
HAL Id: hal-00450769
https://hal.science/hal-00450769

Submitted on 24 Nov 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial 4.0 International License

Formation of the April 2007 caldera collapse at Piton de
la Fournaise volcano: Insights from GPS data

Aline Peltier, Thomas Staudacher, Patrick Bachèlery, Valérie Cayol

To cite this version:
Aline Peltier, Thomas Staudacher, Patrick Bachèlery, Valérie Cayol. Formation of the April 2007
caldera collapse at Piton de la Fournaise volcano: Insights from GPS data. Journal of Volcanology
and Geothermal Research, 2009, 184, pp.152-163. �10.1016/j.jvolgeores.2008.09.009�. �hal-00450769�

https://hal.science/hal-00450769
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr


Formation of the April 2007 caldera collapse at Piton de La Fournaise volcano:
Insights from GPS data

Aline Peltier a,b,⁎,1, Thomas Staudacher b, Patrick Bachèlery a, Valérie Cayol c

a Laboratoire GéoSciences Réunion, Université de la Réunion, Institut de Physique du Globe de Paris, CNRS, UMR 7154-Géologie des Systèmes Volcaniques, 15 avenue René Cassin, BP 97715

Saint-Denis cedex 9, La Réunion, France
b Observatoire Volcanologique du Piton de la Fournaise, Institut de Physique du Globe de Paris, CNRS, UMR 7154-Géologie des Systèmes Volcaniques, 14 RN3, le 27

ème

km, 97418, La Plaine des

Cafres, La Réunion, France
c Laboratoire Magmas et Volcans, Université Blaise Pascal, CNRS, UMR 6524, Clermont-Ferrand, France

On April 5th 2007, a major collapse of the Dolomieu summit crater occurred at Piton de La Fournaise volcano (La Réunion Island). To constrain the origin and the 
dynamics of the collapse, we modelled continuous GPS displacements preceding and accompanying this event. Our results reveal that the Dolomieu collapse 
formed by a “piston-like” mechanism, in which the fast draining of the shallow magma reservoir at the beginning of the March 30th–May 1st 2007 eruption 
caused a gravity-driven downward displacement of its roof. During the five days preceding the collapse, summit deflation was caused by volume change 
through the fractured rock column above the shallow magma chamber due to the closure of voids or small-scale cavities or the upward stoping and migration of 
an underground cavity. Since 2000, weakening of the rock column by repeated refilling and draining of the shallow magma chamber favoured its destabilization. 
On April 5th, 7 h before the onset of the collapse, the deflation source was located at ~300 m depth revealing the initiation of the collapse at very shallow depth. 
The sudden collapse on April 5th was followed by continuous cyclic subsidence until April 6th. Each cycle was characterized by a progressive inward deflation of 
the summit zone and ended by sudden summit outward displacements caused by stress relaxation following a collapse event. Subsidence of the stoped column 
in the magma reservoir during the collapse of the crater on April 5th and 6th acted as a piston thus increasing the eruption rate. The collapse occurred in only 24 
h by successive events and increased the depth of the Dolomieu crater by 340 m. After April 6th, only minor readjustments of the summit cone occurred with 
slight summit deflation and small landslides of the caldera walls.

1. Introduction

Caldera and pit-crater collapses are common in the evolution

of volcanic systems. These sub-circular depressions form along rift

zones, Kilauea (Okubo and Martel, 1998) or at the summit of vol-

canoes, Piton de La Fournaise (Hirn et al., 1991; Longpré et al., 2007;

Michon et al., 2007a), Fernandina (Simkin and Howard, 1970),

Miyakejima, (Geshi et al., 2002). Although the diameter of calderas

and pit-craters varies from several tens of meters to several tens of

kilometres, they generally result from the same mechanisms. In both

cases, collapses are interpreted as the result of the emptying of magma

bodies linked with magma intrusions within the edifice (Macdonald

et al., 1970; Simkin and Howard, 1970; Hirn et al., 1991; Geshi et al.,

2002; Longpré et al., 2007; Michon et al., 2007a).

At Piton de La Fournaise, the Dolomieu summit crater has

undergone several collapses during the 19th century (Bachèlery,

1981; Carter et al., 2007). Hirn et al. (1991) and Longpré et al. (2007)

described the formation of the two small pit-craters in 1986 and

2002 as the result of a pressure decrease in the magma plumbing

system linked with lateral eruptions. In April 2007, it was the first

time that a major collapse affecting the whole Dolomieu summit

crater had been monitored by continuous GPS network at Piton de La

Fournaise. From the study of continuous GPS displacements and

numerical modelling, we interpret the evolution of the deformation
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source preceding the April 2007 collapse in order to explain its origin

and dynamics.

2. Geological setting of Piton de La Fournaise

2.1. General view

Piton de la Fournaise is the active volcano of La Réunion Island,

located in the SW part of the Indian Ocean (Fig. 1A,B). A 400 m high

summit cone, 3 km wide at its base, has been built in the central

part of the Enclos Fouqué caldera. Two craters cut the summit of

this cone: Dolomieu crater in the East and Bory crater in the West

(Fig. 1C). The eruptive activity typically takes place inside the

Dolomieu crater or along two preferential feeding pathways striking

N25–30° and N120° (Michon et al., 2007b; Fig. 1c). Three types of

eruption can be distinguished (Peltier, 2007): (1) summit eruptions

taking place in Dolomieu crater; (2) proximal eruptions beginning

with the opening of fissures migrating downslope on the central

cone flanks; (3) distal eruptions occurring outside of the summit

cone, more than 4 km from the summit. The recent summit pit-

crater and caldera collapses were directly related to the distal

eruptions which emit large volume of lava flows, between 15 and

140 Mm3, much larger than volumes of 1–20 Mm3 typical of the

summit and proximal eruptions (Bachèlery, 1981; Lénat et al., 1989;

Hirn et al., 1991; Longpré et al., 2007; Michon et al., 2007a). The

most recent collapses in Dolomieu crater occurred between 1931

and 1935 (east), in 1953 (southwest), in 1961 (southwest), in 1986

(southeast), in 2002 (southwest) and in 2007 (all of the Dolomieu

crater). Collapses of the Dolomieu crater alternated with its re-

fillings by lava accumulations during summit eruptions (Bachèlery,

1981). At the end of 2006, the eastern part of Dolomieu was fully

filled.

2.2. Summary of the recent activity of Piton de La Fournaise

2.2.1. The 1998–2007 period of activity

After 6 yrof repose, 25 eruptionsandone intrusionoccurredbetween

1998 and 2007. Since 2000, five eruptive cycles have been defined:

2000–January 2002 (4 eruptions),May 2003–January 2004 (4 eruptions

and1 intrusion),May 2004–February 2005, October 2005–January 2006

(3eruptions) and July2006–May2007 (4eruptions). Eacheruptive cycle

began with summit or proximal eruptions and ended by a major distal

eruption,with successive eruptive vents opening lower and lower on the

volcano flanks in few months (Peltier, 2007; Peltier et al., 2008).

2.2.2. The 2006–2007 eruptive cycle

The 2006 and 2007 years were characterized by a quasi-continuous

eruptive activity with 4 eruptions in 10 months: the July–August

2006 proximal eruption, the August 2006–January 2007 summit

eruption, the February 2007 summit eruption and the March–May

2007 distal eruption. Each of these four eruptionswas only separated by

2 to 7 weeks of repose. The first three eruptions occurred at

high elevation (inside the Dolomieu crater or at the base of the summit

cone; Fig. 1C) and were characterized by low volumes of lava flows and

low effusion rates (0.5–20 Mm3 and 1.2–15 m3 s−1, respectively). The

August 2006–January 2007 eruption was the longest eruption since

1998, with four months of continuous activity, and emitted around

20Mm3 of lava flows, 10 times larger than typical summit eruptions. At

the end of this event, the height of the Dolomieu crater floor had

increased by 30 m due to lava flow accumulation.

The 2006–2007 eruptive cycle ended with the March–May 2007

distal eruption, which took place in two phases. The first phase

began onMarch 30th at 18:50 (UTM) after a seismic crisis of 2.5 h. The

eruptive fissure was located at 1900 m elevation at the base of the

south-easternpart of the central cone (Fig.1C). Eruptive tremor ceased

Fig. 1. Location maps of (A) La Réunion Island, and (B) Piton de La Fournaise volcano. (C) Location of rift zones (grey dotted lines, after Michon et al., 2007b), 2006–2007 eruptive

fissures (black lines) and permanent GPS stations (diamonds). (Gauss Laborde Réunion coordinates, in meters).
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onMarch 31st at 05:15 after the emission of less than 1Mm3 of lava. At

the end of this short phase, seismicity persisted below the summit

craters at 1–2 (±0.3) kmdepth but also below the eastern flank at 3.5–

4.5 (±0.3) km depth. On April 2nd at 06:00, a new eruptive phase

started at low elevation (~600 m) on the south-eastern flank, 7 km

away from the summit (Fig.1C). April 6th corresponds to a paroxysmal

phase during which 200 m high lava fountains were observed at the

eruptive vent. This increase of activity was accompanied with an

increase of eruptive tremor. The main Dolomieu crater collapse was

observed for the first time in the afternoon of April 6th when the

weather allowed field observations. No large ash emissions were

observed. The eruptive tremor progressively decreased after April 6th

at 16:00. After a short break of 8 honApril 10th, the eruption continued

until May 1st accompanied by minor collapses and landslides that

progressively enlarged the volume of the Dolomieu crater (90 Mm3;

Michon et al., 2007a; Urai et al., 2007; Staudacher et al., 2009-this

issue). The effusion rate and the total volume of lava flows have been

estimated at ~54m3 s−1 and ~130–140Mm3, respectively (Staudacher

et al., 2009-this issue); the largest values observed since the esta-

blishment of the observatory in 1980. The whole 2006–2007 eruptive

cycle was characterized by high volume of lava, around 165 Mm3

compared to a mean of 34 Mm3 during the previous cycles.

3. GPS measurements of ground displacements

3.1. GPS network

Since 1980, the Piton de La Fournaise activity has been monitored

by seismic and deformation networks of the Volcanological Observa-

tory of Piton de La Fournaise. The continuous GPS network is

equipped since 2004 with ten stations and two reference stations

(P200 and GITg; Fig. 1C). Each GPS station consists of Ashtech

Zextrem, Trimble NetRS or Topcon GB-1000 installed on stainless

steel rods cemented in the bedrock or on concrete pillars. Data are

acquired at 30 s intervals. The position of each station is calculated

relative to the reference stations using the Winprism software.

In addition to the permanent GPS network, the position of 80 stainless

steel benchmarks are measured by kinematic GPS campaigns

immediately after each eruption with an acquisition time of 7 min

at each station and a sampling rate of 1 measurement per sec.

3.2. Ground deformation behaviour at Piton de la Fournaise

Two time scales of ground deformation are recorded at Piton de La

Fournaise (Peltier, 2007; Peltier et al., 2008).

Fig. 3. Cumulative vertical displacements recorded on the SNEg summit GPS station. Data windows (A) between 2004 and 2007, (B) during the 2006–2007 eruptive cycle, (C) during

theMarch 30th 2007magmamigration, (D) and at the beginning of the Dolomieu collapse on April 5th 2007 (the displacement scale is enlarged in the inset). Shaded areas represent

eruptive periods.

Fig. 2. Cumulative horizontal displacements (black: EW component, grey: NS component) recorded on the SNEg summit GPS station. Data windows (A) between 2004 and 2007,

(B) during the 2006–2007 eruptive cycle, (C) during the March 30th 2007magma migration, (D) and at the beginning of the Dolomieu collapse on April 5th 2007 (the displacement

scale is enlarged in the inset). Shaded areas represent eruptive periods.
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(1) Since the appearance of eruptive cycles in 2000, small long-term

ground displacements are systematically recorded during inter-

eruptive periods. Between 2 weeks and 5 months before each

eruption a slight summit inflation occurs (0.4–0.7 mm day−1);

whereas a post-eruptive summit deflation lasting 1 to 3 months is

only recorded after the largest distal eruptions (0.3–1.3mmday−1;

Figs. 2A and 3A).

(2) The largest displacements, reaching up to 20×103 mm day−1,

are monitored a few min to hours prior each eruption during

magma injections toward the surface (Figs. 2A and 3A).

3.3. GPS displacements linked with the 2006–2007 eruptive cycle

The evolution of GPS displacements recorded on the SNEg station

during the 2006–2007 eruptive cycle is shown on Figs. 2B and 3B.

The 2006–2007 eruptive cycle displayed the typical long-term pre-

eruptive summit inflation described above. At the end of March 2006,

summit inflation started and was only interrupted by short-term

ground displacements linked with the eruptions of July–August 2006,

August 2006–January 2007 and February 2007 (Figs. 2B and 3B).

Immediately after each of these eruptions, summit inflation resumed

at the same rate for the EW and NS components, 0.4–0.6 mm day−1

and0.4–0.5mmday−1, respectively (Peltier et al., 2008), but at distinct

rate for the vertical component. During the two weeks of repose

between the July–August 2006 and the August 2006–January 2007

eruptions, the summit displacements were purely horizontal (Figs. 2B

and 3B). Whereas the vertical displacement rates increased (0.7 mm

day−1 on SNEg) before theMarch–May 2007 eruption (Figs. 3B and 4),

as observed before the distal eruptions of the 2004–2005 cycles

(Peltier et al., 2008).

3.4. GPS displacements linked with the March–May 2007 distal eruption

3.4.1. Dynamics of magma injection

The chronology of GPS displacements linked with the March–April

2007 magma injection is as follows:

(1) Between 16:25 and 16:40, on March 30th, a short summit

inflation lasting ~15 min was recorded on the summit GPS

stations (Figs. 2C, 3C and 5A).

(2) After 16:40, the summit GPS stations started to record summit

contraction but only little subsidence, whereas the stations

located at the base of the cone (FJSg, FORg, FERg) recorded the

first signs of displacements toward the south-eastern flank of

Fig. 5. Cumulative displacements recorded on the permanent GPS network during the March 30th 2007 magma injection, (A) between 16:25 and 16:40 and, (B) between 16:40 and

18:50. Error ellipses are shown. (Gauss Laborde Réunion coordinates).

Fig. 4. Cumulative displacements recorded on the permanent GPS network between

February 21st and March 29th 2007. Error ellipses are shown. (Gauss Laborde Réunion

coordinates).
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the volcano linked with the growth of a lateral dyke (Figs. 2C,

3C and 5B). Note that between 16:40 and 17:15, strong

displacements were also recorded on the FJSg GPS station

located on the northern flank (Fig. 5B). Following 10 h of

eruptive activity on March 30th and 31st, a slight summit

deflation persisted (Figs. 2C and 3C). On April 2nd, the opening

of a new eruptive fissure at 600 m of elevation did not disrupt

the displacement trends recorded by the GPS stations located

around the summit cone, 7 km from the fissure.

3.4.2. Dynamics of the Dolomieu crater subsidence and collapse

GPS displacements preceding and following the 2007 Dolomieu

collapse are shown on Figs. 6 and 7. Unfortunately, the station located

on the southern rim of Dolomieu crater (DSRg) did not work. Several

stages can be distinguished before, during, and after the main collapse

of April 5th.

(1) March 30th–April 5th (on SNEg station, displacement rates of

−6, −12, and −13 mm day−1, on the EW, NS, and vertical

components, respectively; Figs. 2B, 3B and 6). Following the

March 30th magma injection all GPS stations, except BORg,

recorded subsidence. The BORg station, located west of Bory

crater, recorded a slight uplift until April 5th (Fig. 6). The ground

displacements extended outside of the Enclos Fouqué caldera

with significant displacements recorded on GITg station (Fig.1).

The EW and NS components of the GITg station recorded dis-

placement rates toward the summit cone of 0.8 mm day−1,

−1.2 mm day−1, respectively from March 30th to April 10th

(Fig. 8). Vertical displacements remained in the error bar due to

high background noise. The summit deflation continued at the

same rate until a major drop on April 5th (Figs. 2B and 3B).

(2) April 5th–6th (on SNEg station, displacement rates of −19,

−121, and −58 mm day−1, on the EW, NS, and vertical

components, respectively; Figs. 2B, 3B and 6). On April 5th, a

quick inward displacement of the whole summit zone was

recorded (Figs. 2D and 3D), after a 6-minute period of highly

perturbed GPS displacements between 14:22 and 14:28. The

increase of deflation began with an increase of eruptive tremor

and was recorded on the whole GPS network, with the largest

signal recorded on the stations located around the Dolomieu

crater. At 20:48, sudden outward displacements of 10–20 cm

were recordedon theGPS summit stations (Figs. 2Dand 3D). This

global outwardmotion on the summit occurred at the same time

as a 3.2 Md earthquake. After this event, cycles of deformation

occurred until April 6th. Each cycle was characterized by pro-

gressive inward displacements ending in a strong outward

motion (Figs. 2D and 3D). These deformation cycles were

contemporaneous with the onset of seismic cycles that included

increases of tremor (Michon et al., 2007a). The sudden collapse of

the Dolomieu crater occurred during this strong summit

deflation, and was first observed in the afternoon of April 6th.

(3) April 6th–10th (on SNEg station, displacement rates of −22,

−43, and −22 mm day−1, on the EW, NS, and vertical

components, respectively; Figs. 2B, 3B and 6). After April 6th,

the summit deflation persisted but at lower rates.

Fig. 7.Displacement rates recorded after themajor Dolomieu collapse on the permanent

GPS network between April 10th and May 12th (red), between May 13th and 20th

(green) and between May 20th and October 30th (blue). Error ellipses are shown.

(Gauss Laborde Réunion coordinates). (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Displacement rates recorded on the permanent GPS network between April 2nd and

5th (red), between April 5th and 6th (green) and between April 6th and 10th (blue). Error

ellipses are shown. (Gauss LabordeRéunioncoordinates). (For interpretationof the references

to color in this figure legend, the reader is referred to the web version of this article.)
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(4) April 10th–May 12th (on SNEg station, displacement rates of

−0.3, −1.1, and −0.9 mm day−1, on the EW, NS, and vertical

components, respectively; Figs. 2B, 3B and 7). Following a short

break of 8 h in the eruptive activity on April 10th, the summit

deflation slowed down again until March 12th.

(5) May 12th–20th (on SNEg station, displacement rates of −2.1,

−2.5, and −3.2 mm day−1, on the EW, NS, and vertical

components, respectively; Figs. 2B, 3B and 7). On May 12th, a

10 min subterranean collapse event highlighted by seismic

records occurred. An increase of subsidence and inward dis-

placements accompanied this event and persisted until May

21st.

(6) After May 21st (on SNEg station, displacement rates of −0.4,

−0.6, and −0.1 mm day−1, on the EW, NS, and vertical

components, respectively; Figs. 2B, 3B and 7). Low deflation

rates continued until June 2008, with essentially horizontal

contractions toward the Dolomieu crater centre (Figs. 2B, 3B

and 7). This was the longest period of unrest without summit

inflation since 2000.

For each stage, the horizontal GPS vector displacements were

always radial and converged toward the Dolomieu crater centre

(Figs. 6 and 7) and subsidence rates decreased between the summit

and the base of the cone. On a larger spatial scale, kinematic

GPS measurements recorded between March and May 2007 show

that the influence of the Dolomieu collapse was weak at the base of

the cone (Fig. 9). The base of the cone was mostly influenced by the

dyke propagation toward the south-eastern flank.

4. Numerical modelling

Numerical modelling is used to constrain the pressure sources

that can explain the observed ground displacements preceding

and associated with the April 2007 Dolomieu collapse. GPS data are

used as an input in a three dimensional elastic model based on the

mixed boundary element method (Cayol, 1996; Cayol and Cornet,

1997). The model is combined with Sambridge's Monte Carlo

inversion method (Sambridge, 1999a) to minimize the misfit

function (Fukushima et al., 2005), i.e. the normalized root mean

square error between calculated and observed displacements. For the

calculation, the edifice is assumed to be elastic, homogeneous and

isotropic, with a Young's modulus of 5 GPa, and a Poisson's ratio of

0.25 (Cayol, 1996). The structures (topography and pressure sources)

are modelled by meshes with triangular elements. Surface dis-

placements are calculated at the summits of the mesh elements.

Long-term ground displacements are modelled from GPS data by

ellipsoidal over/under-pressurized sources (ΔP). Ellipsoids are

defined by 7 parameters: the 3D coordinates of its centre, the dimen-

sions of its three half axes and ΔP. Confidence intervals on these

parameters are estimated from a one dimensional posterior prob-

ability density function (Sambridge, 1999b).

4.1. The February–March 2007 pre-eruptive inflation

The summit inflation preceding the March–May 2007 eruption

can be explained at 74% by an ellipsoidal pressure source (ΔP=3.5±

Fig. 9. Cumulative GPS displacements recorded between March (14th, 19th, 21st, 22nd) and May 2007 (10th, 21st, 24th) by kinematic measurements. Errors on measurements are

around 0.02 m and 0.2 m on the horizontal and vertical components, respectively. (Gauss Laborde Réunion coordinates).

Fig. 8. (A) Cumulative horizontal (black: EW component, grey: NS component) and (B) vertical displacements recorded at the GITg permanent GPS station in 2006 and 2007.
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0.4 MPa and ΔV=0.5±0.1 Mm3) located beneath the Dolomieu

crater at 460±400 m elevation (Figs. 10, 11A and 12A; Table 1).

4.2. The March–April 2007 magma injection

The lack of GPS data outside the cone and the strong influence of the

summit deflation on the kinematic GPS measurements prevent us from

modelling the dyke that fed the March–April 2007 distal eruption. How-

ever, considering the continuous summit deflation between March 30th

and April 2nd and the alignment of eruptive fissures (Fig. 1c), we assume

that only one dyke, starting below the Dolomieu crater fed the two

eruptive fissures on March 30th and April 2nd. To explain the strong

displacements recorded on the FJSg station during the first minutes of the

seismic crisis, we suppose that a seconddyke fed a shortmagma intrusion

toward the north.

4.3. The April 2007 subsidence

Fig. 10 shows the geometry of under-pressurized sources that best

explains the displacements associated with the two stages of summit

deflation, April 2nd–5th and April 5th–6th, preceding the Dolomieu

crater collapse.

Between April 2nd and 5th, GPS displacements can be explained at

87%byadeflationsource (ΔP=−4.8±1.6MPaandΔV=−1±0.3Mm3)

Fig. 10. Location of the sources modelled for the February–March 2007 pre-eruptive

inflation (black) and for the deflation periods of April 2nd–5th (red) and April 5th–6th

2007 (green). Black lines represent the fractures involved in the second set of modelling

(Fig. 12) (Gauss Laborde Réunion coordinates). (For interpretation of the references to

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

Fig. 11. Comparison between observed (red) and calculated (black) displacements for

the (A) February–March 2007 pre-eruptive inflation and for the deflation periods of

(B) April 2nd–5th and (C) April 5th–6th 2007. (Gauss Laborde Réunion coordinates).

(For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)
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thatextended from1150 to2300±350melevation (Figs.10,11Band12B).

In contrast, on April 5th and 6th the strongest ground displace-

ments can be explained at 89% by a shallow source (ΔP=−15±5 MPa

and ΔV=−1.46±0.5 Mm3) located just below the surface at 2250±

420 m elevation (Figs. 10, 11C and 12C; Table 1).

4.4. Influence of the fractures on the ground deformation

Caldera collapse formation involves discontinuities at depth and

most often caldera collapses are controlled by pre-existing concentric

fractures (Roche et al., 2001; Cole et al., 2005; Acocella and Tibaldi,

Fig. 12. Number of iterations versus parameter values for (A) the February–March 2007 pre-eruptive inflation model, (B) the April 2nd–5th 2007 deflation model, and (C) the April

5th–6th 2007 deflation model.
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2007). De Natale and Pingue (1993) and Letourneur et al. (2008)

suggested that discontinuities control ground deformation distri-

bution. A pressure source in a heterogeneous medium characterized

by structural discontinuities produces deformation over a smaller area

with respect to a continuous medium, mostly because some of the

deformation is accommodated by inelastic structures.

To test the influence of pre-existing fractures on pre-collapse

ground deformation, we have included in a set of models sub-

vertical fractures around the Dolomieu crater extending from the

shallow reservoir (420 m elevation) to the surface according to ana-

logue experiments of Roche et al. (2001). Fig. 13 compares the

ground deformation on the GPS sites induced by pressure sources

in homogeneous and fractured medium. Permanent GPS stations

are located just outside of the ring delimited by the main fractures

generating the collapse (Michon et al., 2009-this issue; Fig. 13). For

the pre-eruptive inflation, the pressure source is located just below

the fractures (Fig. 10) and our results show an increase of summit

ground deformation by ~20% around the pre-collapse fractures

relative to a homogeneous medium, whereas no significant change

occurs at the base of the summit cone (Fig. 13A). By contrast, when

the pressure source is located inside the fault network (Fig. 13B, C),

summit ground deformation decrease compared to a homogeneous

medium, mostly because some of the deformation is accommodated

by slip motion of the surrounding fractures. Consequently, the as-

sumption of a homogeneousmedium in our numerical modelling can

lead to an underestimation (pre-eruptive inflation source below the

fault network) or an overestimation (deflation source bordered by

fault network) of the depth of pressure sources. Because we are un-

able to constrain with precision the size, number, and location of dis-

continuities at depth, we conclude that the depths of our deflation

sources, previouslymodelled, represent onlyminimumdepths (Fig.10).

However we can easily deduce from our numerical modelling that the

location of the deflation sources were distinct from April 2nd and 6th

and allows us to interpret the processes leading to the Dolomieu crater

collapse on April 5th, 2007.

5. Discussion

5.1. Origin of the collapse

The April 2007 Dolomieu collapse started 6 days after the onset

of the March–May 2007 distal eruption (Fig. 6). The lack of large

pyroclastic emissions excludes explosive mechanisms to explain

the collapse. Instead, the Dolomieu collapse was linked with the fast

draining of the shallow magma reservoir (see pre-eruptive inflation

source on Fig. 10 for location), considering the large volume of erupted

lava and the high emission rate of this eruption (estimated at ~130–

140×106 m3 and ~54 m3 s−1, respectively). The rapid pre-

ssure decrease inside the magma reservoir caused a gravity-driven

downward displacement of its roof. The radial ground displacements

preceding and accompanying the collapsewere limited to themargins

of the Dolomieu crater. The base of the cone did not suffer from major

displacements (Fig. 6). We interpret this to mean that the stress

concentration at the roof margin was the result of underground

cavity and the Dolomieu collapse formed by a “piston-like” mechan-

ism (Roche et al., 2001).

The volume of the Dolomieu collapse was 1.4 times greater

than the volume of lava that had been erupted at the onset of the

collapse on April 5th (56 Mm3 emplaced as lava flows between April

2nd and April 5th and 10Mm3 emplaced in the dyke, Staudacher et al.,

2009-this issue). Two hypotheses might explain this discrepancy

(Michon et al., 2007a):

(1) a large amount of magma had intruded the edifice without

reaching the surface;

(2) the collapse had been initiated at depth before the beginning of

the March–May 2007 eruption.

The first hypothesis is supported by the strong ground displace-

ments recorded on FJSg GPS station (Fig. 5B) and the seismicity

toward the north-eastern flank at the beginning of the March 30th

magma injection (between 16:40 and 17:15).

However, there is also evidence to support the second hypothesis.

The change of the volcano behaviour in 2000 (long-term summit

inflation accompanied by an increase of long-term pre-eruptive

seismicity) could indicate the initiation of the collapse at depth a

few years before its appearance in surface. The long-term summit

inflation has been interpreted as due to a quasi-continuous refilling of

the shallow magma reservoir, explaining thus the large volume of

erupted magma since 2000, notably during the 2006–2007 eruptive

cycle (Peltier, 2007; Peltier et al., 2008). The successive eruptions

occurring between 2000 and 2007 contributed to a progressive

weakening and destabilization of the host rock column located above

the magma reservoir. The weakening of the rock column created by

inflations/deflations since 2000, had made the edifice unstable,

allowing thus a smaller amount of magma withdrawal to form a

larger volume caldera, similar to the 1968 collapse at Fernandina,

Galapagos (Simkin and Howard, 1970; Munro and Rowland, 1996).

5.2. Chronology of the 2007 Dolomieu collapse

Roche et al. (2001) proposed a “piston-like”mechanism for summit

pit-crater/caldera formation. In the case of Piton de La Fournaise, the

reservoir roof has an aspect ratio (roof thickness/roof width) of 2–2.5

(Fig. 10). According to Roche et al. (2001), in analogue experiments

with an aspect ratio of 2, collapse is non-coherent, restricted to deeper

levels, and occurs without significant surface subsidence. This stage

would correspond to the 2000 and 2007 period with the progressive

destabilization of the rock column above the magma reservoir.

The sudden surface collapse occurred in April 2007 during a major

distal eruption. For the first time since the installation of the GITg

GPS station, the ground deformation extended outside of the Enclos

Fouqué caldera (Fig. 8). This larger ground deformation distribution

could reflect a deeper pressure source and/or the involvement

of a larger volume of magma at depth, thus favouring a major distal

eruption. The fast draining of a large volume of magma from the

shallow reservoir allowed the failure of the roof rock when the gra-

vitational stress exceeded its strength.

5.2.1. March 30th April 5th: summit deflation

The final mechanism of the Dolomieu collapse is schematically

illustrated on Fig. 14. On March 30th, after 15 min of strong summit

inflation (Figs. 2C and 5A) linked with magma migration below the

Dolomieu crater (Fig.14A), a summit contractionwas recorded (Figs. 2C

and 5B) due to the intrusion of the dyke toward the flank (Fig. 14B).

Fig. 13. Comparison between ground deformation induced by pressure sources in homogeneous (red) and fractured medium (green) for (A) February–March 2007 pre-eruptive

inflation (B) April 2nd–5th 2007 deflation and (C) April 5th–6th 2007 deflation. Modelled fractures are marked by dotted black lines. (Gauss Laborde Réunion coordinates).

(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 1

Summary of the modelled pressure sources parameters.

Models Sz Sx Sy X Y Z ΔP ΔV Consistency

(m) (m) (m) (MPa) (×106

m3)

(%)

Feb. 21st–

March 29th
352 526 280 179,229 37,300 460 3.5 0.5 74

April 2nd–5th 575 269 166 179,385 37,254 1737 −4.8 −1.0 87
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The fast draining of the shallow reservoir had repercussions on the

fractured rock column above the reservoir (Fig. 14B, C). Thus until April

5th the deflation sourcewas not themagma reservoir itself, but the rock

column that extended from 1150 m to 2300 m elevation (Figs. 10

and 14C). Several hypotheses can be advanced to explain the elongation

of the pressure source: (1) a global contraction of the rock column by

closing voids or small-scale cavities related by recurrent collapses since

2000or (2) anupwardmigrationof a samedeflation source: fromMarch

30th to April 5th, progressive upward stoping and migration of an

underground cavity could have generated volume changes through the

fractured rock column (Fig. 14C). Because of the small magnitude of

displacements relative to the GPS background noise (error), we are

unable to investigate the process on smaller time scale and to see in

detail if an upward migration stoping occurred.

In the hypothesis of an upward migration stoping, the deep

cavity was able to progress quickly to the surface because the rock

column had already been weakened by intense brecciation and pre-

existing faults and joints, similar to the mechanism proposed

by Okubo and Martel (1998) and Walker (1999) for Hawaiian pit-

craters. On April 5th at 14:28, an increase of inward displacements

and eruptive tremor occurred until the surface collapse at 20:48.

Numerical modelling suggests for this period a shallow deflated

source located just below the surface at 2250 m of elevation

(around 300 m depth) (Fig. 10).

5.2.2. April 5th–6th: surface collapse

The first major collapse occurred on April 5th at 20:48 after 7 h

of strong summit deflation, triggering a large 3.2 Md volcano-tectonic

earthquake. This sudden collapse was followed by continuous

cyclic subsidence until April 6th. Each cycle was characterized by a

progressive inward deflation of the summit zone and ended by sudden

summit outward displacements linked with a collapse event (Figs. 2D

and 3D). The short-lived outward displacements were caused by

stress relaxation following each collapse event.

These successive cycles reveal that caldera formation did not result

from a single event but from several collapses on April 5th and 6th

increasing thedepthof theDolomieu crater by340m. Field observations

on April 6th revealed that the collapse had affected first the northern

part of the Dolomieu (Michon et al., 2007a). Two annular plateaus

corresponding to the pre-existing floor of Dolomieu remained in the E

and SW but collapsed on April 10th.

From April 5th to April 6th, the brecciated rock column subsided

into the reservoir and acted as a piston that increased the internal

pressure of the reservoir and thus the magma flux in the dyke feeding

the eruptive fissure (Fig. 14D). The erupted lava flux has been esti-

mated around 200 m3 s−1 on April 6th, against a mean of 54 m3 s−1

over the whole eruption (Staudacher et al., 2009-this issue).

5.2.3. After April 6th: summit deflation

The majority of the Dolomieu crater collapse was rapid and

occurred in only 24 h. However, the draining of the magma reservoir

progressively enlarged the caldera with small landslides of the caldera

walls until the end of the eruption. Following the short break on

eruptive activity on April 10th, the eruptive tremor and the surface

activity were lower, probably due to a decrease of the reservoir

draining, generating a decrease of the summit deflation rate.

6. Conclusions

The study of ground displacements preceding and accompanying

the April 2007 Dolomieu collapse allows us to constrain its origin and

its dynamics. The main results can be summarized as follows:

Fig. 14. Schematic representation of the Dolomieu collapse during the March–May 2007 distal eruption and associated ground displacements. (A) On March 30th, a vertical magma

injection propagated from the shallow magma reservoir below Dolomieu crater (B) fast lateral magma injection leading to the early stage of the summit deflation; (C) underground

collapse of the reservoir roof rock; (D) surface collapse. The collapse acted as a piston on the reservoir and increased the emission rate in surface (Gauss Laborde Réunion

coordinates).
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(1) Between 2000 and 2007, successive eruptions weakened and

destabilized the host rock located above the shallow magma

reservoir;

(2) The fast drainingof the shallowmagmareservoir at the beginning

of the March–April 2007 distal eruption, caused a gravity-driven

piston-like downward displacement of its roof;

(3) During the 5 days preceding the collapse, summit deflationwas

caused by volume change through the fractured rock column

above the shallow magma chamber due to the closure of voids

or small-scale cavities or the upward stoping and migration of

an underground cavity;

(4) During the 7 h before the onset of the collapse, the deflation

source was located at ~300 m depth revealing the initiation of

the collapse at very shallow depth;

(5) On April 5th, at 20:48, the Dolomieu collapse initiated and

consisted of many individual cycles over 24 h. Each cycle was

characterized by a progressive inward deflation of the summit

zone and ended by sudden summit outward displacements

linked with a collapse event;

(6) The subsidence of the rock column into themagma reservoir on

April 5th–6th increased the eruptive flux;

(7) After the endof the eruption,minor readjustments of the summit

cone persisted for months with a slight summit deflation and

small landslides of the caldera walls.
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