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Abstract In May 1965, a main landslide occurred in a deeply incised valley of Piton de la Fournaise
volcano, in Réunion Island. This event occurred one day after heavy rainfalls and was consequently interpreted
as a mud/debris flow. We take advantage of several sets of historical photographs to reappraise this event. They
show that the collapse of a large part of the valley headwall produced a rock flow that dropped 1,740 m and
traveled 5,050 m. The surface morphology suggests that the landslide produced a main flow that evolved in a
secondary flow in the distal part. The main flow deposit is composed of a matrix-rich fragmented facies and a
jigsaw-fracturated facies. The matrix presents a gravely-to-silty granulometry and fractal dimensions ranging
between 2.472 and 2.865. Volumes of the collapsed material (59.7 + 3.1 Mm?) and the deposit (46 + 13 Mm?)
were determined from a photogrammetric approach. We estimated velocities ranging between 86 and 44 m s~!
along the flow path. Our simulations with SHALTOP reveal that the landslide geometry and velocities are well
reproduced with frictional Coulomb rheology. We thus interpret the 1965 Mahavel landslide as a main rock
avalanche rather than a mud/debris flow. We propose that the trigger of the 1965 avalanche, and of the smaller
events in 1995 and 2001, is the water infiltration related to the intense rainfalls, which systematically preceded
by one day each collapse. Finally, the succession of dry and wet years before each collapse event could promote
favorable conditions to failure.

Plain Language Summary In 1965, a main landslide occurred in a deeply incised valley of
Réunion Island (Indian Ocean). It followed heavy rainfalls and was consequently interpreted as a main
mudflow. We used historical photographs, deposit descriptions, and numerical simulations to reappraise this
event that fortunately did not have any casualties. We show that about 60 Mm? of volcanic rocks suddenly
collapsed and produced a rock avalanche that traveled over a total distance of 5 km. The flow traveled at
velocities ranging between 86 and 44 m s~!. We interpret this landslide as a rock avalanche instead of a
mudflow. Our work finally suggests that the annual precipitation variability could be a main conditioning factor
that promotes scarp collapses and consequently enhances erosion. The increase of precipitation variability with
climate warming could therefore increase the occurrence of large collapses and rock avalanches in mountainous
areas.

1. Introduction

Rock avalanches are devastating geological processes and one of the most threatening natural hazards due
to the large volume of rocks involved (frequently >10 Mm?), their long runout and their high velocity (e.g.,
Dufresne et al., 2016; Evans, 2006; Hungr et al., 2014; Legros, 2002; Lucas et al., 2014; Perinotto et al., 2015).
They develop in mountainous areas where the triggers can be a sudden change in the ambient geophysical
stresses (i.e., earthquakes or volcanic eruptions; e.g., Evans, Roberts, et al., 2009; Weidinger et al., 2002;
Xing et al., 2017) and/or of the hydrometeorological conditions (e.g., Costa, 1991; Crosta et al., 2004; Martha
et al., 2015). Extreme rain conditions preceded by a few days the two largest historical landslides of Réunion
Island, where long-term erosion rates are among the highest on Earth (Gayer et al., 2019; Salvany et al., 2012).
On 26 November 1875, part of the northern scarp of Piton des Neiges volcano summit collapsed after several
days of heavy rains (de Cordemoy, 1876), producing a landslide of about 20 Mm? that killed 62 people in the
Salazie topographic depression (Figure 1a; Bret, Fevre, et al., 2003). Almost 100 years later, on 6 May 1965,
the eastern scarp of a tributary (Bras de Mahavel) of the Riviére des Remparts suddenly collapsed also after
intense rainfalls (see Section 2.2 for details). In consequence, this event was interpreted as a large mud/debris



Figure 1.

flow (BRGM, 1965) or a debris avalanche rapidly evolving in debris flows or lahar (Merle et al., 2008). This
event that occurred during night time fortunately did not reach the hamlets located upstream and downstream

of the confluence between the Bras de Mahavel and Riviere des Remparts and, consequently, had no immediate
human impacts.



This work aims at assessing the dynamics of landslides (mud/debris flow or rock avalanches) related to scarp
collapses with a special focus on the event of Mahavel in 1965. First, we used historical aerial photographs
taken in 1965 and 1966 to identify the source area and the flow path and map the deposit. Second, we described
the deposit sedimentary facies and granulometry. Third, we quantified the volumes of collapsed material and
landslide deposit from digital elevation model (DEM) computed from aerial photographs of the French national
geographic institute (IGN) taken in 1961 and 1966, that is, before and after the landslide, respectively. Finally,
we constrained the flow dynamics using the frontal and lateral runup elevations, the center of mass displacement
and numerical simulations and conclude that the 1965 Mahavel landslide produced a rock avalanche rather than
the proposed mud/debris flow (BRGM, 1965; Merle et al., 2008).

2. General Background
2.1. Geological Setting

Réunion Island is the subaerial part of a ~7,000 m high volcanic edifice, lying at ~4,000 m on the ocean floor,
located 700 km east of Madagascar, and related to the Réunion hotspot (Richards et al., 1989). The magma emis-
sion, since around 2 Ma in subaerial domain (McDougall, 1971), led to the multi-stage building of two basaltic
volcanoes (Gayer et al., 2021; Gillot et al., 1994; Salvany et al., 2012). Both volcanic edifices, Piton des Neiges in
the west and Piton de la Fournaise in the east (Figure 1a), are composed of hundred to thousand meters thick piles of
lava flows accumulated during the periods of volcanic activity, intercalated with breccia units related to the volca-
noes dismantling during periods of quiescence (Bret, Fevre, et al., 2003; Chaput et al., 2017; Merle et al., 2010).

Réunion Island presents a mountainous morphology made of deeply incised watersheds that cut the Piton des
Neiges dormant volcano (3,000 m above sea level, asl) and the western part of Piton de la Fournaise whose
elevation reaches more than 2,500 m asl (Figure 1a). This dissected landscape results from an intense edifice
erosion initiated around 60—70 ka after the last building period of Piton des Neiges and the eastward migration
of the Piton de la Fournaise eruptive center (Gayer et al., 2019, 2021; Mairine & Bachelery, 1997). The deeply
incised valleys are limited by scarps of 700-1600 m in height and average slopes >50°. They show a geometry
that evolves from narrow canyons in their downstream sections to enlarged subcircular topographic depressions
upstream, called cirques, or to a network of coalescent tributaries.

The Riviere des Remparts valley corresponds to the second group of geometry, with a deep canyon that is enlarg-
ing upstream due to the connection of tributaries flowing southwestward from the Plaine des Remparts plateau
(Figure 1b). The atypical orientation of the Riviére des Remparts canyon, almost concentric instead of radial
to the volcano's summit, is comparable to that of the Waimea canyon in Kauai (Hawaii) or the drainage system
on the northern and southern flanks of Tahiti-Nui (French Polynesia). In both cases, erosion was controlled by
main tectonic discontinuities such as landslide scars (Duffield et al., 1982; Hildenbrand et al., 2008; Sherrod
et al., 2021). One of the tributaries of the Riviere des Remparts, named Bras de Mahavel, has its highest and
lowest elevations at 2320 m asl and 600 m asl, respectively (Figure 1b). This canyon, 4 km in length, is bounded
on the right and left banks by the Rein de Bouc scarp and the Grand Coude plateau. It presents three different
sections. The upstream segment, here called the gorge section, is characterized by a 1 km long, 700900 m deep
gorge whose floor is ~50 m wide. The intermediate segment, named the Rein de Bouc section, is 1.8 km long
and is characterized by a valley floor that is abruptly enlarged to 700-750 m at the end of the gorge section
and narrows downstream to 400 m. Note that the gorge and Rein de Bouc sections account for the C1 and C2
compartments of Garcin et al. (2005). Finally, the confluence section, not defined by the latters, corresponds to
the connection between the Bras de Mahavel tributary with the Riviére des Remparts valley that flows from north
to south. The headwall of the Bras de Mahavel canyon, which collapsed during the 1965 landslide, is made of a
500 m thick succession of westward dipping reddish scoria layers and interbedded lava flows in tectonic contact

Figure 1. (a) Morphology of Réunion Island showing the deeply incised valleys in the volcanic massif of Piton des Neiges and Piton de la Fournaise. The two largest
rapid landslides (the Grand Sable and Mahavel events) are indicated by white stars. The urban footprint (from www.peigeo re) reveals that similar events would have
major impacts in the depressions of Cilaos and Salazie. White dots account for the Commerson (Co) and Grand Galet (GG) gauge stations used in Figure 3, Figures S1
and S5 in Supporting Information S1. (b) Morphology of the Bras de Mahavel canyon. This 4-km long NE-SW valley is a tributary of the Riviére des Remparts canyon.
The former presents a U-shaped headwall, the gorge, Rein de Bouc and confluence sections. Black stars account for the Grande Ilet (GI) and Roche Plate (RP) hamlets.
The footprints of the 1996 and 2001 collapses discussed in Section 5 are indicated for information. The 1965 Mahavel landslide resulted from the collapse of part of the
Plaine des Remparts (c) and flew in the Bras de Mahavel tributary down to the Riviere des Remparts valley floor (d). Coordinates in meter, WGS 84/UTM zone 40S. (e)
Longitudinal profile along the Mahavel canyon covered by the avalanche deposit represented in (c and d). Total vertical drop (H) and horizontal displacement (L) of the
avalanche suggest a fahrboschung of 19° and an H/L of 0.344. CM accounts for the elevations of the center of mass of the fallen mass and deposit.






Figure 3. (a) Mean annual, summer and winter precipitations recorded at Grand Galet and Commerson gauge stations
between 1969 and 2001 (data Météo France, 2023). At Réunion Island, the summer corresponds to the rainy season that lasts
from November to the end of April. Winter is from May to October. (b) Precipitations recorded at Grande Galet gauge station
between November 1953 and October 1968, the only station that continuously recorded precipitations close to the Mahavel
canyon at that time (see Figure 1a for location; Meteo France, 2023). Each year n is subdivided in a rainy season from
November n-1 to April n (white bars) and a drier season between May and October (dark gray bars). The black dashed line
accounts for the mean annual precipitation. (c) Rainfalls recorded between March and May 1965 at the Grand Galet gauge
station. Two heavy rainfall events (gray bars) preceded the Mahavel avalanche.

first use pictures taken during two low-level flights after the event by J. Legros. The first flight was likely made
a few days after the collapse, as suggested by the dust clouds due to rockfalls in the still unstable collapse zone.
This data set allows us to map the deposits and to characterize its morphology. The second flight was probably
performed a few months after the landslide since the pictures show a significant remobilization of the deposit.
Both sets of pictures enable us to reconstruct the chain of events from the collapse to the remobilization of the
deposit.

The second set of photographs corresponds to stereoscopic aerial pictures made by the French Geographic Insti-
tute (IGN) in August/September 1961 and April/September 1966, that is, around 4 years before and 1 year after
the landslide, respectively. DEMs of both dates are generated following the photogrammetric method of Lucas
and Gayer (2022). We reconstruct elevation grids of the area, from sensor calibration and dense matching of the
historical aerial images. We produce DEMs with a spatial resolution of 1.25 m and orthoimages for both dates
(see Figure S2 in Supporting Information S1 for the orthoimages of 1961 and 1966). Differences of DEM are



used to estimate the change in elevation on the scar and the deposit areas and to calculate the failed volume and
the volume of deposit, respectively. Errors on the volumes are estimated from the errors on the differences of
DEMs, which are estimated from differences in elevation on stable areas (with no geomorphic change). Seventeen
stable areas (with no geomorphic changes), located on the stable flanks of the Piton de la Fournaise volcano and
around Riviere des Remparts, show an average difference in elevation of 0.018 m between 1961 and 1966. Such a
small difference demonstrates that the two DEMs (1961 and 1966) are very well aligned (horizontally and verti-
cally) with no offset between them. This also shows that the grids do not suffer from radial distortion. However,
the standard deviation of 3.2 m for the differences on the 17 stable areas reveals some expected dispersion that is
mainly due to the lack of any post-correlation regularization (in order to keep the signal as raw as possible) and
to dense vegetation on the stable flanks, which complicates the correlation between images. Finally, errors on
the failed volume and the volume of deposits were estimated using a 95% confidence level on the differences of
stable areas, that is, 6.4 m.

3.2. Grain Size Distribution

A grain size analysis was conducted on seven samples taken from homogeneous facies of the 1965 Mahavel
deposit. A portion of the matrix component (<50 mm) of each sample was dried and sieved between 16 mm and
40 pm with a vibrating table for 10 min. Using the resulting grain size distribution of each sample and a volcanic
product density of 2.9 and, we estimated the number of grains for each sieve interval. Plots of the data (grain size
vs. number of particles) allowed to determine the sample fractal dimension that is the scaling exponent in the
power-law relationship (Hooke & Iverson, 1995).

3.3. Landslide Dynamics

In this study, we determine the landslide dynamics using two complementary methods. We calculate first
ranges of landslide velocities (a) from empirical laws (Chow, 1959; McClung, 2001; Prochaska et al., 2008;
Scheidl et al., 2015) applied to the frontal and lateral runups observed along the flow path and (b) from the
height difference between the estimated centers of mass of the collapsed material and the deposit (Ekstrom
& Stark, 2013; Yamada et al., 2018). Second, we perform simulations of the flow with the SHALTOP model
(Bouchut et al., 2003; Mangeney-Castelnau et al., 2005) where the Saint-Venant equations are generalized to an
arbitrary 2D topography scalar field accounting for its second derivative (i.e., the curvature terms) after Bouchut
and Westdickenberg (2004). The interaction between the flow and the bottom topography is expressed through a
basal stress, which is depth-integrated (Bouchut et al., 2003). This model has been validated on analytical solu-
tion (Lucas et al., 2007), experimental results (Lucas et al., 2007; Mangeney-Castelnau et al., 2005; Mangeney
et al., 2007), as well as numerous natural cases under wide geological and climatic conditions (e.g., Hibert
et al., 2011; Lucas & Mangeney, 2007; Lucas et al., 2007, 2011, 2014; Moretti et al., 2015).

In this study, back-analysis shows that a purely frictional Coulomb rheology provides a good agreement with
observations on both velocity and runout distance (e.g., Ancey & Meunier, 2004; Favreau et al., 2010; Lucas
et al., 2007). Note that other rheologies require more advanced back-analysis as they depend on more parameters,
mostly empirical (e.g., Lucas et al., 2007, 2014; Mangeney et al., 2007).

The bottom topography is obtained from the 1961 DEM from which we have subtracted the equivalent volume
to the upstream scarp, itself obtained from the difference between the 1966 and 1961 DEMs. The initial mass is
obtained from the difference between the 1961 DEM and this bottom topography. A vertical offset of 43 m is then
applied to reduce the initial mass volume in order to fit the final deposits volume (46 Mm?, see Section 4.2) while
keeping the same slopes of the initial mass as to keep the same pressure forces at the initial stage of the simulation.

4. Results
4.1. Deposit Characteristics

On 6 May 1965 1 day after the heavy precipitations (Figure 3c), the upper scarp of the Bras de Mahavel tributary
collapsed. Aerial photographs taken shortly after the collapse reveal a huge scar in the scarp having a height of
around 900 m, a width of around 650 m and a lateral cliff retreat of the Plaine des Remparts of 150 m (Figure 1).
The landslide deposit outcrops in the gorge section covered the 700-m-wide Bras de Mahavel valley floor of
the Rein de Bouc section and spread on the Riviere des Remparts floor in the confluence section (Figure 4).






Whatever the units, the aerial photographs of J. Legros and IGN do not show any hummocks at the deposit surface
in the Rein de Bouc and confluence sections. This observation is consistent with the lack of large blocks (long
axis of >10 m) at the surface of the deposit (BRGM, 1965). Since 1965, river incision cut the avalanche deposit
over a maximum thickness of ~70 m on the Bras de Mahavel left bank (Figure 5a). In the right bank, where
outcrops are more accessible, the deposit exposures reveal the main flow unit internal texture over a thickness of
~10 m (Figure 5b). From top to base, the avalanche body is made of two facies that present similarities with
the jigsaw-fracturated facies and the fragmented facies of Dufresne et al. (2016). The former is characterized by
abundant coarse angular to very angular light gray clasts of massive basalt up to centimeter to several decimeters
in size. They are either concentrated in discontinuous meter-thick levels presenting an elongated organization or
isolated blocks in a brownish-red matrix whose color is similar to the scoria-rich units at the base of the Bras de
Mahavel headwall scarp (Figure 5b). The size of sheared fragmented blocks may strongly vary and be decametric
like at Mount Meager (Roberti et al., 2017). The matrix around the fracturated blocks is composed of 76%, 22%,
and 2% of gravels, sands and silts, respectively (sample MAH17-1 in Figure 6).

The matrix-rich fragmented facies, brown in color, presents a much finer granulometry with scattered survivor
angular basaltic clasts rarely exceeding 10 cm (Figure 6). The grain size distribution of the matrix reveals a lower
amount of gravels (46%—54%) than in the jigsaw-fracturated facies and conversely a higher proportion of silts
(3%—12%; Figure 6). This part of the avalanche deposit also presents extremely fragmented and sheared blocks
identified from their color and showing a boudinage geometry (Figure 6c).

Fractal dimensions determined from the grain size distribution range from 2.472 in the jigsaw-fracturated facies to
2.742-2.865 in the matrix-rich fragmented one (mean value of 2.77; Figure 6¢). These values of fractal dimension
that are in the range commonly determined for rock avalanches (e.g., Crosta et al., 2007; Dufresne & Dunning, 2017)
suggest a stronger fragmentation in the matrix-rich fragmented facies than in the jigsaw fracturated facies.

4.2. Volume Estimates

The deficit elevation in the collapsed area, the thickness of the deposit, and the volumes of the collapsed pile
of rock and of the landslide deposit are determined from the DEMs reconstructing the topography of the valley
of Bras de Mahavel using the stereoscopic images of 1961 and 1966 and the workflow described in Lucas and
Gayer (2022) (Figure 7; Figure S2 in Supporting Information S1). Figure 7b indicates that most of the volume
of the source area originates from two sectors where the elevation deficit exceeds 200 m. They correspond to the
central part of the scar and an E-W topographic ridge that almost entirely collapsed. It indicates that the avalanche
was mainly composed of (a) the horizontal 'a’a lava flows observed in the upper part of the scarp and (b) the west-
ward dipping scoria layers forming the topographic ridge. Downstream, the landslide deposit filled the channels
incised in the pre-1965 deposits, especially in the confluence section where it reaches a maximum thickness of
more than 100 m (Figure 7c). Noteworthily, the thick deposit accumulations in this section, that is, in the E-W
pre-existing channel and on both sides of Coteau de Sipec, result from the secondary flow unit, as suggested by
the aerial photographs taken shortly after the collapse event (Figures 4b and 4c).

The volumes of the displaced material quantified from the difference of DEM (DOD) correspond t0 59.7 + 3.1 Mm?
and 46 + 13 Mm? for the collapsed pile of rock and the landslide deposit, respectively. Nevertheless, the errors on
the surface reconstruction depend strongly on the slope of the topography. Thus, due to a slope >70°, we suspect
and consider that the uncertainties on the volume of the collapsed cliff must be larger than those we indicate,
without being able to estimate it precisely. Note that the volume of the landslide deposits agrees well with the two
volumes of the deposit already proposed (50 Mm? by BRGM (1965) with undisclosed method and 48 Mm? by
PGRI (2009) with difference between IGN topographic maps). Yet, the volume of the initial mass has never been
calculated and therefore, our volume cannot be compared to other estimation methods.

4.3. Flow Path and Chain of Events

Despite a lack of any direct observation of the scarp collapse and the landslide, the different sets of aerial photo-
graphs allows to determine the overall flow path and the chain of events that occurred in the Bras de Mahavel
tributary (Figure 8).

Although the Bras de Mahavel valley is a rather linear NE-SW trending structure, the location of the detached cliff
on the southern headwall of the valley led to an overall curved flow path bended toward the north (Figure 8). The
trimline, which corresponds to the upper bound of the flow, is extremely well defined by the damaged vegetation





















part of the deposit accumulated in the gorge section after the collapse of the headwall scarp. They correspond
to a volume of 4-5 Mm? mostly concentrated at the base of the scar. Nonetheless, this volume is too small to
explain the entire volume deficit between the pile of fallen rocks and the landslide deposit. Alternatively, the
comparison of the deposit geometry on the photos of J. Legros (Figure 4) and the orthoimage of 1966 recon-
structed from IGN images (Figure 2b), taken shortly after and one year after the landslide, respectively, reveal a
partial remobilization of the deposit and lateral sediment transport of less than 1 km upstream and downstream
the Riviere des Remparts (Figure 8a). However, since this deposit is integrated in our volume quantification, a
lateral transport of a significant part of the avalanche deposit can therefore be ruled out (Figure 7). The third
hypothesis invokes a porosity difference between the source and the deposit. As mentioned above, the collapsed
material was made of 'a’a lava flows and scoria deposits. The volcanic rock vesicularity significantly varies with
the type of formations from 45% to 60% for scoria to around 25% for the lava flow massive core (Bato et al., 2016;
Di Muro et al., 2014, 2021; Harris et al., 2017). Since the geological formations involved in the scarp collapse are
dominantly scoria layers, an average vesicularity of around 35%—45% is a reasonable estimate for the total volume
of rock. Rock avalanches experience intense particle fragmentation during their travel (e.g., Crosta et al., 2007;
Perinotto et al., 2015). We therefore interpret the volume deficit between the deposit and the source as primarily
resulting from the reduction of the initial volume by the destruction of the vesicularity due to fragmentation,
while fragmentation usually yields a volume expansion (Hungr & Evans, 2004). Moreover, our data suggest that
sediment entrainment by the rock avalanche during its travel on the valley floor, if any, was very limited. The sole
obvious assimilation is the spur of Rein de Bouc that was destroyed during the avalanche (step 3 in Figure 8).

5.2. Conditioning Factors and Collapse Triggers

Rockslide and rock/debris avalanches result from modifications in the geophysical stresses and/or of the hydro-
meteorological conditions (e.g., Erismann & Abele, 2001; Keefer, 1984; Lu & Godt, 2013; Martha et al., 2015;
Xing et al., 2017). All these changes may act at two different time scales. At a long time scale (i.e., few weeks
to several thousand years), rock weathering, climatic changes or recurrent earthquakes, namely the conditioning
factors, may induce a progressive fatigue and weakening of the rock mass subsequently prone to failure (Gischig
et al., 2015, 2016; Jaboyedoff et al., 2004; Regmi et al., 2013; Sartori et al., 2003). At a short time scale (i.e.,
a few minutes to a few days), triggers such as large seismic events or intense rainfalls are able to produce the
sudden destabilization of deep-seated rock mass (e.g., Crosta et al., 2004; Evans, Roberts, et al., 2009; Keefer
et al., 1987).

Since the 1965 avalanche, two other collapse events characterized by successive rockfalls occurred in 1995 and
2001 in the headwall of the Mahavel canyon (Garcin et al., 2005; Rousseau, 1999). These events, much smaller
in volume, led to deposit accumulation restricted to the gorge section. In each case (1965, 1995, and 2001), the
scarp destabilization followed intense rainfalls by 1 day (Figure 3; Figure S5 in Supporting Information S1).
Moreover, despite a relatively small distance between the Bras de Mahavel headwall and the volcanic center of
Piton de la Fournaise (6 km), the lack of any eruption and seismicity (monitored in 1995 and 2001) during these
events suggests that the collapse of the Bras de Mahavel scarp was not initiated by volcano-related geophysical
stress changes. We therefore propose that intense rainfall events and the related water infiltration (Iverson, 2000)
are the primary triggers of the Bras de Mahavel scarp collapses.

Although scarp destabilizations systematically follow intense precipitations in Bras de Mahavel, one must
emphasize that many other rain events did not lead to such landslides. This raises the question of the condition-
ing factors that promoted the failure of the Bras de Mahavel headwall. Progressive rock weathering is known
to reduce slope stability (e.g., Jaboyedoff et al., 2004; Regmi et al., 2013). The 1965 avalanche deposit lacks
any trace of weathered basaltic rocks or secondary mineralization in the lava flow vesicles, as observed in the
weathered rocks of the dormant Piton des Neiges volcano (Bret, Join, et al., 2003; Figure 1a for location). Alter-
natively, macro-earthquakes may have progressively yield a rock mass fatigue, that is, a reduction of the rock
mass strength. Piton de la Fournaise is a basaltic shield volcano whose magma transfer-related seismicity is char-
acterized by a magnitude M < 3 (Duputel et al., 2021). Yet, larger earthquakes can occur during volcano-tectonic
events like the 2007 caldera collapse (earthquakes with 4.4 < M < 5.4; Duputel & Rivera, 2019). Moreover,
this volcano experienced larger collapse events since the emplacement of the lava flows forming the headwall
of the Bras de Mahavel canyon (i.e., recurrent collapses of the 8-km-wide Enclos Fouqué caldera between 5465
and 2971 calendar years BP and a main lateral flank collapse 40-60 ka; Merle et al., 2010; Ort et al., 2016). It



is therefore likely that several large volcano-tectonic earthquakes weaken the overall strength of the geological
formations of the Bras de Mahavel headwall since 60 ka and promoted the scarp failure.

In addition to this background setting, it is remarkable to note that the collapse events of 1965, 1995, and 2001
were all preceded by the same climatic succession: 2—3 abnormally dry years, followed by 1-2 abnormally wet
years, and eventually the scarp collapse during the next rainy season (Figure 3; Figure S5 in Supporting Informa-
tion S1). It has been recently proposed that dry spells are as important as extreme rainfalls in landslide occurrence
due to shrinking-swelling effects of clayey minerals (Tichavsky et al., 2019). Despite any evidence of clay-rich
formations in the geological succession of the Mahavel headwall, we hypothesize that strong annual climatic
variations yield conditions promoting rock mass failures during intense rainfall events. We also speculate that
a process similar to the shrinking-swelling effect could act in vesiculated volcanic formations and weakens the
rock mass strength.

5.3. Flow Type and Dynamics

Although the 1965 Mahavel landslide has not been witnessed, it was usually interpreted as a debris flow as it
occurred after heavy rainfalls (BRGM, 1965; Merle et al., 2008). Yet, our data provide compelling evidence to
re-interpret the flow type of the Mahavel landslide.

Debris/mud flows behave as a viscous material with velocities that rarely exceed 30 m s~! (Coussot &
Meunier, 1996; Hungr et al., 1984; Pierson, 1998; Takahashi, 1981). By contrast, both analytical velocity esti-
mates from runups and simulated flow velocity with SHALTOP of the 1965 Mahavel landslide suggest much
more rapid flow dynamics with maximum velocities ranging between 70 and 120 m s~! during half of the final
traveled distance. Such velocities were likely influenced by the flow lateral confinement before entering the
Rein de Bouc section. They are in the highest velocity range of those of recent rock avalanches (e.g., Val Pola,
Ygong, Thurweiser, Kolka Glacier, Mount Meager, Joffre Peak rock avalanches, Crosta et al., 2004; Delaney &
Evans, 2015; Evans, Tutubalina, et al., 2009; Favreau et al., 2010; Friele et al., 2020; Guthrie et al., 2012).

Debris flows are saturated flows whose water may originate from different sources (e.g., glacier/snow incorpo-
ration, landslide-related dam destruction, river assimilation; e.g., Hungr et al., 2001). Their path is channelized
favoring water incorporation and longitudinal sorting, with the largest blocks concentrated in the flow front
(Pierson, 1986). Such characteristics are clearly visible on the debris flows that result from the remobilization of
the deposit of the Mahavel landslide (Figure 9), but not in the primary landslide deposits. Moreover, the landslide
deposit shows sedimentary features (fragmented and sheared blocks, topographic ridges perpendicular to the
flow; Figure S3 in Supporting Information S1) absent in debris flows and typical of rock avalanches (Dufresne
et al., 2016; Roberti et al., 2017).

We therefore interpret the 1965 Mahavel landslide as a main rock avalanche resulting from the collapse of
the valley scarp, likely favored by the intense rainfalls that occurred a few days before the destabilization (see
Section 5.2). Its volume and geological setting make it an exceptional example of large rock avalanches on basal-
tic volcanoes that is not related to a lateral flank collapse but associated with relief erosion.

The origin of the rock avalanche mobility remains unclear and lacks any consensual explanation (e.g.,
Legros, 2002). It could stem from the reduction of internal friction restricted to the basal part of the flow due to
a weak sediment layer beneath the flow (Watson & Wright, 1967), air or water incorporation (Fahnestock, 1978;
Voight & Sousa, 1994), or the development of a molten layer (De Blasio & Elverhgi, 2008). The mobility of rock
avalanche could also originate from the fluidization of the entire flow by air or water incorporation (Crandell
et al., 1984; Kent, 1966). Finally, it could result from dynamic disintegration of the flow clasts (Gao et al., 2021;
Schneider & Fisher, 1998) combined with frictional fluidization within the matrix related to the interactions of
the fine particles (Perinotto et al., 2015).

The air fluidization efficiency was questioned by Legros (2002) to explain the avalanche mobility, since a litho-
static air pressure should be maintained in the flow by an unlikely continuous air supply. The Mahavel avalanche
involved volcanic formations with an estimated vesicularity of 35%-45% and the destruction of this porosity
could explain the bulking factor <1. Consequently, the flow-related fragmentation, which increases with distance
(e.g., Dufresne et al., 2016), continuously released the air filling the lava vesicles. Thus, air fluidization of the
flow by the air released from the vesicles may have, to a certain extent, influenced the mobility of the 1965



Mahavel avalanche. Moreover, the Mahavel avalanche occurred after two successive events of intense precipita-
tions that likely fed floods of the Bras de Mahavel River. The effective porosity of the volcanic materials (lava
flows and scoria layers) forming the Bras de Mahavel headwall was also probably partly saturated with water
infiltration. In such a context, initial partial water saturation and water assimilation during the flow may have
enhanced the mobility of the Mahavel avalanche. However, the lack of distal evolution from avalanche to debris
flow suggests that the water saturation was limited. Finally, the grain size distribution of the deposit, the fractal
dimensions and the presence of elongated jigsaw-blocks (Figures 5 and 6) suggest an intense flow-related clast
and particle disintegration that could lead to (a) a dispersive dilatancy and (b) the production of fines that reduce
clast interactions and consequently fluidize the avalanche (Perinotto et al., 2015). We see two main reasons
to explain the intense fragmentation of the avalanche and its potential role in the avalanche mobility: the high
vertical drop during the scarp collapse and the bottleneck-like confinement between steps 1 and 2 in the chain of
events.

We consider that the three above-mentioned processes (air and water fluidization and dynamic disintegration)
were involved in the mobility of the 1965 Mahavel avalanche and speculate that the effect of the dynamic disin-
tegration dominates.

Our analysis of the Mahavel avalanche illustrates the consequences of a large collapse of the high scarp bounding
the Riviere des Remparts valley. Albeit very dynamic, the 1965 Mahavel avalanche was strongly constrained
by the steep relief. The overall curved trajectory (Figure 8b) led to a frontal impact in the southern wall located
at the transition between the Rein de Bouc and confluence sections (step 4 if Figure 8). The extreme dynamics of
the Mahavel avalanche together with the lateral and frontal confinement could explain the lack of large blocks at
the flow surface. Aerial photographs suggest that the avalanche massively deposited after the frontal impact at the
limit between the Rein de Bouc and confluence sections (main accumulation zone in Figure 8). It subsequently
fed the secondary unit that slowly flew onto the basal main flow unit in the confluence section (Figures 4b
and 4c). Despite huge differences in the volume involved (46 Mm? vs. 26 km?) and the runout distances (5
vs. 40 km), the Mahavel and Socompa avalanches are both characterized by high velocity primary flows and
slowly moving secondary flows being controlled by local topographies (Kelfoun et al., 2008). This suggests that
the occurrence of each flow type and the transition from primary to secondary flows are controlled by similar
processes that are independent of the volumes involved.

5.4. Rock Avalanche and Erosion in Réunion Island

Réunion Island has among the highest long-term erosion rates on Earth (7-10 mm yr~' during the last 70 Kyrs;
Gayer et al., 2019). Bret, Fevre, et al. (2003) and Salvany et al. (2012) proposed that most of the volcanic debris
avalanche deposits cropping out in the Réunion deeply incised valleys were the result of valley scarp collapses.
Our analysis of the Mahavel landslide confirms that the collapse of a large volume of volcanic rocks is able to
produce rock avalanches that present deposits with identical sedimentological characteristics to the volcanic debris
avalanches described in Réunion. We therefore interpret the intense erosion in Réunion Island and the development
of head amphitheater valleys as the result of recurrent deep-seated scarp collapses similar to the 1965 Mahavel one.

Furthermore, Gayer et al. (2019) revealed that erosion rates are one order of magnitude larger in the dry leeward
side of the island compare to its wet winward side. This difference has been shown to be controlled by the
variability in precipitation rates, that is, the larger the rainfall variability, the stronger the erosion rates (Gayer
et al., 2019). Our results on the controlling factors of the Bras de Mahavel headwall collapses suggest that
important annual precipitation variations favor scarp collapses (see Section 5.2). We consequently propose that
the spatial precipitation variability observed at the island scale modulates the occurrence of scarp collapses
(more frequent in the leeward side than in the winward part) and subsequently the long-term erosion rates. We
finally anticipate that augmentation of the precipitation variability due to global climate changes (Pendergrass
et al., 2017) could increase the occurrence the deep-seated landslides and rock avalanches in mountainous areas.

6. Conclusion

The main results of our analysis of the 1965 Mahavel landslide can be summarized as follows:

1. Historical images of J. Legros allows us to identify two types of flow units related to the 1965 Mahavel
avalanche. They suggest the occurrence of a main avalanche unit that evolves in a spreading secondary flow
in the confluence section.
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2. The deposit of the main avalanche presents two facies (jigsaw-fracturated facies and matrix-rich fragmented
facies) that are characterized by angular clasts, with abundant elongated, fragmented jigsaw blocks in the
former and a predominance of a gravely-to-silty matrix in the latter. The fractal dimension of these facies
range between 2.472 and 2.865, characteristic values for avalanche deposits.

3. Using (a) the stereoscopic images of IGN taken before and after the landslide, and (b) the photogrammet-
ric procedure developed by Lucas and Gayer (2022), we quantified both the volumes of collapse material
(59.7 + 3.2 Mm?) and the rock avalanche deposit (46 + 13 Mm?). We propose that the volume difference
between the source and the deposit mainly results from the disintegration of the vesicularity of the volcanic
rocks.

4. We characterized the dynamics of the avalanche with two complementary approaches. (a) Observations of
the frontal and lateral runups indicate velocity between 77 and 86 m s~! in the gorge section, decreasing
to 44 m s~! at the transition between the Rein de Bouc and confluence sections. At this point, a secondary
flow slowly spread in the confluence section. (b) The simulations with SHALTOP confirm this dynamic and
indicate that the avalanche traveled the total runout in about 5 min and 45 s. We propose that the avalanche
mobility results from the combined effect of air and water fluidization and dynamic disintegration. Both fluids
are thought to mainly originate from the destruction of the lava vesicules.

5. The 1965 Mahavel avalanche and two less important scarps collapse in 1995 and 2001 systematically occurred
one day after heavy rainfalls. We consequently suggest that intense rainfalls and the related infiltrations are
the main triggers of landslides in Réunion. Moreover, we propose that the climatic variability observed before
each collapse event (succession of dry and wet years) brings conditions prone to rock mass failure. Such rela-
tionship could explain the long-term erosion rates difference between the dry leeward and wet windward sides
of Réunion that are characterized by high and low precipitation variability, respectively. It also indicates that
the occurrence of rock avalanche could increase in a warmer climate due to the augmentation of precipitation
variability.

Data Availability Statement

Archive aerial photographs of the Institut Géographique National (IGN) are available for free at https://remon-
terletemps.ign.fr/. Historical picture of J. Legros are private ittms. DEMs have been built from the IGN images
with the approach described in Lucas and Gayer (2022). Meteorological data of Météo France are available at
https://publitheque.meteo.fr/.
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