Volcanic island multi-stage construction inferred from a
simple geometrical approach: Example of Réunion Island
Eric Gayer, Laurent Michon, Nicolas Villeneuve

To cite this version:
Eric Gayer, Laurent Michon, Nicolas Villeneuve. Volcanic island multi-stage construction inferred from
a simple geometrical approach: Example of Réunion Island. Geomorphology, 2021, 392, pp.107900.
�10.1016/j.geomorph.2021.107900�. �hal-03332372�

HAL Id: hal-03332372
https://hal.univ-reunion.fr/hal-03332372
Submitted on 2 Sep 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of scientific research documents, whether they are published 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.

Fig. 1. First-order geometry of volcanoes in a Distance-to-Center vs. Elevation (DCE) diagram. (a) Footprint and 3D representation of a theoretical regular volcano presenting a conical
shape with changing slope. The red star represents the location of the center of eruptions. (b) 2D representation of the same volcano in a DCE diagram, deﬁned as a Cartesian
coordinate system with the eruptive center as origin, the radius of the conical volcano as the x-axis, and the axis of the cone as the y-axis. For a regular conical volcano, all points of its
surface fall on a curve (or line in the case of a constant slope cone) showing an anti-correlation between radius and elevation and describing the average proﬁle of the ediﬁce. (c)
Footprint and 3D representation of a theoretical non-regular volcano. (d) In the DCE diagram, the asymmetry of the ediﬁce yields a scattered distribution of all the points of the surface
of the volcano, that still describes the anti-correlation between radius and elevation.

to the control points can be calculated and plotted against elevation to
measure their distribution (Fig. 1b, d).
For linear regression, the center of the ediﬁce is given by the grid
point for which the distribution of the control points in the DCE dia
gram, provides the best ﬁtting straight line through the control points
(i.e. the best coefﬁcient of determination of the ﬁtted regression line).
Consequently, the general proﬁle of the volcano is represented by the
distribution of the control points in the DCE diagram.
To guard against non linearity we also perform a second estimate of
the best arrangement of the control points using the Spearman rank co
efﬁcient of correlation (rho, e.g. Well and Myers, 2002). For each grid
point of the DEM of the volcanic landform under investigation, rho is
calculated as follows:

the volcano, this could be modeled in an independent and subsequent
step using the functions that best ﬁts the general proﬁle established
with our method.
Finally, there are different ways of implementing our approach. In
the one presented in this section, we calculate the linear regression
and the Spearman's coefﬁcient with each grid point of the DEM as a
potential center of the volcanic ediﬁce under investigation. This meth
odology requires a GIS software or a programing language. However,
another way to implement this approach is to use optimization tools,
which can be found on any programing languages but also in widely
used software such as MS Excel (Excel Solver), making our approach ac
cessible to a very wide range of users.
2.3. Accuracy of the method

rho
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Fresh stratovolcanoes often present remarkable regular and sym
metric shapes but composite volcanoes or basaltic volcanoes affected
by rifting activity or faulting may be irregular and asymmetric (Grosse
et al., 2009; Lahitte et al., 2012; Grosse and Kervyn, 2018). As stated in
Section 2.1, the more irregular a volcanic structure is, the more scattered
the radial proﬁles are (Fig. 1d), and the more difﬁcult it is to estimate a
general shape. Yet, this does not necessarily imply that the analysis of an
irregular volcano characterized by a scattered combination of radial
proﬁles, cannot help determining the location of the long term eruptive
activity.
In order to test the method presented in this paper on a variety of
volcanic shapes, we ﬁrst compared our results with those previously
obtained with other techniques (Karátson et al., 2010; Favalli et al.,
2014) on three conical to elliptic volcanic ediﬁces: Mayon, Licancabur,

where Rk is the distance between the control points and the grid point,
and zk is the elevation of each uneroded remnant, both converted to
ranks. As the Spearman's correlation coefﬁcient measures the strength
of monotonic relationships, the center of the ediﬁce is given by the grid
point that provides the best Spearman's coefﬁcient (the closest to −1).
Here again, the corresponding arrangement of the control points in the
DCE diagram provides the general shape of the volcanic ediﬁce.
Regardless of the mathematical method used to determine the best
arrangement of the control points (linear regression or Spearman's
rank coefﬁcient correlation), our approach gives, in a single step, the
center of long term volcanic activity and the general radial shape of a
given volcano. Although it does not provide the original 3D surface of
3

Fig. 3. Case study analysis. (a) Topography of four of the volcanoes used to test the accuracy of the approach: Mayon (UTM zone 51 N, in meters), Mt. Cameroon (UTM zone 32 N), Karthala
(UTM zone 38S), Mauna Loaa (UTM zone 5 N). The black lines represent the altitudinal proﬁles (only for Mayon (a1) and Mt. Cameroon (a2) in this ﬁgure). The dashed contours deﬁne the
region used for the bootstrapping analysis. (b) Zoom on the summits of the volcanoes (green rectangles in (a)). For Mayon (b1) and Mt. Cameroon (b2), the red and blue stars show the
reconstructed centers of the ediﬁce estimated using all the control points along the altitudinal proﬁles, with the LR and SP methods respectively. The red and blue ellipses show the
distribution of 99.7% of the bootstrapping results (see text for details), using half the available points along the altitudinal proﬁles, for the LR and SP methods respectively (centers of
the ellipses are not reported for better readability). For all the volcanoes (b1–4), the dashed ellipses show the bootstrapping results with 1000 random points selected inside the
DEM's delimited regions (in black dashed contours on a1–4). Both LR and SP methods give similar results over the tested volcanoes, close to the actual craters. (c) General ﬂank proﬁle
determined by the LR method (in red circle) and the SP method (blue crosses) using the altitudinal proﬁles in (a1–2). (d) Same as (c) but using 1000 points over the delimited regions
(dashed contours in a1–4). For every scenario, LR and SP methods give similar results. See text for details and Tables 1 and 2 for uncertainties.

Fuji, Mt. Somma and Mt. Cameroon, the coefﬁcients of determination (r
squared) and the Spearman coefﬁcients of each best arrangement are
reported in Table 1 and are close to 1 and close to −1 (due to the
anticorrelation) respectively, with p values universally ≪ 0.01. None
theless, to test the robustness of our approach and to analyze its sensi
tivity (i) to the number of control points and (ii) to their spatial
distribution, we assessed uncertainties using bootstrapping technique
on small sets of control points. We bootstrapped 1000 times with only
half of the available control points (distributed along the elevation pro
ﬁle) and estimated the uncertainty of the location of the modeled cen
ters. The 3 sigma errors are given in Table 1 (X and Y directions) and
are also reported on Figs. 3 and 4 (and Figs. S1, S2) as ellipses that con
tains the 997 centers from the 1000 models.
As a further test, and in order to be consistent with the constraints
used in previous studies on reconstruction techniques (Karátson et al.,
2010; Favalli et al., 2014), we applied the bootstrap methodology
(1000 models) after randomly selecting 1000 control points in
delimited regions of the volcanoes' DEMs without of following
predeﬁned altitudinal proﬁles (Figs. 3, 4, Figs. S1, S2). We applied this
second scenario on the ﬁve previous volcanoes and on six other

irregular ediﬁces that present ellipticity from 0.18 to 0.50 and a degree
of symmetry from 81 to 90% (listed in Table 2). For all these volcanoes,
the sampling areas correspond to regions used in a previous study
(Favalli et al., 2014) and to regions delimited by geological and topo
graphic constraints (i.e. delimited with the lava ﬂow of the different vol
canoes or/and by the topography of the adjacent ediﬁces). Note that all
the areas of sampling are larger than the region used to estimate elliptic
ity and symmetry (since ellipticity needs closed contour lines to be cal
culated), which may introduce more irregularity for each landform
under investigation. Results are shown in Figs. 3 and 4 (and Figs. S1,
S2) and the uncertainties are reported in Table 2. We show that even
for irregular and asymmetric ediﬁces, our method is able to provide a
very good estimate of the center locations (i) in good agreement be
tween LR and SP model, (ii) in good agreement with previous studies,
and (iii) in good agreement with the “actual” center of the ediﬁces.
We also show that even with a low number of control points (1000),
our results are in very good agreement with previous studies using a
greater number of points (2 × 103 to ~200 × 103; Favalli et al., 2014).
Finally, we tested our method on 15 additional scenarios (Supp. In
formation, Fig. S3), from weakly constrained to very weakly constrained
6

Fig. 4. Case study of a truncated volcano. (a) Topography of Mt. Somma (UTM zone 32 N, in meters). The black lines represent the altitudinal proﬁles along remnant topographic ridges
used in scenario 1 (c). The dashed contour deﬁnes the region used for the bootstrapping analysis (same as Favalli et al., 2014). (b) Zoom around the summits of the Mt. Vesuvio represented
by the green rectangle in (a). The red and blue stars show the reconstructed centers of the ediﬁce estimated using all the points along the ridges, with the LR and SP methods respectively.
The red and blue ellipses show the distribution of 99.7% of the bootstrapping results, using half the available points along the altitudinal proﬁles, for the LR and SP methods respectively
(centers of the ellipses are not reported for better readability). The dashed ellipses show the bootstrapping results with 1000 random points selected inside the DEM's delimited regions (in
black dashed contours on (a)). Both LR and SP methods give similar results in good agreement with previous studies (Cioni et al., 1999; Favalli et al., 2014). (c) General ﬂank proﬁle
determined by the LR method (in red circle) and the SP method (blue crosses) using the altitudinal proﬁle along the remnant ridges. (d) Same as (c) but using 1000 points over the
delimited regions (dashed line in (a)).

3. Application to Réunion Island

choices of control points, to simulate cases that could be encountered
when investigating highly dismantled ediﬁces. Each scenario combines
i) three altitudinal ranges: the lower fourth, lower third and lower half
part of each volcano with ii) ﬁve surface areas: one, two, three quar
ters, two opposite quarters and four quarters of each volcano. Results
of the sensibility analysis show that, as expected, the accuracy of the
modeled centers (relative to the “actual” centers) decreases with
decreasing altitudinal range and surface area available for con
straints, as well as with increasing volcano irregularity (Fig. S3). Nev
ertheless, for volcanoes with a high degree of symmetry (>95%) and
low ellipticity (<0.1), our method performs well for all weakly
constrained scenarios, with an average difference between modeled
and “actual” centers of 5% of the mean volcano radius. For volcanoes
with greater than 90% symmetry (Fuji) and high ellipticity (Mt. Cam
eroun), the modeled centers are accurate to 6% for all altitude ranges,
but only for regions covering all or half of the volcano (two opposite
quarters). The deviation rises to an average of 11% of the mean radius
of the volcano for Fuji when the smallest portions are used. For irreg
ular volcanoes (degree of symmetry <90%), poor constraints gener
ate inaccurate results (deviation >15%) with strong discrepancies
between the modeled LR and SP centers.
The general shapes of the ﬂanks can only be inferred if the control
points available are representative of the ﬂanks they are chosen to elu
cidate. The accuracy of the proﬁles, over the range of altitude covered by
the constraints, thus mirrors the accuracy of the centers.

3.1. Geological setting
Réunion Island, located 700 km east of Madagascar, is the current ac
tive surface expression of the Réunion hotspot that initiated at ~65 Ma
with the emission of the Deccan traps (Duncan, 1990). The island is
the small subaerial part of a large volcanic system of 220 240 km in di
ameter standing on the ocean ﬂoor at 4000 4200 m below sea level
(bsl). It reaches 3071 m and 2621 m above sea level (asl) at the summits
of the dormant Piton des Neiges and the active Piton de la Fournaise vol
canoes, respectively (Fig. 5). Altogether the subaerial domains of these
volcanoes represent only 3% of the ediﬁce total volume (de Voogd et
al., 1999), whose construction started between 5 and 7 Ma ago (Lénat
et al., 1989; Gillot et al., 1994).
3.1.1. Volcanic ediﬁces that form the Réunion ediﬁce
Beside Piton des Neiges and Piton de la Fournaise, the presence of
two other volcanic structures have been proposed from (i) gravimetric
and magnetic data (Malengreau et al., 1999; Gailler and Lénat, 2010),
(ii) a deep drill hole on the east coast of Piton de la Fournaise
(Lerebour, 1987; Rançon et al., 1989), (iii) radiometric ages (Gillot et
al., 1994; Smietana et al., 2010; Smietana, 2011), and (iv) the location
and geometry of depocenters inferred for seismic reﬂection data
(Lebas et al., 2018).
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Fig. 5. Subaerial and submarine representation of Réunion Island. (a) Hill shaded Digital Elevation Model of Réunion (25 m resolution, coordinates in meters, UTM zone 40S, © Institut
Géographique National -IGN- 1997). M for Mafate cirque, S for Salazie cirque, C for Cilaos cirque and Ma for Marsouins paleo-cirque. The colored patches show the extension of the
different remaining surfaces from the different ediﬁces of Piton des Neiges (PdN) and Piton de la Fournaise (PdF) at their different stages of growth (estimated from geomorphogical
observations and geochronological dating; McDougall, 1971; Gillot et al., 1994; Salvany et al., 2012). Rond de Bras Rouge is described as the volcanic center of PdN from dyke
distribution (Chevallier and Vatin-Perignon, 1982; Chaput et al., 2017). C, S and M denote the erosion structures (cirques) of Cilaos, Salazie and Mafate. The black triangle accounts for
the location of the PF1 volcanic center in the Plaine des Sables. EFC: Enclos Fouqué caldera. (b) Slopes map of the submarine topography of Réunion (topo data from the FOREVER and
ERODER cruise campaigns) showing the four main bulges (NSB, WSB, SSB, ESB in dashed line, from Labazuy, 1996), the canyons in-between (black arrows), a part of the Alizés
volcano, and the sparse volcanic structures on the Réunion submarine ﬂanks. The limit between the deep-sea bottom and the Réunion complex is characterized by the slope transition
at around 4200–4000 m bsl.

The most visible sign of an additional volcano is the dense plutonic
complex encountered by a deep drill hole (Lerebour, 1987; Rançon et
al., 1989) and mapped with gravimetry (Rousset et al., 1989; Gailler
and Lénat, 2010) below the east ﬂank of Piton de la Fournaise. This plu
tonic complex has been interpreted either as an independent disman
tled volcano (named “Proto Fournaise” by Lerebour (1987) and “Les
Alizés” by Malengreau et al. (1999)), or as the primitive shield volcano
of Piton des Neiges and Piton de la Fournaise (Gillot et al., 1994).
Lénat et al. (2001) suggested this ediﬁce to have been formed in the
Matuyama period, between 0.78 and 2.59 Ma. However, radiometric
dates obtained on volcanic rocks dredged 1500 1700 bsl along the sub
marine NE ﬂank of Piton de la Fournaise yielded the oldest ages of Ré
union (3.34 ± 0.07 and 3.77 ± 0.08 Ma; Smietana et al., 2010;
Smietana, 2011) compatible with the reversely magnetized Mammoth
subchron and Gilbert period, and consequently suggesting that Piton
de la Fournaise may have been built on an old (>3 Ma) buried ediﬁce,
the spatial extent of which remains unknown.
The existence of a fourth volcano has also been proposed using re
ﬂection seismic data that suggest the occurrence of a depocenter
below the deposits of Piton des Neiges, slightly north of the current
summit of Piton des Neiges (Lebas et al., 2018). Lebas et al. (2018) re
lates this depocenter to the construction of the Proto Piton des Neiges
volcano but with an undetermined age. Altogether, the construction of
the Réunion ediﬁce would then result from the activity of four
volcanoes.

the massif (Fig. 5a). Magmas emitted until 430 ka (end of PN2) present
a fairly constant composition made of basalts and olivine rich basalts of
the transitional series, typical of a shield building stage (Peterson and
Moore, 1987), whereas differentiated lavas of the alkaline series
(hawaiite to trachyte, classically associated with the post shield stage)
were produced and emitted during the volcanic periods that con
structed PN3 and PN4 (i.e. post 340 ka; Fig. 5a; Upton and
Wadsworth, 1966). The occurrence of plagioclase ultraphyric lava
ﬂows accumulated vertically over several hundreds of meters since
340 ka (Kluska, 1997) was recently interpreted as related to decreasing
magma supply from depth until the last limited eruptions around 30 ka
ago (Valer et al., 2017).
The known evolution of Piton de la Fournaise is signiﬁcantly shorter
than that of Piton des Neiges. The oldest lavas attributed to Piton de la
Fournaise date back to 527 ka (Gillot et al., 1994) and reﬂect differenti
ated magmas of alkaline afﬁnity similar to the ones emitted by Piton des
Neiges volcano during PN3 and PN4 periods (Albarède et al., 1997).
Around 395 ka, the magma composition shifted toward maﬁc lavas
identical to the ones emitted by Piton des Neiges before 430 ka
(Albarède et al., 1997). Then, lava ﬂow accumulation between 395 and
290 ka led to the building of a main volcanic cone, PF1, whose remnant
corresponds to the southwestern slopes of Piton de la Fournaise (Fig. 5a;
Gillot et al., 1994). At around 290 ka, the ediﬁce experienced a major
ﬂank landslide that triggered the dismantling of the east part of the vol
cano and the emplacement of debris avalanche deposits in the subma
rine domain (Dufﬁeld et al., 1982; Oehler et al., 2008; Le Friant et al.,
2011). A new volcanic period started around 130 150 ka after a period
of low volcanic activity and erosion (Mairine and Bachèlery, 1997), but
the geometry of the newly built ediﬁce (PF2) is uncertain due to limited
paleo surfaces and to scattered radiometric ages (Gillot et al., 1994).
Piton de la Fournaise then experienced a second large landslide around
45 60 ka that was followed by the reconstruction of a third ediﬁce (PF3)
whose ﬂanks correspond to the current volcano outside the Enclos
Fouqué caldera (Fig. 5a; Gillot et al., 1994). The ﬂanks of this ediﬁce
have only been slightly resurfaced by a few lava ﬂows since the collapse
of this summit structure (Albert et al., 2020).

3.1.2. Succession of building and dismantling periods in the history of Ré
union Island
Radiometric dating of volcanic formations reveals that both Piton
des Neiges and Piton de la Fournaise volcanoes experienced successive
periods of volcanism and lull (McDougall, 1971; Gillot et al., 1994;
Salvany et al., 2012). The oldest dated lava ﬂows of Piton des Neiges in
dicate the emergence of the island before 2.2 Ma (McDougall, 1971;
Quidelleur et al., 2010). Since then, ﬁve successive ediﬁces have been
constructed: La Montagne, and PN1 to PN4 (Salvany et al., 2012; Fig.
5a). Their remains can be identiﬁed on the outer subaerial slopes of
8

Fig. 6. Center of the ediﬁce of Réunion from the submarine part. (a) Hill shaded DEM of Réunion (150 m resolution, coordinates in meters, UTM zone 40S). Circle and cross show the
location of the reconstructed center of the ediﬁce with the LR and SP methods, respectively. In purple, the locations of the center of the ediﬁce reconstructed from 1000 models using
1000 control points randomly picked over the entire submarine area around Réunion (between 4000 m bsl and 0 m, purple hatched area #1). In pink the results from models using
only control points in the area associated with Piton des Neiges (pink hatched area #2). In orange the results using control points in the area associated with Piton de la Fournaise
(orange hatched area #3). (b) Zoom on the top of the island (hill shaded DEM 25 m resolution, coordinates in meters, UTM zone 40S) showing the difference between the spatial
distribution of the 1000 centers resulting from the LR (in red) and from the SP (in blue) methods for the area 1, 2 and 3. Ellipse represent the 3-sigma errors on the 1000 centers. The
LR and SP methods give very consistent results despite the chaotic surfaces of the submarine ﬂanks.

time (like the Etang Salé and N120 rift zone), and consequently sug
gests a stable volcanic center from PN1 to PN4, located in Rond de
Bras Rouge (Fig. 5a; Chevallier and Vatin Perignon, 1982; Chaput et
al., 2017).
In the case of Piton de la Fournaise, the radial distribution of the dyke
swarms related to PF1, the abundance of plutonic cumulates in the lavas
emitted in the Plaine des Sables and the gravity anomaly below this area
evidence an initial location of the volcanic center 5 km west of the

3.1.3. Location of the volcanic centers
The evolution of Piton des Neiges and Piton de la Fournaise is
marked by the superposition of successive volcanic ediﬁces that can
be associated, through time, with the migration of volcanic centers.
For Piton des Neiges, migration of the centers has been invoked to ex
plain the elongated shape of the large plutonic body centered on the
volcano (Malengreau et al., 1999). However, the distribution of the
magmatic intrusions suggests constant magma pathways through
9

topographic data sets), we applied our methodology to estimate the lo
cation of the center of the complex. We carried out 1000 models from
1000 control points randomly picked around Réunion, in order to eval
uate the uncertainties related to the roughness of the submarine do
main. With both LR and SP methods, the resulting centers are located
approximately 5.5 km southeast of the Rond de Bras Rouge, an area pre
viously identiﬁed, from geological data, as the long term eruptive center
of Piton des Neiges (Fig. 6; Chevallier and Vatin Perignon, 1982; Chaput
et al., 2017). In addition, these centers are only ~800 m apart from each
other and the 3 sigma errors on 1000 runs with 1000 points are only 1
to 1.3 km. Our results are also very close to the averaged centroid of the
structure, derived from the available closed contour lines between 4000
and 1000 m bsl, which we used to estimate the weighted mean elliptic
ity e of the ediﬁce of 0.15 (Fig. 7). The ellipticity of each contour line
(every 500 m) ranges between 0.1 and 0.16 between 4000 and 2500
m bsl and signiﬁcantly increases above 2500 m bsl to reach 0.32 at
1000 bsl (Fig. 7c).
3.2.2. Reconstruction of the volcanoes characteristics from subaerial parts
Piton des Neiges and Piton de la Fournaise are the two sub aerial vol
canoes that shape Réunion Island. Remnants of the different growth
stages of Piton des Neiges are well preserved on the island's northern
and western parts, while the currently active Piton de la Fournaise
forms the southeastern part of the island (Fig. 5a; McDougall, 1971;
Gillot et al., 1994; Salvany et al., 2012). In a previous study, we used
the general concept of the method presented in this paper to recon
struct the Piton des Neiges ediﬁces at its two last stages of growth, i.e.
PN3 and PN4 (Gayer et al., 2019). Here, we combine radiometric dates
and the location of the different surfaces of Piton des Neiges, as well
as topographic ridges to investigate the geometric features of the
Piton des Neiges at its precedent stages of growth, PN1 and PN2, and
we update our previous results with uncertainties. Figs. 8 and 9 illus
trate the overall evolution of Piton des Neiges (from PN1 to PN4), and
these results are summarized in Table 3.
Most of the surfaces of PN1 and PN2 have been covered by younger
lava ﬂows and/or have been eroded. However, remnants dated at around
950 1200 ka for PN1 and 430 660 ka for PN2 (Salvany et al., 2012) are
located on the outer parts of the ediﬁce (Figs. 5a and 8a). The least eroded
ridges of PN1 are to the North and East of Piton des Neiges, and range
from 50 to 1850 m asl in elevation, which likely corresponds to an inter
mediate portion of the original structure and is more than one third the
size of the present structure. On PN2, the least eroded ridges are in a sim
ilar orientation from Piton des Neiges and from 90 to 1940 m asl from the
base to two thirds of the present structure. Using these remnants, admit
tedly of limited representativeness (especially for PN1), we modeled the

Fig. 8. Location of the reconstructed eruption centers of Réunion Island. (a) Hill shaded
DEM of Réunion (150 m resolution, coordinates in meters, UTM zone 40S). Colored
circles show the proﬁles of control points used to reconstruct the centers of eruption
and the general ﬂank shapes of Piton des Neiges and Piton de la Fournaise at their
different stages of growth (PN3 and PN4 from Gayer et al., 2019). For each ediﬁce, both
LR (circle) and SP (cross) methods show very similar results. (b) Zoom in Rond de Bras
Rouge area and the summit of Piton des Neiges, showing how close are the
reconstructed centers of the reconstructed PN1, PN3 and PN4, all located in Rond de
Bras Rouge (or next to it for the PN1 SP method and for PN2). For PN1, PN2, PN3 and
PN4, LR and SP results are 1.8, 0.4, 0.5 and 1.2 km apart, respectively. Colored ellipses
represent the 3-sigma errors when resampling 500 control points 1000 times.

exists, and (iii) aggradation of the products of this destruction and ero
sion. However, to a ﬁrst order, one can consider that submarine ﬂanks of
a volcanic island are controlled by slope stability. Thus, the topography
of submarine ﬂanks can be leveraged as if they were surfaces of a volca
nic ediﬁce and therefore, can be used to reconstruct the features of the
whole volcanic structure.
Around Réunion, bathymetry data show a slope transition occurring
between 4000 and 4200 m bsl (Fig. 5b), suggesting the volcanic struc
ture to start at approximately 4000 m bsl. Using only the bathymetric
data between 4000 m bsl and sea level (i.e. without considering aerial

Fig. 9. General ﬂank proﬁles of the reconstructed ediﬁces of Réunion. (a) General shape of the ﬂanks of PN1, PN2, PN3, and PN4 from the LR method (LR and SP methods results are shown
together in the Fig. S2; PN3 and PN4 are from Gayer et al., 2019). PN1, PN2 and PN3 show close geometries. PN4 shows a ﬂank shape with changing slope, with an elevation interpreted to
be ~3400 m (Gayer et al., 2019). (b) General shape of the ﬂanks of PF1 and PF3 from LR method (LR and SP methods results are shown in the Fig. S2). Color code for (a) and (b) is the same as
in Fig. 8.
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Fig. 10. Range of applicability of the method. Ellipticity vs. Degree of symmetry of the ten ediﬁces used in Section 2, and of the submarine ediﬁce of Réunion (between 4000 and 1000 m
bsl). Ellipticity is deﬁned as e = (a b) / a where a and b are the major and minor axis of an ellipse respectively. See text for detail on the estimate of the degree of symmetry.

axis, and thus can be used for the modeling of the 3D surface that best
ﬁts the landform under investigation.

2008; Le Friant et al., 2011; Fig. 5b). Based on this spatial distribution,
we used our approach to estimate the center of (i) a potential volcanic
complex described only by the eastern part of the submarine ﬂank of
Réunion Island and (ii) a potential volcanic complex described by the
three others northern, western and southern bulges. On the one hand,
using the eastern part of the submarine ﬂanks, both LR and SP methods
locate the center of the ediﬁce 6 km west of the present crater of Piton
de la Fournaise and 1 km south of that of PF1 (Fig. 8). On the other
hand, using the submarine ﬂanks on the northern, western and
southern part of the island, both LR and SP methods locate a center
next to Rond de Bras Rouge (1.5 km west; Fig. 6). These estimates are
very consistent with the reconstructed centers of Piton des Neiges and
Piton de la Fournaise calculated from the subaerial parts of the two
volcanoes (Fig. 8). It conﬁrms that the eastern bulge is directly related
to the Piton de la Fournaise and that the other three are only related
to the Piton des Neiges. Such a spatial distribution would suggest that
the Piton des Neiges is the dominant structure of the whole complex,

4.2. Relative signiﬁcance of Piton des Neiges and Piton de la Fournaise
Réunion Island has an elliptical shape due to the juxtaposition of the
two well deﬁned volcanoes Piton de la Fournaise and Piton des Neiges
(Fig. 5a). However, the base of the whole volcanic complex at 4000 m
bsl does not show any pronounced oblong shape (e = 0.1, Fig. 7) and
has been described instead as a circular ediﬁce (Le Friant et al., 2011).
Although the geometry due to the juxtaposition of the two volcanoes
is not preserved down to the sea ﬂoor, the submarine ﬂanks of the com
plex show bulges that result from the dismantling of the two subaerial
volcanoes covering the actual volcanic structure (Gailler and Lénat,
2010; Fig. 5). The eastern bulge has been associated with Piton de la
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Fig. 11. Duration and rate of construction of Piton des Neiges. (a) represents the duration of construction (Dcn in Eq. (2)) and the duration of the preceding dismantling (pre-dismantling,
Ddn-1 in Eq. (2)) for each stage in the history of the Piton des Neiges (ages taken from Salvany et al., 2012). (b) Construction rates of PN1, PN2 and PN3 normalized to the rate of PN1 (see
text for details).
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