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ln 1984, a Seabeam balhymetric survey and the measurement of the gravily and magnetic 
fields or the submarine east flak of Piton de la Fournaise were canied OUI with RfV Jean 
Charcot. 
Piton de la Fournaise, one of the mast active volcanoes in the world, is a basaltic shield 
volcano which occupies Ihe southeastem thirdt or Réunion Island in the southweslem Indian 
Ocean. Most recenl volcanic activity occurred within the youngest caldera and along IWO 
volcanic rift zones, which trend northeast and southeast and extend beyond the seashore. 
The Enclos caldera is breached on the east, where il merges with the Grand Brûlé lTough. 
The nonhern and shouthern boundaries or Ihis laller depression are two sub-vertical ramparts 
100 to 300 metres high; to the west it is Iimited by a steeply dipping area (The Grandes 
Pentes), whereas to the cast it continues beneath the sea. The Grand Brûlé structure has 
been interpreted as a slide of the unbunressed seaward flank of Piton de la Fournaise, the 
Grandes Pentes area being the headwall or the slide faults. 
Three main rypes of volcanic or voJcano-tectonic reatures have been identified on the Sea
beam map, as rollows: 
• The NE and SE voJcanic rift zones of Piton de la Fournaise do not extend more than 
about fi ve kilometres offshore. Unlike typical Hawaiian rift zones, which fonn narrow (2-
4 km) ridges extending lens of kilometres from the summit, the active rift zones of Piton 
de la Fournaise widen downslope, anaining more than 10 km in width at their submarine front. 
• 'The submarine extension of the grand Brûlé depression is larger than the subaerial portion. 
1be entire structure forms a 7 km x 24 km scar bounded by two rampans to the north and 
south. 1be slumped material may have moved as a debris flow, forming a large talus downslope 
of the slide. However, the submarine counterpart or the southem area of the Grand Brûlé seems 
10 comprise a slumped block. 
• 'The third prominem reature is a conspicuous topographie high that occupies aImost the entire 
centre or the surveyed zone. The surface or this "easl flank submarine plateau" generaIly 
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RÉSUMÉ 

dips gently (2.3"), and its north and south f1anks are extensively eut by landslides. Cone-like 
reliefs of variable dimensions are observed on the plateau and funher to the east. Three 
hypotheses have been examined to account for the origin of this plateau: 
• remnant f1ank of an ancestral Fournaise volcano associated with a large buried intrusion 
found by drilling beneath the Grand Brûlé: 
• distinct volcanic massif: 
• material of a huge landslide. 
The latter hypothcsis has been confirmed. The geophysical data shawn that the western 
part of this submarine plateau is assoc iated with a moderate positive gravit y anornaly and 
with a magnetic anomaly; this confi rms thal. as suggested by the bathymetric analysis, this 
part of the plateau is relatively coherent. Conversely, the eastem portion of the plateau 
appears to be !XKlrly magnetizcd and composed of low-density material, probably chaotic 
and derived from landslides. 
These results show that the history of Piton de la Fournaise is characterized by very large 
episodes of landsliding. 

Oceall%gica ACIa. 1990. Volume spécial 10, Actes du Colloque Tour du Monde Jean 
Charcot, 2-3 mars 1989, Paris. 2 11-224. 

Structure et morphologie du flanc sous·marin d' un volcan basaltique actif: 
le Piton de la Fournaise (Ile de la Réunion, Océan Indien). 

En 1984, un levé bathymétrique Seabeam, ainsi que des levés gravimétrique et magnétique, 
ont été réalisés sur le flanc sous-marin oriental du Piton de la Fournaise, à bord du Jean 
Charcot. 
Le Piton de la Fournaise est l'un des volcans les plus actifs du Monde. C'est un bouclier 
basaltique qui occupe le tiers sud-est de l'île de la Réunion dans le sud-ouest de l' Océan 
[ndien. Son activité se concentre à l' intérieur de sa plus récente caldéra (Enclos), et le long 
de deux rift runes volcaniques qui s'orientent vers le nord-est et le sud-est, Ct se poursuivent 
en mer. La caldéra de l'Enclos est ouverte vers l'est où elle rejoint la dépression du Grand 
Brûlé. Les limites nord et sud de celte dernière sont deux rempans sub-venicaux de 100 
à 300 m de hauteur: à l'ouest, elle est limité par une zone à fones pentes (les Grandes 
Pentes), et à l'est, elte se poursuit en mer. La structure du Grand Brûlé a été interprétée 
comme une struct ure de glissement d'un flanc libre du Piton de la Fournai se, la zone des 
Gr.mdes Pentes représentant la zone amont des failles de gl issements. 
Trois principaux types de structures volcaniques, ou volcano--tectoniqucs, ont été identifiées 
sur la carte Seabeam : 
• Les rifts zones NE et SE du Piton de la Fournaise ne se poursuivent pas au-delà d'environ 
cinq kilomètres au large. Contrairement aux ri f! zones hawaiiennes typiques, qui fonnent 
des rides étroites (2-4 km) s'étendant jusqu'à des dizaines de kilomètres du sommet, les 
rift zones actives du Piton de la Fournaise s'élargissent vers l'aval pour aueindre une largeur 
supérieure à 10 kilomètres à leur extrémité sous-marine. 
• L'extension sous-marine de la dépression du Grand Brûlé est supérieure à sa panie sut>-
aérienne. L'ensemble de la structure fonne une cicatrice de 7 km x 24 km, bordée par deux 
remparts, au nord et au sud. Le matériel impliqué dans le glissement peut s'être déplacé 
sous la fonne d'une coulée de débri s qui fonnerait le relief observé en aval. En revanche, 
la panie sous·marine correspondant à la partie sud du Grand Brûlé semble composée par 
un bloc glissé. 
• La troisième structure proéminente est un relÎef important qui occupe pratÎquement toute 
la partie centrale de la rune étudiée. La surface de ce «plateau sous·marin du flanc est» 
présente une pente générale faible (2°_3°) vers l 'est; ses flancs nord et sud sont profondément 
affectés par des glissements. On observe des reliefs coniques, de dimension variées, sur le 
plateau et plus à l'est. Trois hypothèses ont été examinées pour interpréter ce plateau: 
• reste du flanc d'un ancien volcan associé au complexe intrusif découvert par forage dans 
le Grand Brûlé; 
• massif volcanique distinct; 
• malériel provenant d'un ou plusieurs glissements d'amplitude considérable. 

212 



SUBMARINE OF PITON DE LA FOURNAISE VOLCANO 

C'est cette dernière hypothèse qui est retenue. Les données géophysiques montrent que la 
partie occidentale du plateau sous-marin est associée à une anomalie gravimétrique positive 
d'amplitude modeste, et à une anomalie magnétique; ceci renforce l'idée, basée sur l'analyse 
de la bathymétrie. que cette partie représente un bloc relativement cohérent. A l'inverse, 
le reste du plateau sous-mari n est faiblement magnétique et composé de matériel à faible 
densité; il s'agit probablement de matériel dont la struclUre a été désorganisée dans les 
glissements. 
Ces résultats montrent que l'histoire du Piton de la Fournaise a été marquée par de grands 
épisodes de glissements. 

Oceanologica Acta, 1990. Volume spécial 10, Actes du colloque Tour du Monde Jean 
Charcot. 2-3 mars 1989, Paris. 212-224. 

INTRODUCTION 

La Reunion, a volcanic island locatcd in the western In
dian Ocean in the Mascarene Basin, lies southwest of. 
and is aligned with two other volcanic features, the Mas
carene Plateau and Mauritius Island, A hot-spot origin pro
posed for this volcanic chain (Duncan, 1981; Morgan, 
1981) is strongly supported by a recent interpretation of 
geoid anomalies (Bonneville et al .• 1988). 

The island (Fig. 1) is elliptical in shape (50 km x 70 km) 
with a NW-SE elongation, rising a nearly fiat ocean floor 
at a depth of more than 4000 m. At the level of the sur
rounding sea floor, ils base dimensions are 
200 km to 240 km, 

The bathymetry around Réunion island remained poorly 
known until 1983 (Fisher et al .• 1967; Schlich. 1982; 
Bachèlery and Montaggioni, 1983), when a map of me 
submarine slopes of the island made by the TAAF (Terres 
Australes et Antarctiques Françaises) R/V Marion Du
fresne with conventional bathymetric tools, was published 
(Averous, 1983) (Fig. 1). This survey was composed of 
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radial profiles regularly spaced every 5° around the is1an 
(except in the north where spacing was 10") This distance 
between profiles was aboui 2 000 m near the coast and 
6 000 m at a distance of 40 km offshore. 
ln 1984, as part of the programme "Tour du Monde du 
Jean Charcot", a detailed survey of me bathymetry (Sea
beam) and of the gravity and magnetic fields was carried 
oui on the easl flank of Réunion. This project, named 
"Fournaise 1", was intended to study me structure of the 
submarine portion of the active volcano Piton de la Four
naise. 

The scope of the present paper is to provide an initial 
synthesis of interpretations of the data from "Fournaise 1" 
which have been published separately (Unat et al .. 1989a. 
Rousset et af., 1987, Unat and Galdéano in Lénat, 1987). 

GEOLOGICAL FRAMEWORK 

Réunion island is composed of two volcanoes : Piton des 
Neiges, which occupies the northwestem two-thirds of me 
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General oolh)'melry and lopograllhy (500 meon/our iruerl'QI) of Rl union island. The balh)'metric dma are (alten fram lhe 1982 RN Marion-Dufresne 
survey (Averous. ]9113). 

Cane oothymétriquc Cl lurographique g~rtéra]c de nie de la R~union (intervalle des contours : 500 ml. Les données balhymélriques sonl tirées de la 
campagne de 1982 du N!O Murion·Dufres1Il! (Averol.l$. 1983). 
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island and ls a donnant volcano; PilOn de la Fournaise; 
which began 10 erupt more than 5 x 10' years ago (Mac 
Dougall, 1971; Gillot and Nat ivel, 1989), and remains one 
of the most active volcanoes in the world. 

Chevallier and Bachèlery ( 198 1) proposed the existence 
of four main stages in the evolution of Piton de la Four
naise, the stages bcing separated by the collapse of three 
calderas. Constraints on the dimensions and limits of these 
more or less concealed calderas have been establishes by 
funher studies, and the existence of a fourth caldera has 
been recognized (Unat, 1987: Bachèlery and Mairine 
wriUen corn., 1989), The youngest caldera (called "Enclos 
Fouqué" or. more commonly. "Enclos") probably fonned 
less than 5000 years ago (Bachèlery, 1981 ). The inter
pretation of the calderas has becn challenged by Duffield 
et al ,. (1982) who suggesled Ihal the curved rim con
sidered by Chevall ier and Bachèlery to be Ihe rims of the 
IWO older calderas might in fact be headwall faults of huge 
landslide blocks of Ihe easlern free flank of Piton de la 
Fournaise (as opposed to the western flank buttressed on 
Pilon des Neiges vOlcano). Obv iously, the problem of the 
origin of the caldera-like features is not yet fully resolved, 
and the submarine survey may provide crucial data to in
terprel Ihe--.e struclures. 

Presenl aClivity is conlro l1OO by a magma reselVoir located 
at a shal10w depth (1-3 km - Lénat, 1987) benealh the 
central cone buiIt in the Enclos. The greatest densily of 
eruptive fissures is found on and around this central conc. 
On the noor of the Enclos Ihe fi ssures cluster in two rift 
zones Ihat continue oulside the caldera, curving to the NE 
and the SE respectively and fonning two conslructional 
ridges that widen downslope, Eruptions atong Ihese Slruc-
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tures outside Ihe caldera are not frequent , averaging two 
per century during historic limes (as compared to an aver
age frequency of one eruption every 14 months in the 
central area du ring the reccnt historie period - Unat and 
Bachelery, 1988 -), The last two occured in 1977 on the 
NE rift zone (Kieffer el al .. 1977) and in 1986 on the SE 
rift ZOIlc (Dclonne el al., 1989). The relalÎvely large 
development of the two rift zones outside the Enclos. as 
compared 10 their segments inside, indicates Ihat tbey are 
long-lived structures that existed before formation of the 
Enclos, 

The Enclos is breached on the easl (Fig. 2). where il 
merges with the Grand Brûlé lrough. The nonhem and 
soulhem boundaries ofthis depression are two sub-vertical 
ramparts 100 10 300 mClTes high; to the west it is limited 
by a steeply dipping area, eXlensively draped by recent 
lava flows. caUed Grandes Pentes (= Steep Siopes). The 
Grand Brûlé structure is interpreled as a slide (Vincent 
and Kieffer. 1978). The Grandes Penles area is interpreted 
as zone of headwaU scarps of gravit y faults. 

A 3 000 m-deep gcothermal exploralion hole was drilled 
in 1985 (Rançon el al., 1989), near lhe coast within the 
Grand Brûlé, The hole is siluated on a large positive grav
ity anomaly, The drilling encountered a large intrusive 
complex (mairùy gabbro and dunile) al - 832 m below sea 
level. The shape of Ihis complex had been established by 
gravily models (Rousset et al., 1987 and 1989), Il is a 
NS clongated structure about 12 km long and 6 km wide, 
centered near the coast in the middle of the Grand Brûlé 
area. ft does not eXlend beneath the presently active centre 
of Piton de la Fournaise 10 the west, and no more lhan 

3 km beyond the coasl 10 the eas!. 

The low temperature measured at the bouom of the 
3000 m-deep hole (140"C) indicates thal this intrusive 

• N ---
!I1ap of Piton de la FOlifnaiu showing main structural and l'olcanic jeatures. 

Cane mom/BIIl tes prin<:ipaJes SU'UClures du Pi ton de la Fournaise, 
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complex is not recen!. The presence of this large intrusive 
complex at such a high level in the island suggests that 
it was a magma reservoir assoc ialed wilh an ancient vol
cano which is no longer visible at the surface. Similar 
intrusive stoks have been observed, and their extension 
mapped by gravit y (Puvilland, 1986), in deeply eroded 
areas of Piton des Neiges volcano. By analogy with act ive 
basallic volcanoes (for example Mauna Loa and Kilauea 
in Hawaii or Piton de la Fournai se), we can assume that 
soch a magma reservoir was no more than one or a few 
kilometres deep. Hence we speculate that remnants of the 
old overlying volcano, which we cali "paleo-Fournaise", 
could still he found despite erosion and possible large sub
sisdence of the area. The eastem submerged f1ank should 
be especially fa vourable to the preservat ion of remnants 
of the ancestral Fournaise, because constructional activity 
of Piton de la Fournaise was probab!y less there. 

Above the intrusive complex, the lithology comprises 
several sequences of subaerial and submarine f1ows. The 
presence of subaeria! f10ws down to - 7 18 m helow the 
sea level indicates large subisdence of the aTea. This 
downward movement can tentatively he explained by 
flexure of the lithosphere under the load if the island, or 
by seaward slid ing of large blocks of the eastem flank of 
the volcano. 

According to Ihis geological frame work, the main objec
ti ves of the survey were: 

• to study the offshore continuation of the Iwo volcanic 
rift zones; 

• to study the offshore continuation of Ihe Grand BriHé 
structure; 

• 10 seek structures unknown at the surface. 

Figure 3 shows Ihe routes of lhe ship during the survey. 

SUBMARINE OF PITON DE LA FOURNAISE VOLCANO 

BATHYMETRIC AND GEOPHYSICAL DATA 

Bathymetrie-topographie map 

In order to obtaîn a view of the whole volcano. and to 
pennit three-dimensional perspective representations. we 
have crealed at digital telTain model encompassing the 
subaerial and submarine parts of the volcano : 

• The subaerial topography comes from the 1/50 000 map 
published by the Institut Géographique National. During 
the croise. it was observe({ that the geographic coordinates 
of the existing map of Réunion island were not compatible 
with the reference (WGS 72 ellipsoid) used in navigation. 
A check made lalcr in a harbour al the south of the island 
(Saint Pierre) showed that the island bad to be shifled 
0.37' towars the west (0.64 km) and 0.75' towards the 
south (1.39 km) to be in agreement with the offshore data. 

• Most of the bathymetry is. of course, based on the Sea
beam data from "Fournaise t H. The positioning of the ship 
was delermined using the "Transit" system; between fi xes 
(up 10 severa! hours), navigation was by dead reckoning. 
This resulted in navigational errors that were detected al 
track crossings and required adjustemenls of up 10 one
and-a-balf ki lometres for some profile segments. In the 
surveyed zone (Fig. 3), the Seabeam swaths do not over
lap. Between the mapped swaths, the balhymetry was 
band inlerpolated. A detailed map of the Seabeam survey 
has been presented elsewhere (Unat et al., 1989a). 

• The bathymetry near the seashore. al the nonheast of 
the island, was completed with detailed conventional 
bathymetric data provided by the "Service Hydro
graphique et Océanographique de la Marine" and con· 
toured by J.P. Mué (lFREMER). 
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Figure J 

Map M{]'M,';nJ: RJV l t an Charcat tracts Juring -Forufl(l;u r sun'ey. CP is /ht sitt of boI/om pic/ruts. 

Cane des roulCll suivies pat le NIO JCiVl o.aroo. lors de b campagne ~Foumaise J-; CP : le sile de prise de vue: des ~ du fond. 
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Figure 4 

TopolVaphic aJUJ butllym~lric lI1llp of Pilon de la FOIlffltJiH. Tlris mop. 
o rornpilmion of se\"erol sets of dolO (JU IUIJ. lIaJ bun dra ... n br QU/O

m(lÛC conto",ing of III~ lopollrapilic grid comput~d for Ille oua (JqJllJFe 
mali of OJJOZ5"), Tite btullymmy ÎS rrwJlly bas~d Of/ S~aMQm dtllo. 
nt sllipiracli corrupotrdin8 10 tilt profile of Fillure 9 ÎS J/wk'1I by a 
dashed tillt. Num~s Jun't h.ttll g j''ell 10 Iht meS! promillt lU f t al"'tJ al 
tltt IlIIdt rseu domoi,. , 
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Cane IOpographique el bathymfuique du Piton de La Fournaise. Celle 
cane résullc de La compilation de plUSicLirS jeux de donn6es (cf. tCJiIe). 
Elle <II t~ tracie aUlQma~ucment t. paIIir de la grille du ~Ie nulTJl!r
)quc de terrain topographique calcult pour celte zone: (mai lles can6es 
de 0.0025" de c61é), La bathymftric CSI principalement ba5k sur les 
doonfes Seabeam. Le II1!jet du bateau correspondant au profil de la 
figure 9 est indiqué par UI'IC ligne en traits discontinus, Des noms OIIt 
t~ attribués aux reliefs sous-marins les plus marquants. 
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Figure .5 BOUQuer ano mù 1 y mec - - (d-Z. 7 9/cm ' ) 

BOl/III/cr ulIQlIUJly IIIlIp f()l' Il 2.7 gem'] dellsi/y. Con/Q/U in/erml : 2 mgal. T/uo fi'gional fidd is assullled 10 lie aroU/ld 238 mgal , (afitr Rousu/ t l 01 .. 
1987). 

Cane de l'anomalie de Bouguet (densité 2.7 gcm'\ Intervalle entre les contours: 2 mgal. le champ région lll est es tirrn! ê tre de !"ordre de 238 mgal. 
(D'après lI.ou~t rt 01.. 1987). 
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• Outside Ihe areas covcred by the Seabeam bathymeuy, 
on the non hem, southem and eastem edges cf the map, 
the bathymetry was taken on the general bathymetric map 
of the island (Averous, 1983), 

~::: ;00 m interval contour curves of the resulting map 
were digitized and a grid of regularly spaced data was 
then caleulated (square mesh of 0.0025°) to draw the map 
of Figure 4, by automatÎc eontouring, and the perspective 
views presented helow. 

Gravit y and magnetie maps 

The processing of the offshore gravit y data is descrihed 
in Rousset et al., (1987). We show on Figure 5 the map 
of the computed Bouguer anomaly for a density of 2.7. 
The map cJearly indicates tbal the dense body whieh 
ereates a large positive anomaly on land (Gérard et al., 
1980; Rousset et al., 1989) does not extend further than 
1 to 3 km offshore. The other main feature of the map is 
the presence of a relative gravit y low in the centre of the 
surveyed area. This corresponds approximately to the 
plateau area and can he interpreted (Rousset et al. , 1987) 
as a 1 km thick layer with a density of 2.5. This model 
is consistent wilh an interpretation of the plateau and ad
jacent areas in terms of material deriving from landslides. 

The total field magnelÎc anomaly map (Fig. 6) bas been 
compiled by Galdéano et al. (in Lénal, 1987, 124-128). 
According 10 the magnetie latitude of Réunion island, the 
corresponding anomaly fo r a siven normally magnetized 
body is composed of a IlOnhem magnetic high and a 
southem magnetie low. The body is located roughly above 
the magnelÎc high and the nonhem zone of the magnetie 
low. 

A north-south succession of three reversed anomalies ap
pears on the map. A preliminary mode! indicates that the 
two anomalies whieh lie in the continuation of the Grand 
Brûlé and the southem rift zone can he mostly attributed 
to the rocks of the topographic reliefs. The nonhem 
anoma1y, which is the more prominent one, has a west-cast 
extension of about 20 km. This anoma1y cannot be asso
ciated with any surface topographie feature. Thercfore, il 
indieates the presence of a buried structure whose mag
netization is probably reversed. A quantitative lhree-di
mensional interpretation of the magne tic data will he 
carried out together with that of the rccent aeromagnetic 
map of Réunion (Galdéano et al., 1989). 

Description of the ba thymell"ic features 

Il can casily he secn that the two types of volcanic struc
ture reeognized on land (i .e. volcanic rift zones and the 
Grand Brûlé slide) have eonspicuous submarine continua
tions (Fig.4), and that the plateau and adjacent areas 
(herein refe ITed 10 as the "cast f1ank submarinc platcau"), 
constitute an original submarine feature. But on a broader 
scale, a still more obvious feature is the differcnce be-
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) 
Figure 6 

Map of lhe lotal magMlic field a1Wmaly ot u a {evel. 

Cane des anomalies du champ magnétique total au niveau de la mer. 

tween the subaerial and submarine slopes. Figure 7 shows 
the average slopes of the area as a function of the eleva
tion. The submarine slopes rise steadily from the ocean 
f1 00r to about - 1500m (0" 10 about 7.5~, where they 
start to increase very sharply to a peak value of 24" he
twecn about - 500 m and - 100 m. Near the shoreline the 
slopes are agai n moderate (- 7"); they increase to an aver
age value of 15" at higher elevations where the curve be
come less regular because of the effcct of valleys, caldera 
rims and caldera fillings. 

THt; Nt: ANU St; VOLCANIC IOrT ZUNr.;::; 

The NE and SE rift zones, which fonn broad topographie 
ridges (Figs 4 and 8), are relatively narrower upslope (2 
to 3 km) when they diverge from the Enclos but widen 
downslope, becoming 3 to 5 limes wider at the shoreline 
where they fonn pronounced coaslal promontories. The 
presence of parasitie vents and eones along these ridges 
confirms their constructional origin and the observations 
of the recent eruptions of April 1977 (Kieffer et al., 1977) 
and MaTCh 1986 (Delonne et al., 1986) have eonfinned 
Ihat they behave as Hawaiian type rift zones (i.e . they 
drain magma from the central zone). 
These rift zones do not extend beyond a few kilometres 
offshore. The lateral extension of their submarine coun
terpans generally fils with the boundaries that could he 
extrapolated from surface observations (Fig. 4), exeept for 
the southem submarine portion of the SE rift zone which 
shows topographic fcatures over a wider area than might 
he expected From the surface extension of the present rift 
zone. The features lying outside the natural continuation 
of the rift zone may he associated with phenomena af
feeling the south f1 ank of the volcano (i.e. landslides). 
The physiography of the submarine part of the NE rift 
zone is not Ihoroughly understood. It seems that it could 
have been disrupted by landslides on its nortbcastem and 
southem edges. A flat area around - 500 m to - 600 m 
suggests that the constructional processes have not been 
continuous (i.e. the upper part would be buiIt on a prc
existing surface). 



J.- F. LÉNAT et al. 

SE RWr 

MA IN SU B.\ IAR INF. SLlUE(S) 

SE RIFT InHÉ 

r.R,\ ... n IlRUI.É 

"'E ZONE 

GRAND nl~UI..F.SLllJE 

CORRIOOR 

1\"E R IF T ZO~F. 

~IA I .'" SU U~IAR I ~E 5 1..ID E ( 5) 

Figure 7 

GR ,\ 1\"D URUI.É 5 L1 DE 
:---- CORRIDOR 

Tflree·di/lli!nsiOllm Fepre5efllillions of Ifle $uboerillt and stwmarine parIS of Pilon de ta fournaise. sflo .... ing Ihe main structural [eall"es. (l'ertical 
exaggeralion of 3.5) 
a : \·ie'" [rom the NE. 
b: \-je", from tilt SE. 

Représcn13.tions en perspeclh·es montrant les pnncip.11es unités. (c)(;I.gération ~enicale: 3.S) 
.1: ~ue depul~ le nord-est 
b: vue dePUIS le sud-est 

2 18 



THE GRAND BROLÉ SUDE 

The submarine counterpart of the Grand Brûlé Îs the 
13 km long depression (Chenal Vincem) which trends 
W-E ncar the coast, and then curves to the northeast. How
ever. the north and south rims of this corridor do not fit 
exactly with the subaerial ones. 
To the north, the submarine rims seem to conneçt with 
the Ravine Constantin, a south-facing rim located 3 km 
nonh of the northem rampan of Grand-Brûlé. The ravine 
Constantin rim, which is partially buried by lava fl ows, 
has been regarded as the headwall of a slumped block by 
Bachèlery and Chevallier (1982). 
To the south also. the nolth-facing submarine rampart is 
not in \ine with Ihe subaerial one; it is shifted more Ihan 
2 km 10 the nolth. The area between these IwO rims 
helongs to Ihe "east f1ank submarine plateau··, a struclure 
that will he described helow. 
Downslope of Ihe submarine corridor, a deha-Iike fealure 
(Le Râlé-Poussé) seems 10 he composed of materia1 in
volved in the slide (Fig. 4). 
ln the unmapped area close to the coast, interpolation of 
the bathymetry required thal the slopes dramatically m
crease seaward in this area. 

THE EAST FUNK SUBMARINE PLATEAU 

This broad topographie high occupies almost the emire 
centre of the surveyed zone (Figs. 4 and 8). 
Il has roughly the form of a sector starting from the coast, 
off the southem zone of the grand Brûlé, and opening 
eastward with an angle of aboui 40". Its surface is sub
horizomal, the general slope towards the cast is 2 10 3u 

between about - 500 and - 2 000 m and is composed of 
subplanar areas separated by steps wilh a dip of 50 (visible 
on more detailed maps). Eastward, a larger gradient be
tween about - 2 000 and - 2 500 m apparently marks a 
structural boundary. In this transition zone the topography 
is more irregular. Downslopc, from aboui - 3300 m, the 
slope is slighler (2") and the sei smic refleçtion data shows 
the presence of slrati fied sediments above the acoustic 
basement (Fig. 8). Thus the - 3 300 m countour is a 
boundary between younger terr.lins with liule or no sed
imentary cover and aider terrains covered by thicker lay
ers of sediments described by Philippot (1984) as detrital 
and hemipclagic sediments. 
The northem and southem f1anks of the bulge are exten
sively scarred by landslides (Fig. 4). Ils W·NW part seems 
to he eroded by the Grand Brûlé slide. On more dctailled 
maps. numerous hills or cone-like reliefs are observed. 
The dimensions of the individual cones vary from 100 m 
to ncarly 1 km in base and from 20 10 300 m in heighl. 
Even on detailed enlarged plots of the Seabeam data, none 
of them show a summil crater. On the other hand, sorne 
20- 10 6O-m decp dcpressions arc obscrved on the plateau, 
but Ihere are not associated with cones. The cones are 
dther circular or elongatcd along the local slope. A set 
of pictures (only 5 because of eq uipment failure) were 
taken on the fl ank of a large cone (Cone Nadia, CP on 
Figure 3). 80th c1astic or detrital mateTial and pahoehoe
like flows uncovcrcd by sediment .. werc observed. 
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Figure 8 

E·W uismic profile. I/s loca/ioll is sll""'11 011 figure 4. These oola il
lus/fOU /1It! /u /ure of /he surface in IhI! difft rell/ areaJ. alld slww !hI! 
prestllct cf laYl!fl!d stdimeflls bellealh - - 3500 m. 

Profile E·W de sismiqllC reflcxion. Sa localisation est montrée sur la 
figure 4. ces données illustrent la tnture de sUlfaee des différentes zones, 
et montrem la préseocc de sédimenl$ li tés li panir d·une profondeur d'en· 
viron - 3500 m. 

DISCUSSION 

Submarine slopes 

The distribution of slopes in the surveyed area of Réunion 
contr'.l.sts with Ihat of the younger segment of the island 
of Hawaii (Mark and Moore, 1987), allhough the two 10-
calities are considered to be of very similar volcanic con
struction. ln Hawaii, the submarine slopes are significantly 
higher (about 50) than they are in the Piton de la Fournaise 
arca. and conversely, the inverse observation can he made 
on land. However, in both cases, the same dramalic 
increase of slope occurs in the seashore area. Mark and 
Moore (1987) propose that '·this marked slope change al 
the subaerial-subaquous transition zone is the result of 
several processes, primarily volcanic", because on young 
volcanic coasts erosion and growth of coral reef are min
imal. According to these authors, the three main processes 
involvcd would he : 

• the chilling effeçt of water that "tends to incrcase the 
flow's effective viscosity" and "cause il 10 thicken or 
divide into pillowed flow lobes and hcnce fl ow a shorter 
distance, Ihus steepening Ihe general slope angle"; 

• "surf action which disrupts flow channels and lava tubes 
and causes the flow to div ide spread and f1 0w a shorter 
distance over a broader front"; 
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• and a third. and pcrhaps Ihe most imponant. process 
dcpcnds on the buoyant effect of water on the propaga
lion of a lava fl ow. When a flow crosses the shorelinc 
and cnters the sea. ils effective dcnsity drops by 1 g/cmJ• 

The tlow cannot move downhill on the same slopc as 
readi ly. because grav ily excrts less force on il. and sa the 
fl ow will Ihicken and spread laterally". "The net effeci of 
thcse processes rhar inhibit flow of lava under warer is 
ro cause the shoreline tO he eXlended seaward with a 
gentle subaeriaJ slope and 10 pile lava up bclow sea lever'. 

Th is gencrnl explanation seems 10 he also suilable for 
Réunion. Ihe general bathymclric map of which (Averous 
1983) reveals Ihat similar steep slopes are present almasl 
everywhere around the island near the coast. The differ
ence in submarine slopcs bctween Réunion and Hawaii. 
at grealer dcpths, have no delinitive explanation. A ten
tative one could be 10 invoke a difference in the rates of 
subsidence of the islands (i.e. lower rate of subsidence in 
Ihe case of Réunion would allow the products of the 
various cruplive and tcctonic process 10 sprcad funher 
l:uernlly). However. this explanation does not aceounl for 
Ihe higher subacrial slopcs of Réunion. 

Thc volcanic rift zones 

The concepl of volcanic rift zones has moslly bccn defint,'d 
in Hawaii: they are considcrcd as tlank-preferemial in
trusivc-eruptive zones Ihal converge at Ihe summil caldeîd 
or central zone of a volcano. It has bcen shown (Fiske 
and Jackson. 1972) Ihat the orientations of the volcanic 
rifl zones are controlled by Ihe gïdvilational stresses of 
the volcanic cdifice that arc slrongly intluenced by adja
cent volcanocs. They have no regional tectonic signifi
cance except for îsolated volcanocs whose earliest stages 
of growth may be affected by the regional stress field. 
The archctypc of volc(lnic (or Hawaiian) rift zones are 
Ihose of Mauna Loa and of Kilauea. They arc linear or 
curved ridges, 2 to 3 km wide and tens of kilomerres in 
lcngth. Kilauca cast rift zone. for example. is about 
120 km long with 70 km bcîng submerged. This off-shore 
continuation (called Puna ridge) of the Kilauea cast rift 
zone has becn thoroughly mappcd (Moore, 1971 ) and 
studicd (Malahoff and Mc Coy. 1967: Fomari et al., 1978: 
Lonsdale 1989). Although same differenccs are found be· 
twecn the subaerial and submarine lopography. Ihe off
shore pan basically rem:!ins a linear ridge similar 10 the 
exposcd part. AI Pilon de la Foumaise. Bachèlery ( 198 1) 
noted Ihal the preferemial E and SE intrusive zones are 
not exact analogs of the Hawaii rift zones. If they actually 
have a simi1ar width in the central area. i.e. wilhin or 
near the calder.!. they widen downslopc and become more 
diffuse structures than well-detincd Hawaiian rift zones. 
This suggesls Ihat Ihe gravi talional stresses bcconle Jess 
focu!>Cd on the lowcr fl :mks of Piton de la Fournaise. This 
di SIri but ion. or dil ution, of the inlrusions in an areiJ aboul 
live limes wider than the Kil(luea cast rift zone Illay ex
plain why Ihe NE and also SE rift zones of Piton de la 
Fournai se have not de\'eloped funhe r than about live 
)"ilometres offshore. 
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Magnetic data suggesl that the core of the submarine pan 
of the SE rift zone could he composed of reversely magne
tized rocks. If this is the case. the present subaerial SE 
rifr zone would have developed along a significantly older 
voJcanic feature. The magnetic map also shows thal the 
NE rift zone likewise is buîlt above a buried. narrower 
(3-4 km) and older (apparcntly rcveTScly magnetized) 
structure extending for about 15 km eastward from the 
south of the submarine par of the present NE rift zone. 
This laller structure has no gravit y expression. and ilS na
ture rcmains to he established. 

Landslides 

TH/:,' GRAND BROLÉ SUDE 

The origin of rhe Gmnd Brûlé slide has been ascribed to 
the development o f gravitat ional instability of Ihe free 
nank of Piton de la Fournaise as a resull of the dilatation 
of the centra] area of the volcano cause<! by numerous 
intrusions. This inrerprctation is largely inspired by the 
results obtained for Kilauea. whose south flank exhibits 
similar patterns of block displaccmcnt (Swanson el al.. 
1976; Lipman 1.'/ al .. 1985). About 97 % of the recent erup
tions of Piton de la Fournaise have occurred inside the 
Enclos. Assuming a frequency of one eruption every year
and-a-half (i.e .. aboul Ihe frcque ncy observed during Ihe 
last fi ft Y yeats or so - Léna! and Bach~lery . 1988) and 
the associared emplacement of a feeder dykc 0.5 10 1 m 
thick for each eruplion. we can estimate that the dilatation 
of the cenlral area should reach several tens of metres 
per century. 

The age of the Grand Brûlé landslide structure is un
known. Nor is it known whether Ihe slumping is a pro
gressive or a sudden process. or whether Ihe observed 
structure repcsents a single episode of sliding or the sum 
of periodic slides. The Enclos, fonned less than 
5000 yeaTS (lgo (Bachèlery, 1981). seems to he intcrsected 
by the slump (Fig. 2). If sa. the slumping evenl or evenlS 
would also he younger than 5 <XX> yeaTS. In fOCI, field ob
servations of Ihe rims of the caldcî.J and of the rims of 
the Grand Brûlé indicate that bath are aboui contem
porancous (same degree of erosion and vegetation). This 
raises the question of a possible correlation belween the 
IWO events. The unloadi ng of the edifice by the landslide 
may have induced a pressure d isequi librium betwecn a 
magma reservoir and the surrounding ]jthostatic pressure, 
Ihus Iriggering a l:lrge enlplion Ihat drained Ihe ma~ma 
rcscrvoir and resulted in collapse of the central area of 
the volcano. Ahematively, the collapse of the caldera may 
have triggercd Ihe sliding of an already unSl3ble flank . A 
Ihird hyp:>thesis would he 10 oonsider Ihe fonnalion of 
the Enclos and of the Grand Brûlé as a si ngle event of 
land~liding. This hypothesis is currently bcing carefully 
investigated (Unal. pers. comm. 1989). 

THE SUBMAR1N/:,' PU,TEA U 

The origin of this large fealure. cal led the "east tlank sub
marine plateau". was nol easy to establi sh. Thrce main 



hypothcses have been considere<! : 

• thal is a remnant of the east flank of the ancestml Four
naise volcano whose existence has been speculated from 
the presence of the large buricd complex of gabbro and 
dunite beneath the Gmnd Brûlé area (Ranço n et al., 1989); 
• that is a distinct constructional volcanic massi f; 

• that is the product of one or morc huge landslidcs. 

11 is difficult to regard a plaleau dipping al only 2 to 30 

as the fl ank of a shield vo1cano, because Ihe typical slope 
o f such vo1canoes is generally IWO or three limes greater 
(except for Kilauca. see Mark and Moore, 1987). However 
it should he emphasized that Ihe present slope may he 
different from the orig inal slope, which erosion and sub
sidence of the island may have contributed to reduce. An 
analysis of the subsisdence of the islands of the Hawaii 
archipelago (Moore, 1987) has shown Ihis subsidence 
(flexure of lithosphere in response to lo.1d ing by the grow
ing islands and removal of magma from depth) tO be as 
large as 5 to 8 km, and as fast as 2.4 mm/year for the 
presentJy acti ve island of Hawaii . This phenomenon can
net he overlooked in the case of Ré union. The interprela
tion of the geoid anomalies required a flexure of the 
lithosphere of the order of 4-5 km beneath Ré union (Bon
neville et al., 1988). If the age of the ancestral Fournaise 
is of thc order of 1 m.y ± sorne hundreds of thousand years 
(a minimum estimate based on Ihe faCI that the large gab
bro-dunite intrusive complcx is now totally cooled), it can 
be speculated that the island has subsided since then in 
response to progressive loading by the modem Piton de 
la Fournaise vo1cano. The easl flank subrnarine structure 
is in the zone where Ihe angle of flexure should be large; 
hence if this structure is as old as the gabbro-dunite in
trusive cornplex, il has cenainly been tilted loward the 
island. Montaggioni (1978) eSlimated the rccent subsi
dence ratc of Réunion to he 0.03 to 0.05 mm/y r, using 
coral reef growth mte on the SW coast. Thesc values 
would he far too low to account fOf an infcrred tilting o f 
several degrees, but it is net a definitive counter argument 
since il concems the inactive part of Ihe isJand and only 
recem subsisdencc. 

The second hypothesis would he supported by Ihe pre
sence of numcrous cone-like reliefs Ihal could be eruptive 
vcnts. The fact thal the structure is extensively affccted 
by landslides cannot by regarded as an argumem for an 
old age bcclluse the prescntly active seamo unt of Loihi. 
south of Hawaii. has undergone ex tensive mass wasting 
on ilS flanks (Malahoff. 1987; Fornari et al .. 1988). How
evcr il should he emphasized that no carthquake has becn 
recorded in the area of Réunion by the seismic network 
of the volcanological observatory (in operalion since 
1980). 

ln the case of the third hypothesis. the lotal malerial in
volved in the landslide would be encompassed by an area 
of approximati vely 300 km2 in surface and 1 to 2 km high 
(300-600 km) . The conc-like fealurcs could be relat ively 
coherent blacks protruding above the Icss coherent matrix 
of the large landsl ide. Similar black..<; wcre found at the 
surface of the Alika landslide (Lipman et al., 1988) on 
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the western submarine flank of Mauna Loa volcano 
(Hawaii). 

A key zone may be that which lies offshore the south of 
the subaerial part of the Grand Brûlé ("'Château de J'Ob
servatoire" and adjacent eastem area. Fig. 4), and fonns 
pan of the east flank submati ne plateau. Since this area 
lies directly in the continuation of the south part of the 
Gr.md Brûlé, il has to he intcrpreted as a s[umped block. 
Therefore, lhe cast flank submarine plateau could be 
totally or par1ially cornposed of slumped blocks. 

ConSlrainlS are provided by the gravit y and magnetic data. 
The westernmost 10 km of the submarine plateau corres
ponds 10 a magnetic anomaly (Fig. 6). This area is aIse 
characterized by a small but significant positive gravily 
anornaly (Fig. 5). By contrast, the eastern pan of the sub
marine platcau yields a negative gravit y anomaly, and no 
obvious magnetic signalure. Thcrefore Ihese data suppon 
the hypothesis thal the western part of the submarine 
plateau corresponds to a re lative ly coherent block, 
whereas the eastem part could correspond to much Jess 
coherent blocks whose slruclure has been disrupled by 
landsliding. 

The surface morphology, panicularly when observed in 
3D representation (Fig. 8), appears to be unambiguously 
thal of a chaotic terrain, such as il would be expecled in 
thc case of huge landslidcs. 

Our Interpretation of lhe Gr.md Brûlé submarine exten
sion. and of the "cast flank submari ne plateau", in tenns 
of landslides emphasizes the irnponance of mass wasting 
În the evolution of Piton de la Fournaise. Volumetric esti
mates show that the material of the "submarine easl flank 
plateau" (about 600 kml) canno t be encompasscd within 
the presentl y visible scar of the ea.<;1 flank (about 60 kml). 
Thus, the occurrence of o ldcr si ides must be assumed to 
account for the emplacement of this material, but the data 
of "Fournaise 1" alone does nOI pennit us 10 address this 
problem. 

.. 
" 
" 

>0000 ·)000 '000 • '000 Uoo 

.......... ''''/ 

Figu~ <) 

Â,·truge slopu a.r a lunc,;oll 01 ele .-afion in fM sun'eyl'd zont. (Slopes 
coml'Uled by fil/illil u quudratic surlace II/ Ihe J x J urroy orouM eoch 
poillf ol /he grid uscd 10 dra .... 11 Figure 4). 

Penles moyennes cn ronclion de l'allilude dans la zone étudiée. (Les 
pentes onl été calcul«s il! partir du modèle l1~rique de terrain sur des 
renêtres de 3 x 3). 



J.-F. LÉNAT el al. 

Although our Interpretation is mostly based on topo
graphic fea tures only, and therefore necds to bc confinncd 
and refined by complementary survcys, it appears that two 
types of landslides can be reeognizcd. 

On one hand, the system comprisîng the submarine cor
ridor -Chenal Vincent) and the inferred zone of deposîts 
(Le Râlé-Poussé) can bc assumcd to derive From a debris 
avalanche. 

This assumption is based on the presence of a long scar 
(the corridor), and on the fact Iha! the material invol vcd 
in the sOde was able ta follow a curved trajectory and to 
spread downhill over an area wider than the corridor. 

The other type of landslide is block slumpîng. It is il
lustrated by the block which has been recognized in the 
offshore continuation of the southem part of Grand-Brûlé. 
Thus, the slide that created the Grand-Brûlé depression 
may have startcd as block slumping, and evolved ta the 
stage of debris avalanche in the northem two-thirds of 
the slide. The bunressing effeet of the pre-existing pan 
of the submarine plateau would explain why the southem 
block did not move funhcr. 
Although the acti vity of Piton de la Fournaise has been 
cJosely monitorcd only since the installation of a volcane
logical observatory in 1980, sorne of the defonnation and 
seismic data suppon the idea of a preferential displace-
ment of the eastern pan of the centml zone under the 
pressure of the intrusions (Lénat, 1988; Lénat el al., 
1989b). The occurence of future large lands1ides of the 
east flank is therefore highly probable. 

CONCLUSIONS 

The survey presentcd herc constitutes a detai led exami
nation of the submarine part of a moslly subaerial active 
volcano. Il providcs knowlcdge of the volcano beyond the 
shoreline, which is essential for studying thc structure and 
the evolution of the entire edifice. and may be crucial for 
forecasti ng the long tenn behaviour of the volcano (vol
canic and volcanotectonic activities). 

The main contribution of the survey concerns the two ac
tive rift zones and the gravitational instabi lity of the east 
flank . 
The NE and SE rift zones of Piton de la Fournaise arc 
significantly different From the rift zones that have been 
described for the volcanoes of Hawaii (Fiske and Jackson, 
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1972; Fomari, 1987; Lonsdale, 1989). Basically they are 
built by the same process: successive eruptions from 
linear vents of magma drained from the central area of 
the volcano. However unlike typical Hawaiian rift zones 
that from narrow and long ridges, the NE and SE rift zones 
of Piton de la Fournaise widen downslope. They rnay be 
qualified as "sector ri ft zones" . 

The magnitude of mass wasting on the east flank appears 
significantly greater than was inferred frorn observation 
of the subaerial part of the volcano. The volume of the 
slide materiral largely exceeds that of the Grand brûlé de-
pression alone. Much work rernains to be done to establish 
the timing and rnechanism of these evenlS. The prelimi
nary interpretation presented here suggests that mass wasl
iog has occulTed through debris avalanches and block 
siumping. 

ADDENDUM 

A second survey, "Fournaise 2", was conducted to colleet 
complementary data on the same area (high-resolution 
sonar images. bouom pictures and rocks samples). The 
data frorn thi s latter survey are not yet fully processed 
and interpreted (Léoat el al .• 1989c; Ollier et al .• 1989). 
However sorne important resul ts have been established. 
Il is now confi rmed that one or more debris avalanches 
actually occured in the Chenal Vincent. On the sonar im· 
ages. a typical hummocky topography, composed of 
blocks (sorne tens of metres broad and high) in a finer 
rnatrix. is observed in the lowed par of the Chenal Vincent 
and in the Râlé-Poussé area. Moreover, virrually ail the 
material of the submarine plateau consists of subaerially 
erupted, fragrnented lavas. Thus the hypotheses set out 
above conceming mass wasting phellOmena have been 
fully confirmed. 
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