base of the Grandes Pentes there is a N125–130°E

trending subsidence axis with a maximum value of 28 cm on the vertical

displacement map (Ec5 inFig. 4c). The displacement is smaller (~ 15 cm)

on the horizontal displacement map, and consists of a N125–130°E axis of

westward displacement bracketed by two N125–130°E axes of eastward

displacement. The SE end of the subsidence axis is not well defined as it

ends in an area of very low interferogram coherence. Actually, this area

coincides with the location of the April 2 eruptivefissure (Ec6 in

Fig. 4c), suggesting that the N125–130°Edisplacementaxisisrelatedto

the magma migration toward the April 2 eruption vent.

5.2. Late co-eruptive displacement

The late co-eruptive EW and vertical components of displacement

show four main signals (Fig. 5a–b). (1) The Central Cone is affected by

centripetal subsidence (Lc1 onFig. 5c) producing symmetrical displace-

ment on the horizontal displacement map (eastward on the western

flank and westward on the easternflank,Fig. 5a), and roughly concen-

tric downward displacement on the vertical displacement map

(Fig. 5b). (2) The Grandes Pentes display a large trapezoidal eastward

displacement pattern (Fig. 5a & feature Lc2 inFig. 5c) that partly coin-

cides with the early co-eruptive eastward displacement pattern in the

area, although it extends significantly farther to the south. The magni-

tude of the displacement is between 15 and 20 times lower than that

of early co-eruptive displacement (for a roughly similar time span), in-

dicating that most of the eastward displacements in the Grandes Pentes

occurred early, during thefirst days of the eruption. (3) On the vertical

displacement map, the central part of the Grandes Pentes displays a tri-

angular subsidence pattern (Fig. 5b & feature Lc3 inFig. 5c) that coin-

cides remarkably, in location, with the uplift detected in this area on

the vertical component of early co-eruptive displacement (Fig. 4). It is

noteworthy that the western edge of this subsidence pattern has

a ~ N155°E orientation, close to the orientation of some structural fea-

tures of Piton de la Fournaise (e.g. the western rampart of the Plaine

des Osmondes and the western scarp of theMichon and Saint-Ange

(2008)V-shaped structure, see Fig. 1c and shaded grey areas in

Fig. 5c). (4) At the southern end of the subsidence pattern, slightly

shifted to the east, a N145°E subsiding axis is observed on the vertical

displacement map (Lc4,Fig. 5c). This axis coincides nearly exactly

with the Ec5 feature and ends close to the April 2 eruptive fissure.

5.3. Post-eruptive displacement

The post-eruptive EW and vertical displacement components (Fig. 6a,

b) show essentially the same patterns (summarized onFig.6c) asthe EW

and vertical component maps for the late co-eruptive displacements

(Fig. 5). (1) The centripetal subsidence of the Central Cone (P1 in

Fig. 6c) produces a symmetrical pattern of displacement on the horizon-

tal displacement map (up to 19 cm eastward on the westernflank and

8 cm westward on the easternflank,Fig. 6a) and a concentric displace-

ment on the vertical displacement map (up to 25 cm downward,

Fig. 6b). The pattern of the centripetal subsidence is limited to the Central

Cone suggesting a relatively shallow source of displacement. (2) The

Grandes Pentes display a large trapezoidal displacement pattern (P2 in

Fig. 6c) that roughly coincides with the late co-eruptive displacement

pattern in the area. The total area affected by the displacement is up to

20 km2. Contrary to the early co-eruptive period, the displacements are

uniformly distributed eastward and downward over the entire zone, indi-

cating an overall downslope motion. The ratio of horizontal to vertical

displacements (0.45 on average over the entire trapezoidal displacement

pattern) is inverse to the value during the early co-eruptive period (see

also the profile of the displacement vectors onFig. 6c). The displacement

pattern is limited to the south by a sharp N120–125°E limit roughly



Fig. 5.Late co-eruptive displacements draped on the shaded DEM. a) EW component, con-

tour level interval is 0.02 m. b) Vertical component, contour level interval is 0.02 m.

c) Sketch map of the main late co-eruptive displacement patterns (green dashed lines) re-

ferred to as Lc1 to Lc4, and superimposed onto the main early co-eruptive displacement pat-

terns (blue dashed lines) for comparison. Grey arrows point to the extremities of the profile

of the displacement vectors shown in the upper part of thefigure. Shaded grey areas: western

rampart of the Plaine des Osmondes and western scarp of theMichon and Saint-Ange (2008)

V-shaped structure. Thick black lines in a) and b) represent the location of eruptivefissures.

AEF: April 2, 2007 eruptivefissure; MEF: March 30, 2007 eruptivefissure; CC: Central Cone;

EF: Enclos Fouqué; GB: Grand Brûlé; GP: Grandes Pentes. Coordinates are in km UTM

(40 zone south). Chronological scale at the top of thefigure indicates the periods of eruptive

activity (in red) and the period spanned by thedisplacement map(inblacktheperiodcom-

mon to the entire InSAR dataset used for the displacement calculation, in grey the period

spanned only by a part of the InSAR dataset). (For interpretation of the references to color

in thisfigure legend, the reader is referred to the web version of this article.)
joining the March 30 and the April 2 eruptivefissures (P3 onFig. 6c). Sim-

ilarly as during the co-eruptive period, the displacement does not extend

to the Grand Brûlé area. The displacement pattern appears to be divided

into two compartments by a N65–70°E lineament (P4 feature inFig. 6c)

that coincides with a normal fault previously identified byMichon and

Saint-Ange (2008).(3)Thecentralpartofthesoutherncompartmentis

occupied by a NS-elongated subsidence axis (up to 35 cm, P5 inFig. 6c).

This subsidence axis roughly coincides with the southern half of the

early co-eruptive NS uplift axis (Ec4 inFig. 4c) and with the late co-

eruptive subsidence pattern (Lc3 inFig. 5c). On the EW component

map, displacements are asymmetric on both sides of the subsidence

axis, with eastward displacements on the western side of the axis and

westward displacements on the eastern side indicating an axipetal com-

ponent to the subsidence. (4) At the southern end of the NS subsidence

axis, a ~ 2.5 km long, N135°E narrow subsidence axis (P6 inFig. 6c), nearly

coincident with Ec5 and Lc4 (Figs. 4cand5c, respectively), ends close to

the April 2 eruptivefissure.

6. Discussion

Among the different displacement patterns revealed by the InSAR

data, both the NS uplift axis, on the easternflank of the Central Cone

(Ec2 inFig. 4c), and the inflation axis on the central Grandes Pentes

(Ec4 inFig. 4c) are observed only during the early co-eruptive period.

On the contrary, the centripetal subsidence of the Central Cone (Ec1,

Lc1 and P1 inFigs. 4c,5cand6c, respectively) and the large scale down-

slope displacement of the Grandes Pentes (Ec3, Lc2 and P2 inFigs. 4c,5c

and6c, respectively) continued long after the eruption. This observation

suggests that thefirst two patterns are associated with the elastic re-

sponse of the medium to transient co-eruptive processes, while the

last two patterns could be associated with persistent processes or alter-

natively could reflect an inelastic response of the medium to transient

processes. In the following subsections we discuss the possible causes

of these displacements.

6.1. Displacement of the Central Cone

6.1.1. Co-eruptive subsidence

Displacement of the Central Cone consists of the superimposition of

the NS uplift axis, observed on the easternflank of the Central Cone only

during the early co-eruptive period, and the centripetal subsidence of

the Central Cone observed during both co- and post-eruptive periods.

The fact that the easternmost branch of the NS uplift axis (Ec2b in

Fig. 4c) coincides with the location of the March 30 eruptivefissure

strongly suggests that this axis was induced by the March 30 dyke.

This interpretation is consistent with the transient character of the dis-

placements. Moreover, the displacement pattern suggests that the

March 30 intrusion divided, near to the surface, into two N150°E en ech-

elonfissures. While the easternmostfissurereached the surface and

emitted a small lavaflow, the westernmostfissure remained unnoticed

before our study, either because it did not reach the surface or because

its manifestation at the surface was too subtle.

As the InSAR-derived displacements integrate all the events that oc-

curred during the March–April eruption, they do not allow detailed

analysis of the chronology of the early co-eruptive displacement at the

Central Cone. Nevertheless, it is likely that the centripetal subsidence

observed on the westernflank of the Central Cone during the early co-

eruptive period affected the entire Central Cone, similarly as during

the late co-eruptive period and the post-eruptive period, but that this

subsidence was partly masked, on the early co-eruptive displacement,

by the NS uplift due to the March 30 dyke.

Considering only the westernflank of the Central Cone, the exten-

sion of the area of centripetal subsidence does not change significantly

between the early co- and post-eruptive periods. This suggests that

sources responsible for the deflation in the early co-eruptive period

and in the post-eruptive period are possibly the same.



Fig. 6.One year post-eruptive displacements draped on the shaded DEM. a) EW compo-

nent, contour level interval is 0.02 m. b) Vertical component, contour level interval is

0.05 m. c) Sketch map of the main post-eruptive displacement patterns (red dashed

lines) referred to as P1 to P6 and superimposed onto the main early and late co-eruptive

displacement patterns (blue and green dashed lines, respectively) for comparison. Grey

arrows point to the extremities of the profile of the displacement vectors shown in the

upper part of thefigure. Thick black lines in a) and b) represent the location of eruptive

fissures. AEF: April 2, 2007 eruptivefissure; MEF: March 30, 2007 eruptivefissure; CC:

Central Cone; EF: Enclos Fouqué; GB: Grand Brûlé; GP: Grandes Pentes; LC: Langlois

Cone. Coordinates are in km UTM (40 zone south). (For interpretation of the references

to color in thisfigure legend, the reader is referred to the web version of this article.)

Fig. 7.Comparison of the measurements recorded at summit GPS station BONg (seeFig. 1for

location), projected in the LOS of ASAR ascending swath 7 (in grey) with the InSAR-derived

displacements (ascending swath 7) calculated atthe nearest pixel (in black). Exponential re-

gression on the InSAR data (black line) gives a relaxation time of 61 days. The grey box indi-

cates the period of April 2007 eruption.
We provide some constraints on this source by carrying out inver-

sion of the post-eruptive displacements (Augier, 2011). For simplicity,

we assume an elastic, homogeneous and isotropic edifice, with a
Young's modulus of 5 GPa, and a Poisson's ratio of 0.25 (Cayol and

Cornet, 1998). We use a 3-D Mixed Boundary Element Method (Cayol

and Cornet, 1997), combined with a neighbourhood inversion method

(Sambridge, 1999a) following the approach proposed byFukushima

et al. (2005). Although this approach does not allow investigation of

the temporal evolution of inelastic displacements, it can provide afirst

order estimate of the source location as long as we restrict the inversion

to the post-eruptive period, since post eruptive displacements at Central

Cone are not affected by the NS dyke and the instantaneous effect of the

crater collapse. We test a variety of source geometries including a verti-

cal elliptical cylinder, an ellipsoid and a horizontal elliptical dislocation.

We assume that the first geometry is a good proxy for the fractured,

brecciated column of rock that extends from thefloor of Dolomieu cra-

ter to the roof of the presumed main magma storage zone (Gailler et al.,

2009). We consider the second and third geometries as good proxies for

the magma storage zone or a hydrothermal system. Input data are the

post-eruptive InSAR-derived displacements resampled using a quadtree

partitioning method (Jónsson, 2002). For each source geometry, we

solved for the best-fitting source parameters (describing the dimen-

sions, orientations and location of the source and the pressure variation

on its boundary). We then estimated confidence intervals on these pa-

rameters computing their posterior probability density function from

the ensemble of forward models generated during the search

(Sambridge, 1999b). Both source parameters and bestfitting models

are summarized in Online Resource 4. Ellipsoids and elliptical disloca-

tions provide significantly better misfit values than the vertical elliptical

cylinder. The most important feature highlighted by this preliminary

modelling is that, whatever the geometry, a very shallow deformation

source is required to explain the observed displacements (i.e. with

source center depth between 1858 m and 2378 m above sea level). Be-

cause we assume the co-eruptive and post-eruptive displacement

sources to be very close or the same, these conclusions may hold for

the source of co-eruptive deflation as well.

6.1.2. Post-eruptive subsidence decay

InFig. 7, we compare the post-eruptive displacement recorded at a

summit GPS station (BONg,Fig. 1) with the InSAR-derived displacement

calculated at the pixel nearest to the station. Both times series show a sim-

ilar exponentially decreasing subsidence that continues for at least a year

after the end of the March–April 2007 eruptions. A vanishing deflation of

the main magma storage zone associated with the March–April 2007

eruptions could not explain this behaviour since the deflation source in-

ferred by our numerical modelling is significantly shallower than the es-

timated depth of this storage zone (i.e. 460 m a.s.l.,Peltier et al., 2009b).

We think that a combination of two processes can more plausibly explain

the post-eruptive exponential subsidence of the Central Cone. Thefirst



process consists in the elasto-visco-plastic deformation of the Central

Cone in response to the cavity created by the Dolomieu collapse. Although

most creep should occur in the portion of the Central Cone between the

summit and thefloor of the collapsed column (at ~ 380 m below the sum-

mit), the strongly brecciated and cohesion-less rock column may also

contribute to the deformation of the upper edifice by closing the voids

created during the column collapse. The second process could be the sud-

den depressurization of a hydrothermal system within the Central Cone,

causing a large deflation at the time of the Dolomieu collapse followed

by an exponential decrease in the months after the eruption. Several ob-

servations support the presence of a shallow hydrothermal system be-

neath the Dolomieu crater and its depressurization during the Dolomieu

caldera collapse. These observations include the large positive self-

potential anomaly centered on the Central Cone (Malengreau et al.,

1994; Lénat et al., 2000; Lénat, 2007; Barde Cabusson et al., 2012), the

seismicity beneath the summit craters, attributed to hydrofracturing

(Lénat et al., 2012), the series of ash plumes emissions, possibly of phreat-

ic origin, following the April 5 to April 9 caldera collapse (Staudacher et al.,

2009; Michon et al., 2013), the SO2plume rising from the summit at about

the same period (Gouhier and Coppola, 2011), andfinally the high-

temperature (up to 200 °C) steam plumes emanating from the new crater

in the days following the collapse (Urai et al., 2007).

We therefore propose a conceptual model that explains all these ob-

servations as well as the displacements affecting the Central Cone before,

during, and after the 2007 eruption (Fig. 8). An active hydrothermal sys-

tem occupies the highly porous, cohesion-less, rock column between the

floor of Dolomieu crater and the roof of the magma storage zone (Lénat

et al., 2012). The hydrothermal system may also extend laterally into

the Central Cone, outside of the cohesion less rock column, in scoriaceous

levels that intercalate with the more massive lava units (Barde Cabusson

et al., 2012). Before the August 2006 eruption, this hydrothermal system

hadafreesurfaceatthetop.Thelavaflow thatfilled up the Dolomieu cra-

ter from August to December 2006 (about 20 × 106m3,Peltier et al.,

2009a) temporary sealed the upper boundary of the hydrothermal sys-

tem. Subsequent heating of the hydrothermalfluids by the underlying

magma reservoir induced a progressive pressurization of this shallow hy-

drothermal system and resulted in a short scale inflation of the Central

Cone. This inflation probably contributed to the continuous inflation re-

corded by the GPS stations in the months preceding the March–April

2007 eruptions and previously attributed to the recharge of the main

magma storage zone (Peltier et al., 2009b). When the Dolomieu col-

lapsed, the hydrothermal system was suddenly depressurized (Fig. 8b),
Fig. 8.Interpretative geological sketches illustrating : a) the heating and pressurization of the 

rounding rock, by a magma reservoir in the months preceding the April 2007 eruption; b) the d

collapse of Dolomieu crater.
generatingfirstly phreatic blasts, then SO2and steam emissions. As a con-

sequence of the hydrothermal system depressurization, the Central Cone

experienced a strong initial centripetal subsidence which then decreased

exponentially because of the poroelastic relaxation and/or the creep of

the Central Cone.

The idea that a hydrothermal system could have acted as a deforma-

tion source within the Piton de la Fournaise during the March–April

2007 leads us to reconsider the interpretation of the displacements re-

corded during inter-eruptive periods at the Central Cone. These inter-

eruptive displacements are mentioned byPeltier et al. (2009a),asone

of the pieces of evidence for the major changes which occurred since

2000 in the shallow plumbing system. They consist of long-term (1 to

5 month) pre-eruptive inflation and generally shorter (some weeks)

post-eruptive deflation. They have been interpreted as related to the

progressive infilling or emptying of the main magma storage zone locat-

ed between 0 and 1000 m a.s.l. below the Central Cone (Peltier et al.,

2008, 2009a). However such an interpretation is problematic since the

inter-eruptive displacements, imaged with InSAR data, are character-

ized by a relatively short scale signal that does not extend beyond the

Central Cone area (Tinard, 2007). This characteristic is not compatible

with a deep source (i.e. a source between 0 and 1000 m a.s.l.) which

would produce a larger scale displacement pattern. An alternative ex-

planation could be that the pre-eruptive inflation is related to the pres-

surization of a shallow hydrothermal system in response to an increase

in the heat andfluidflux originating from a magmatic source located

somewhere below. The magmatic source itself will not necessarily pro-

duce detectable ground surface displacement if it is too deep

(Fukushima et al., 2005). After the eruption, the hydrothermal system

pressure may have dropped gradually, either due to partial escape of

pressurizedfluids following the disruption of the hydrothermal system

during dyke injection, or simply because of the disappearance of the

heat source. In this model, the hydrothermal system could be consid-

ered as a poro-elastic buffer that partially delays and extends through

time the geodetic manifestation of a deeper magmatic source. This

kind of behaviour has been reported at Campi Flegrei and Long Valley

(Hurwitz et al., 2007).

6.2. Displacement of the Grandes Pentes

6.2.1. A detachment responsible for the co-eruptive displacement

Three categories of processes have been proposed to causeflank dis-

placements on basaltic volcanoes (seeMcGuire, 1996 for a review). In
hydrothermal system, hosted mainly in the brecciated column and secondarily in the sur-

isruption and depressurization of the hydrothermal systeminducedbythe5–9 April 2007



thefirst category, gravity is the only driving force that leads to spreading

of the edifice under its own weight. In the second category,flank dis-

placement is induced by the combined effects of gravity and forceful

magma intrusions (Delaney et al., 1990) or olivine cumulates creep

(Clague and Denlinger, 1994) in deep dike-like rift zones (Dieterich,

1988; Iverson, 1995). In these models, magmatic stresses, gravity in-

duced stresses and fault displacements are coupled (Dieterich, 1988;

Iverson, 1995). In the third category,flank displacement is triggered

by hydrothermal pressurization (e.g.Reid, 2004). In these three catego-

ries, spreading results in the development of a slip surface which may be

a décollement (i.e. a thrust along a lithological discontinuity) or a de-

tachment (i.e. a low-angle normal fault).

Our InSAR-derived displacements show that Piton de la Fournaise vol-

cano underwent an unusually large deformation during the March–April

2007 eruptions, dominated by a widespread seaward sliding sector of the

Grandes Pentes. These results suggest, and numerical modelling confirms

(Got et al., 2013; Chaput et al., 2014; Cayol et al., in press), that a slip sur-

face does exist underneath the Eastern Flank of Piton de la Fournaise, as

proposed long ago (e.g.Duffield et al., 1982). In addition, our results

show that this slip surface has been activated during an eruption, an

event which had not been previously observed for this volcano. Because

the large scale, vertical, early co-eruptive displacement of the Grande

Pentes is subsidence, the slip surface must be a normal fault with an east-

ward (seaward) dip. Given the average plunge of the displacement

vectors (15°,Fig. 4c), it is also likely that this normal fault has a low dip

angle roughly parallel to the local average slope. We therefore propose

that the structure responsible for the co-eruptive displacement of the

GrandesPentesisadetachment.

6.2.2. Did the March 30 dyke intrusion trigger the detachment slip?

This question may be answered by establishing the chronological

succession of deformations from the March 30 dyke to the April 2 erup-

tion and the initiation of the slip motion. From the comparison of the

early and the late co-eruptive InSAR displacement, it appears that

most slip occurred during the early phase of the eruption (i.e. before

April 6). Unfortunately, these data do not allow a more accurate chrono-

logical analysis of the displacements since they integrate all the events

between March 30 and April 5–6.

Observations of continuous seismic velocity changes, measured

using cross-correlations of ambient seismic noise, provide additional

temporal constraints (Clarke et al., 2013). A strong seismic velocity re-

duction episode, affecting the Eastern Flank of Piton de la Fournaise, is

observed starting on March 30.Clarke et al. (2013)explained this epi-

sode as a consequence of the widespread eastward movement of the

Eastern Flank, thus confirming the early nature of this displacement.

Temporal analysis of GPS data made byGot et al. (2013)provides ad-

ditional information on the chronology of displacements (Fig. 2b inGot

et al., 2013). On March 30, at 16:25, the easternmost GPS station, FERg,

started to record an uplift exceeding the background noise (see stations

locations inFig. 1). Then, at 16:30, the summit GPS stations recorded an

inflation of the Central Cone, while FERg started to record an eastward

displacement in addition to the upward displacement. At 16:38 the

summit stations detected a contraction of the Central Cone while the

horizontal displacement became reoriented toward the NE at FERg.

From this time on, upward and NE displacements were also recorded

at FJSg and upward and SW displacements at FORg.Gotetal.(2013)

interpreted this sequence of displacements as afirst stage of magma in-

trusion occurring below FERg GPS station in the form of a subhorizontal

pressurized structure (i.e. a sill). Then the March 30 dyke intrusion, re-

vealed by the displacements recorded at FJSg and FORg, occurred during

a second stage. This interpretation is also supported by the return of FJSg

and FORg displacements to a level of background noise at the onset of

the March 30 eruption, while the FERg eastward displacement contin-

ued for at least two days with an exponentially decreasing magnitude

(Fig. 9). It is reasonable to assume that this eastward displacement re-

corded at the FERg station is related to slip of the Grandes Pentes.
Thus, eastward displacement of the Grandes Pentes preceded the

March 30 dyke intrusion by 8 min. It is therefore likely that the detach-

ment slip, similarly as indicated by the stress models of Chaput et al.

(2014), reduced the minimum principal stress close to the summit,

allowing the injection of the March 30 dyke. If so, the March 30 dyke

would merely be a consequence of the onset of sliding rather than a

trigger.

6.2.3. An intrusion within the central Eastern Flank

The ~N170°E trending uplift, superimposed on the detachment slip,

revealed by early co-eruptive InSAR data (Ec4 inFig. 4c), suggests an in-

flation source within the central Eastern Flank. The late co-eruptive dis-

placement shows a subsidence at the location of this early co-eruptive

uplift (Lc3 inFig. 5c). The displacement pattern observed at this location

on the descending swath/track 5/048 interferogram (Fig. 3d) demon-

strates that this subsidence was already active on April 6, after the 5–6

April collapse. Thus, the N170°E inflation must have been restricted to

the beginning of the eruption (as was the uplift at the FERg GPS station),

and was followed by deflation along the same N170°E axis. It is possible

that this N170°E axis represents a migration of the inflation from the

FERg station toward the east, although the absence of continuous GPS

stations in the Grandes Pentes does not allow this hypothesis to be con-

firmed. From the migration of the eruptive vents, it is likely that the

propagation of magma toward the April 2fissure interrupted the supply

of magma at the March 30fissure. Moreover, the InSAR data show that

the two eruptivefissures cannot be related to a single N120°E intrusion

as suggested byPeltier et al. (2009b). This leads us to propose that an-

other intrusion propagated from beneath the Central Cone indepen-

dently of the March 30 NS dyke. While propagating toward the east,

this intrusion uplifted the volcano at the FERg station, before inflating

the Grande Pentes along the N170°E axis, and eventually opening up

the April 2fissure (Fig. 10). The N125–135°E subsiding axis, observed

at the south-eastern base of the Grandes Pentes, on both co- and post-

eruptive displacements (features Ec5, Lc4 and P6 inFigs. 4c,5c and6c

respectively), would then mark thefinal path of the magma toward

the April 2 eruptive site. The subsequent emission of lava through the

April 2 eruptive fissure resulted in the progressive withdrawal of

magma accumulated beneath the Grandes Pentes, causing the subsi-

dence observed on the late co-eruptive and post-eruptive displace-

ments. A temporary magma accumulation within the Grandes Pentes

between March 30 and April 2 is also supported by the anomalous de-

pletion in Li, Cu and Tl observed in thefirst lavas erupted on April 2

(Vlastélic et al., 2013), which suggests that the April 2007 magma was

stored in a shallow reservoir (~590 m above sea level) for some hours

to some days allowing extraction of these elements by a rapidly

exsolving H2O-rich phase (Vlastélic et al., 2013).

6.2.4. Sill injection promoting detachment slip

Assuming that the Eastern Flank intrusion is planar and propagating

from the magma storage zone located below the Central Cone, between

0 and 1000 m a.s.l., our interpretation of InSAR co-eruptive displace-

ments imposes some geometrical constraints on the strike and dip of

this intrusion surface. Firstly, the intrusion should have a N170°E strike

underneath the Grandes Pentes in order to yield the observed uplift

axis. Secondly, the large ratio of horizontal over vertical displacement

is indicative of a shallow subhorizontal fracture (Fig. 10 ofCayol et al.,

in press). Thirdly, the intrusion likely propagated from underneath the

cone (where the seismicity is located and the magma storage zone in-

ferred) toward the east. Fourthly, the intrusion should have a suitable

geometry underneath the Grandes Pentes to promote the slip of a

low-angle normal fault. Moreover, GPS data indicate that the March

30 uplift at the FERg GPS station, assumed to be caused by the planar in-

trusion, preceded eastward displacement of the Grandes Pentes by

5 min. Based on these geometrical and temporal constraints, we suggest

that this intrusion could be a sill for the main part of its course. During

its propagation to the surface the intrusion may have encountered



Fig. 10.Conceptual cross-sectional sketch illustrating the different steps of the April 2007 events in the Grandes Pentes. a) Before March 30, 16:25, afirst intrusion, initiated from the eastern

wall of the main magma storage zone and propagated, as a dyke, to the surface. b) During its propagationthe intrusion encountered a pre-existing structural discontinuity, exploited it to pursue

its propagation as a sill, inducing the FERg GPS station uplift at 16:25. c) OnMarch 30, at 16:30 the sill activated the structural discontinuity as a detachment surface. d) On March 30, at 16:38,

change in the host rock stressfield, resulting from slip of the detachment, allowed a new intrusion to propagate as a dyke from the upper part of themain magma storage. e) Between March31

and April 2, supply of magma at the March 30fissure is interrupted and the sill propagation is arrested, inducing magma accumulation within the Grandes Pentes and inflation at the surface.

f) The sill resumes its propagation within the Eastern Flank and reached the surface. The detachment slip starts to decay.

Fig. 9.Horizontal and vertical displacements recorded at the OVPF GPS station FERg (seeFig. 1for location of the station) between March 30, 2007 and April 8, 2007. Vertical lines represent

the main eruptive episodes (March 30 eruption, April 2 eruption and April 6 collapse).



some pre-existing structural discontinuity, exploited it to pursue its

propagation and then activated it as a detachment plane (Fig. 10).

This model is supported by observations made at Piton des Neiges,

the extinct volcano of La Réunion Island, whereFamin and Michon

(2010)reported the existence of a kilometre-scale detachment, with a

low-angle dip (~ 15°) toward the sea. About 50–70 sills of oceanite

magmas were repeatedly injected into this detachment. Based on

these observations,Famin and Michon (2010)proposed a model in

which sill intrusions were guided by the preexisting detachment, rather

than emplaced perpendicular to the minimum principal stress. For this

reason, host rocks induce shear stress on the intrusion, which then acts

as a trigger to fault slip (Chaput et al., 2014; Cayol et al., in press). The

detachment of Piton des Neiges could represent a frozen analogue of

the process of co-eruptiveflank displacement recorded at Piton de la

Fournaise in 2007. It is interesting to note that the oceanite composition

of magmas emitted at the April 2 vent, and more generally at the distal

vents of Piton de la Fournaise, is different from that of the March 30

dyke, but similar to that of sills in the Piton des Neiges detachment

(Famin and Michon, 2010). Due to their high density, oceanite magmas

(d≥3.1) are associated with larger overpressures and are more able to

propagate along low-dippingfissures (i.e. sills) than aphyric basalts

(d≤2.9). In addition, it has been proposed that intrusions composed

of oceanite magmas stem from the deeper parts of the magma reservoir

enriched in cumulative olivine (Peltier et al., 2008; Welsch et al., 2009).

Another argument in favour of a sill injection triggering detachment slip

comes from theoretical numerical models of intrusions into cone-

shaped edifices, showing that the surface displacements obtained

from a sill intrusion into a fault result in a sector collapse with an uplift

axis above the tip of the sill (Chaput et al., 2014; Cayol et al., in press), as

observed in our InSAR co-eruptive displacement maps. If so, the tip of

the sill would have been located beneath the uplifted axis in the

Grandes Pentes before the April 2 eruption. To conclude, early co-

eruptive displacements of the Eastern Flank, recorded by InSAR data

during the March–April 2007 eruptions, are thus more compatible

with a scenario of “sill-induced spreading”(i.e.flank collapse triggered

by sill injection in a detachment) rather than“rift-induced spreading”

(i.e.flank displacement pushed by a dyke).

6.2.5. Post-eruptive subsidence of the sliding sector

One of the most significant results provided by the analysis of the

post-eruptive displacements is the exponentially decrease of the down-

slope motion of the Grandes Pentes for at least one year after the end of

the March–April 2007 eruptions, with an exponentially decreasing ampli-

tude. A similar time-dependent behaviour has been described previously

for the easternflank of Mount Etna which is affected by intermittent ESE

seaward sliding related to magma intrusions (e.g.Froger et al., 2001; Rust

et al., 2005; Bonforte and Puglisi, 2006; Palano et al., 2009). To explain the

time-dependent deformation observed after the onset of the 2002–03

Mount Etna eruption, Palano et al. (2009)invoked two possible mecha-

nisms: viscoelastic relaxation, or after-slip relaxation. At Piton de la

Fournaise, the lack of noticeable seismicity in the Grandes Pentes in the

months following the 2007 eruptionfavorsviscoelastic relaxation. How-

ever the mechanism responsible for this viscoelastic behaviour is still un-

clear. It cannot be attributed to a post-eruptive slip on the detachment,

because the post-eruptive displacement vectors in the Grandes Pentes

have a much higher dip (65–75°, displacement profile inFig. 6c) than

the early co-eruptive displacement vectors (15°, displacement profile in

Fig. 4c). Since the maximum post-eruptive subsidence (P5 inFig. 6c) co-

incides relatively well with the location of the early co-eruptive N170°E

uplift in the Grandes Pentes (Ec4 inFig. 4c) and with the N125–130°E

co-eruptive subsiding axis at the SE base of the Grandes Pentes (Ec5 in

Fig. 4c), both interpreted as being due to magma migration, it is tempting

to attribute the post-eruptive subsidence to a thermo-mechanical evolu-

tion of the intrusion in the Grandes Pentes. However, this interpretation

is unlikely as (i) the area of post-eruptive displacement is larger than

the area of co-eruptive displacement, and (ii) a simple computation
(taking only conductive heat transfer into account) shows that an unreal-

istic thickness of the cooling intrusion would be required to explain the

post-eruptive subsidence.

We note that post-eruptive displacements in the Grandes Pentes are

delimited by sharp features (P3–P4 inFig. 6c). The fact that these struc-

tures are not visible on the early co-eruptive displacement maps sug-

gests that they may have appeared at the end of the activation stage

of the slip event. One of these sharp features, the central N65-70°E line-

ament (P4 inFig. 6c), coincides with a previously recognized normal

fault (Michon and Saint-Ange, 2008). Given the high dip of the displace-

ment vectors (65–75°), it is possible that the other sharp feature also

corresponds to a normal fault. These normal faults could have been ac-

tivated in the post-eruptive period by the EW extensional stressfield

resulting from the early co-eruptive Grandes Pentes displacement.

Creep on these normal faults would control the response of the edifice

to the change in stressfield imposed by the co-eruptive period.

7. Conclusions

We measured the displacements that occurred during and after the

March–April 2007 eruptions at Piton de la Fournaise using both ASAR

(C-band) and PALSAR (L-band) InSAR data. Joint use of the two radar

wavelengths has been shown to be a valuable way of characterizing

the displacement. Indeed, PALSAR ascending data allow the computa-

tion and removal of the large scale component of displacements from

the ASAR ascending data, reducing fringe aliasing in the ASAR data,

and thus improving phase unwrapping. This demonstrates the feasibil-

ity of partial signal recovery in incoherent interferograms when the co-

herence loss is due to large strain gradients inducing fringe aliasing. It

also illustrates the interest of combining data from different InSAR sen-

sors to improve characterization of ground displacements. In addition,

our work illustrates the great advantage of simultaneous multi-swaths

data, acquired both in ascending and descending passes, to properly de-

termine the EW and vertical components of displacement and better

understand their origins.

The early co-eruptive displacement pattern results from the super-

imposition of multiple processes related to the March 30 eruption, the

April 2 eruption, and the April 5–9 collapse of Dolomieu crater. The

post-eruptive displacements show evidence of time-dependent pro-

cesses acting both at the Central Cone and in the Grandes Pentes.

An inversion of the post eruptive displacement recorded at the Cen-

tral Cone showed that the source of deflation is very shallow. Therefore,

we propose that the observed displacements are related to the decom-

pression of a pressurized hydrothermal system during the Dolomieu

collapse. In the last decade, a growing corpus of evidence has allowed

volcano deformation to be attributed to hydrothermal systems at wide-

spread volcanoes (Gottsmann et al., 2006; Rinaldi et al., 2010; Fournier

and Chardot, 2012). At Piton de la Fournaise, the role of the hydrother-

malsystemhad been neglected for a long time before the model pro-

posed recently byLénat et al. (2012)where the hydrothermal system

is considered as a possible eruption trigger. Our results lead us to pro-

pose that the hydrothermal system may also be responsible for the

short-wavelength displacements recorded at the Central Cone during

inter-eruptive periods. Hydrothermal displacement sources are proba-

bly more frequent than previously supposed and should be carefully

considered on all volcanoes where there is evidence of an active hydro-

thermal system. This would require a particular care to be taken in the

design of geodetic networks in order to be able to discriminate deep

magmatic sources from shallow hydrothermal sources.

The displacement measured in the Grandes Pentes is thefirst direct

evidence of a large active seaward motion affecting the Eastern Flank of

Piton de la Fournaise. This evidence is a strong argument in favour of the

previously proposed interpretations of the eastern part of the Enclos

Fouqué-Grand Brûlé structure resulting from successive eastward

flank destabilization (Lénat et al., 1990; Labazuy, 1996; Lénat et al.,

2001). Here we propose that the origin of this displacement is related



to a sill intrusion within the Grandes Pentes. While propagating to the

surface the intrusion may have encountered a pre-existing structural

discontinuity and activated it as a detachment fault. This scenario pro-

vides an explanation for magma transfer from the main magma storage

zone, beneath the Central Cone to the April 2 eruption site. It is support-

ed by the displacement measured early on March 30 at the easternmost

GPS station (FERg,Got et al., 2013). It is also in agreement with thefield

observations made at Piton des Neiges, the older and deeply eroded an-

alogue of Piton de la Fournaise, which ledFamin and Michon (2010)and

Chaput et al. (2014)to propose a possible positive feedback between

flank destabilization and sill injection.

Our interpretations of the Central Cone and the Grandes Pentes dis-

placements are essentially based on a qualitative analysis. They provide

a conceptual framework that now needs to be explored further by

means of numerical modelling. In particular, the thermo-mechanical in-

teraction between a deep-seated magmatic source and a shallower hy-

drothermal system within the Central Cone should be investigated, as

well as the effect of an intrusion into a pre-existing structural disconti-

nuity beneath the Grandes Pentes. In the latter case, numerical model-

ling, similarly as those developed byChaput et al. (2014)orCayol

et al. (in press)could help to evaluate the possibility of inducing a

large catastrophicflank destabilization by recurrent sill intrusions. The

potential hazard posed by such largeflank destabilization emphasizes

the need for continuous monitoring of the Grandes Pentes. At the time

of the March–April 2007 eruption, OVPF geodetic and seismic monitor-

ing network did not extend to the Grandes Pentes, and, without InSAR,

the Grandes Pentes displacement would have gone unnoticed. Despite

the fact that, since this eruption, OVPF monitoring networks have

been extended to the Grandes Pentes, this clearly illustrates the benefit

of using satellite remote sensing data to monitor remote or dangerous

areas on volcanoes.
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