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Abstract The Cirque de Salazie is one of the large erosional depressions of Reunion Island. Composed of
a thick accumulation of loose volcaniclastic materials derived from successive volcanic flank collapses and
exposed to high precipitation rates, this large depression is particularly prone to landslides. Of the 133 km?
making up this large depression, at least 19% of slopes are affected by various types of landslides. The diversity
and high density of landslides is one of the main issues for inhabited areas. We examine the landslides in this
area with the goal of providing key elements for better hazard assessment and understanding their role in the
landscape's evolution. For over 20 years, we have been acquiring multidisciplinary data on landslides. In this
cirque, eight types of landslides are identified and described following an adapted landslide classification.
Using a multidisciplinary approach, we characterize and interpret the surface morphology and internal structure
of three large inhabited compound landslides with volumes of 0.1 km? moving up to 1.15 myr~!. These
complex landslides provide an opportunity to investigate the influence of past slope movements on current
slope movements. Furthermore, using detailed mapping and volume calculation of the landslides triggered by
the last major cyclonic rainstorm, we estimate that rainfall-triggered landslides contribute up to 20% of the
long-term erosion rate. The Cirque de Salazie is a remarkable laboratory that offers new insights and challenges
for future research on landslide hazard assessment and the role of landslides in the short- and long-term
dismantling of volcanoes.

Plain Language Summary An exceptional diversity and density of landslides is observed in the
Cirque de Salazie (Reunion Island). Whatever their type (slow-moving to sudden landslides), they all cause
significant damage to buildings and infrastructure. They also contribute to the dismantling of the island at
longer time scales. We have collected multiple types of data on these landslides over 20 years in order to
understand their dynamics and eventually improve the related hazard assessment. These data allow us to define
and characterize eight landslide types that are all controlled by the hydrometeorological conditions of the
cirque, making Salazie an ideal laboratory to study the erosion-related interactions.

1. Introduction

Volcanic edifices often exhibit an eventful geological history characterized by constructive and destructive
phases (Carracedo et al., 1999; Gayer et al., 2021; Thouret, 1999; Zernack & Procter, 2021). Volcanic terrains
are characterized by a combination of specific environmental factors that make them prone to landslides, such as
high relief, steep slopes, weathered and fractured materials, alternating layers of lavas and volcaniclastic deposits
with different mechanical characteristics, and preferential shear surfaces (Roverato et al., 2015; Scott et al., 2001;
Tibaldi et al., 2008). They are also exposed to processes known to trigger failures, such as volcanic activity with
hydrothermal circulation, fluid injection, earthquakes (Di Traglia et al., 2018; Roverato et al., 2021; Schaefer
et al., 2019) and high precipitation rates, especially in tropical environments.

Volcanic edifices are prone to the full spectrum of landslide sizes ranging from giant debris or rock avalanches
(RA) of several km? to small rockfalls, including:

1. Large-scale volcanic landslides (e.g., slumps and debris avalanches [DA]) with various magnitudes and kine-
matics may occur several times during the evolution of a volcano. These landslides can reach volumes of
several km?, which can correspond to the destabilization of an entire volcanic flank (Blahit et al., 2019;
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Carracedo et al., 1999; Holcomb & Searle, 1991; Marti et al., 1997; Masson, 1996; Moore et al., 1989; Oehler
et al., 2008; Okubo, 2004; Schaefer et al., 2019; Vallance & Scott, 1997; Voight & Elsworth, 1997; Watt
et al., 2014; Zernack & Procter, 2021).

2. Large destabilization phenomena exceeding 10° m3 that mobilize rock or volcaniclastic deposits may move
rapidly (e.g., RA and debris flows [DF]) or slowly (e.g., compound slides and rotational slides [RtSs]; Belle
et al., 2014; Del Potro & Hiirlimann, 2008; McGuire, 1996; Rodrigues & Ayala-Carcedo, 2002; Sibrant
et al., 2015; Smith & Lowe, 1991; Valadio et al., 2002).

3. Smaller landslides mobilizing volumes less than 10° km? frequently occur on steep slopes, such as steep
valleys and caldera/crater walls (Barbano et al., 2014; Di Martire et al., 2012; Dou et al., 2019; Ferrucci
etal., 2005; Hibert et al., 2011; McGuire, 1996; Selva et al., 2019; Tommasi et al., 2005; Valadao et al., 2002).

These processes produce a succession of volcaniclastic deposits available for erosion and landslide processes
(Major et al., 2005; Rossignol et al., 2019; Zanchetta et al., 2004; Zernack, 2021). While the major landslide
events during the main degradation phases are widely studied with different hypotheses on dismantling (Roverato
et al., 2021), smaller-scale remobilization processes of volcaniclastic deposits by landslides are less understood
(Bernard et al., 2009). Understanding the involvement of landslides in the destruction of the volcanic edifice is of
prime importance for hazard assessment in inhabited volcanic areas (Calcaterra et al., 2007). One way to improve
knowledge is to recognize, describe and delineate the variety of landslides (type of movement, material involved,
kinematics, frequency of occurrence, and forcings) occurring in such environments and then to quantify their role
in dismantling.

Salazie, the westernmost cirqgue of Reunion Island, provides a good location for such a study. Reunion is a
tropical island with young, high reliefs shaped by a high erosion rate, mainly due to slope failure processes
(Bret et al., 2003; Gayer et al., 2019; Haurie, 1987; Holcomb & Searle, 1991; Humbert et al., 1981; Karatson
et al., 1999; Louvat & Allegre, 1997; Oehler et al., 2008). The three largest and deepest depressions (Salazie,
Mafate, and Cilaos), called cirgues, are located in the center of the island. They are the result of the dismantling
of the Piton des Neiges (PN) volcanic edifice. They have been eroded during the last period of quiescence of
the edifice; that is, since ~70 ka (Bret et al., 2003; Gayer et al., 2019; Salvany et al., 2012). These depressions
are filled with volcaniclastic deposits that are particularly prone to erosion and landslides. The Cirque de Sala-
zie contains a variety of both rapid landslides (velocity >5 X 107! mm s~!; Cruden & Varnes, 1996) and large
slow-moving landslides (volume > 0.1 km?) (Belle et al., 2014; Haurie, 1987; Humbert et al., 1981; Pinchi-
not, 1984), offering the opportunity to study the different landslide processes involved in the remobilization of
ancient volcaniclastic deposits.

This study proposes to define the different types of landslides involved in the dismantling of the edifice in the
recent past and present-day. Our multidisciplinary approach combines:

1. Classical approaches such as field observations, morphological analyses on digital terrain models, analyses of
the velocities of some landslides through assessments of old differential global positioning system monitoring
and new acquisitions by the same type of device and a reinterpretation of old reports and previous data (e.g.,
the diachronic analysis of aerial photographs) obtained over the last 40 years;

2. Innovative methods such as the analysis of soil and subsoil data from a heliborne electromagnetic survey
(AEM; Nakazato & Konishi, 2005; Reninger et al., 2020) and the analysis of ground velocities and deforma-
tions through a lidar approach (digital elevation model [DEM] of difference and 3D point cloud comparison)
(James et al., 2012; Stumpf et al., 2015).

In this paper, we propose new insights into the current and past dynamics of the dismantling of a volcanic edifice
by landslides with volumes of less than 1 km? through (a) the identification and classification of landslides based
on morphology and involved materials, (b) the conceptualization of their mechanisms and their kinematic behav-
iors, (c) the understanding of their role in erosion processes and landscape evolution, and (d) their implications
for landslide hazard assessment.
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Figure 1. Geology

of the Cirque de Salazie. Fifty-five percent of the surface of the cirque is covered by volcaniclastic material (breccia units and colluvium)

resulting from the progressive dismantling of the Piton des Neiges (PN) edifice (Arnaud, 2005; Chaput, 2013; Lacquement & Nehlig, 2008; Salvany et al., 2012) (map
adapted from Michon (2017)). Piton d’Anchaing is a megablock coming from a large slope movement whose type is still debated (Arnaud, 2005; Famin et al., 2016;

Haurie, 1987). The

main villages of Salazie are indicated by black squares. The inset at the bottom right of the figure shows the topographic map of Reunion Island, the

location of the PN and Piton de la Fournaise volcanoes, and the position of the three cirques surrounded by dotted lines, with the Cirque de Salazie contoured in red.

2. Study Site
2.1. Reunion Island

Reunion Island is a small volcanic island (2,512 km?; Figure 1) located in the southwest Indian Ocean approx-
imately 300 km north of the Tropic of Capricorn (21°S and 55°E). The island is formed of two volcanoes, the
active Piton de la Fournaise to the east and the dormant PN to the west, culminating at 3,070 m above sea level
(a.s.l.). Three large depressions called cirques radiate from the summit of PN: the Cirque de Salazie to the north,
the Cirque de Mafate to the west, and the Cirque de Cilaos to the south (Figure 1). The cirgues are enlarged valleys
that are very dissected and narrow toward the sea (Cilaos is almost circular, Mafate triangular, and Salazie has
a funnel-shaped morphology). These depressions have been interpreted as scars of large flank collapses (Oehler
et al., 2004, 2008), as “leaf grabens” caused by gravitational spreading (Borgia et al., 2000; Byrne et al., 2013;
Delcamp et al., 2008, 2012), as a consequence of plutonic complex subsidence (Gailler & Lénat, 2012) or as
purely regressive erosional structures (Gayer et al., 2019; Haurie, 1987; Salvany et al., 2012).
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Figure 2. Annual average cumulative rainfall over the Cirque de Salazie since 1962 (for the rainfall average of the Grand
Ilet, Salazie and Ilet & Vidot stations, see Figure S3 in Supporting Information S1). The mean annual rainfall in Salazie is
approximately 2,500 mm. The black squares indicate the maximum cumulative rainfall recorded in Salazie during extreme
events (cumulative rainfall >500 mm). The names of four of the major cyclones and their cumulative rainfall recorded in
Salazie are given. Since 1964, the rainfall accumulated during extreme events has varied from approximately 600 mm to
5,242 mm. No precise rainfall data are available for the cirque before 1964, especially for extreme events (cf., http://www.
meteofrance.re/climat/pluies-annuelles).

The island is regularly hit by tropical cyclones (TCs), which develop over the southwest Indian Ocean (approx-
imately 10 TCs form in this region every year, cf., http://www.meteofrance.re/cyclone/saisons-passees). The
strong orographic effect of the island influences the intensity and track of cyclones, which are apt to trigger heavy
rainfall (Barbary et al., 2019; Pohl et al., 2016). As a result, Reunion Island holds world records for amounts of
intense rainfall (e.g., 1,825 mm in 24 hr during TC Denise in 1966, 5,678 mm in 10 days and 6,083 mm in 15 days
during TC Hyacinthe in 1980) (Barcelo et al., 1997; Chaggar, 1984; Quetelard et al., 2009). The windward coast
of the island, that is, the northeast coast, is particularly wet due to the trade wind regime and the orographic effect
(Barcelo & Coudray, 1996; Réchou et al., 2019).

2.2. The Cirque de Salazie
2.2.1. Climatic and Geological Background of the Cirque de Salazie

The Cirque de Salazie is located in the northeast of the island. It covers an area of approximately 133 km? deline-
ated by cliffs over 500 m high (Figure 1). Salazie is the rainiest cirque on Reunion Island (e.g., Pohl et al., 2016)
with an average annual cumulative rainfall of approximately 3,100 mm since 1963; a minimum of 698 mm was
recorded in 1990, and a maximum of 5,893 mm was recorded in 1980 (Figure 2). Heavy rainfalls in Salazie are
caused by the advection mechanism and strong orographic uplift (Pohl et al., 2016) favored by the cirque's topog-
raphy and its geographical position (windward side of the island). Rainfall totals are maximized during cyclonic
events. Since 1980, maximum rainfall quantities in Salazie have been recorded during TC Hyacinthe (1980,
5,242 mm), TC Gamede (2007, 3,672 mm), and TC Diwa (2006, 3,157 mm) (Figure 2).

The scarps of the cirque are made of a thick basic lava flow sequence capped by differentiated lavas and pyro-
clastic deposits (ignimbrites) and crosscut in some places by basaltic or differentiated intrusions (dikes or sills;
Chaput et al., 2017; Salvany et al., 2012).

Large volumes of volcaniclastic deposits produced and emplaced by epiclastic processes (Suthren, 1985) fill the
cirque, sometimes with a thickness of 100 m. They comprise several lithological units with weaker rock strength
than the lava flow units.
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River erosion has incised deep valleys and produced several isolated plateaus across the cirque: these are known
as flets, and are the most populated areas (Figure S1 in Supporting Information S1). The steep slopes surrounding
the flets are incised by numerous gullies, creating a badland morphology.

The environmental conditions favor material weathering and dismantling by erosion processes. Consequently,
the morphology of the Cirque de Salazie is constantly evolving (Dupond, 1984; Gayer et al., 2019; Humbert
et al., 1981; Karatson et al., 1999). Gayer et al. (2019) estimated that the cirque results from a long-term erosion
rate of 7.4 + 0.7 mm yr~! over 72 ka.

2.2.2. Epiclastic Deposits

The largest volumes of volcaniclastic material in the cirque have been interpreted as volcanic debris-ava-
lanche deposits or as debris-flow/mud-flow deposits (Arnaud, 2005; Bret et al., 2003; Famin & Michon, 2010;
Haurie, 1987; Lacquement & Nehlig, 2008; Michon, 2017; Oehler et al., 2005; Salvany et al., 2012). The term
“epiclastic,” which reflects their origins, can be used to describe them (e.g., Bernard et al., 2021, 2009; Cas &
Wright, 1988; Colmenero et al., 2012; Crosta et al., 2005; Suthren, 1985). The epiclastic deposits in the cirgues
of Reunion Island record large dismantling events of the flanks of PN, from its shield-building stage to the
present day.

The observed epiclastic deposits from DA are composed of nongraded, poorly sorted clasts that range in size from
centimeters to several meters and comprise various lithologies (volcanic rocks, lava flows, intrusions, volcanic-
lastic, plutonic rocks, etc.) (Arnaud, 2005; Lacquement & Nehlig, 2008; Perinotto et al., 2015). These deposits
frequently present typical volcanic debris-avalanche sedimentary features such as jigsaw cracks, megablocks, and
shattered clasts (Arnaud, 2005; Dufresne et al., 2016; Glicken, 1991). They form a characteristic irregular topog-
raphy exhibiting longitudinal and transverse ridges (Oehler et al., 2004). In some places, these deposits are cross-
cut by shear planes inherited from the emplacement of the DA, by postdepositional volcanic-intrusions and/or
by fault and shear planes that formed during postdepositional deformations or current movements. In the Cirque
de Salazie, at least four different debris-avalanche units are identified: the Black Breccia, the Grand Ilet Breccia,
Mare a Poule d’Eau Breccia and the Ilet 2 Vidot Breccia (Figure 1; Chaput, 2013; Lacquement & Nehlig, 2008;
Oehler et al., 2008; Perinotto, 2014).

The Black Breccia is characterized by a clast-supported gravel facies with an irregular clay matrix (Arnaud, 2005).
This unit results from flank failures of the edifice during its early stage of activity (>2 Ma; Berthod et al., 2016),
with propagation toward the north (Berthod et al., 2016; Chaput, 2013; Famin & Michon, 2010; Famin et al., 2016).

Grand Ilet Breccia is a thick unit composed of a matrix facies and a clast-supported block facies. The block facies
dominates the inner part of the deposit. This facies is composed of pluri-decametric to pluri-metric blocks of lava
flows, which are fractured and crushed into jigsaw cracks. The matrix facies is observed along surficial outcrops.
The matrix facies is an unsorted and unstratified deposit composed of infra-metric clasts (Arnaud, 2005; Lacque-
ment & Nehlig, 2008).

Mare a Poule d'eau Breccia also forms a thick unit, with a clast-supported block facies. The block facies is
composed of pluri-decametric to pluri-metric megablocks preserved within a silty to sandy matrix and mixed
facies (Figure S2 in Supporting Information S1). Some of the megablocks have a preserved stratigraphy of lava
flows, which often show jigsaw cracks (Arnaud, 2005; Oehler et al., 2005).

Ilet a Vidot Breccia unit has two dominated facies: a block facies and a mixed facies. The mixed facies is a poorly
sorted unit composed of angular gravel within a sandy to clay matrix (Arnaud, 2005). The block facies is composed
of pluri-decametric blocks with some jigsaw-cracked megablocks (Figure S2 in Supporting Information S1).

These three units are younger than the Black Breccia and were probably emplaced toward the north or the north-
east after 350 ka for Grand Ilet (Chaput, 2013) and after 96 ka for Ilet & Vidot and Hell Bourg (Arnaud, 2005).

These debris-avalanche deposits are frequently covered by colluvium resulting from cirque cliff collapses or
reworking processes of older epiclastic deposits (Arnaud, 2005; Bret et al., 2003; Lacquement & Nehlig, 2008;
Salvany et al., 2012).
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Figure 3. Method flow chart showing the data and investigations used for (1) identifying and describing the different
landslide types observed in Salazie, and (2) characterizing the morphology and the internal structure of large landslides.
These results and the study on controlling and predisposing factors enable a discussion of (3) the reasons for the density and
diversity of landslides in this particular environment, their implications for the dismantling of a volcanic edifice, and the
hazards they represent. *Methods exclusively used in previous studies (cf., Table S1 in Supporting Information S1). AEM:
heliborne electromagnetic survey; DEM: digital elevation model.

3. Data and Methods

To conduct this study, several complementary methods and observations were used. Figure 3 illustrates the differ-
ent steps and the applied techniques.

3.1. Geomorphology Mapping and Landslide Inventory

Although previous studies identified large slow-moving landslides, past catastrophic movements and areas with
ancient stabilized landslides in the Cirque de Salazie (e.g., Belle et al., 2014; Haurie, 1987; Humbert et al., 1981;
see Table S1 in Supporting Information S1), there are still gaps in understanding their spatial extent, sedimentary
characteristics and activity.

To compile a more complete landslide inventory, we focused on the landform characteristics of landslides across
the cirque. We evaluated five indexed morphologic pieces of evidence: (a) main and secondary scarps, (b) depres-
sions, (c) lobes and areas of material accumulation, (d) open cracks and fissures, and (e) vegetation (Dikau
et al., 1996; Mather et al., 2003; McCalpin, 1984; Nichol et al., 2006) and their relationship to landslide activ-
ity (e.g., Parise & Guzzi, 1992; Turner & Schuster, 1996; Wieczorek, 1984). The fresher and more visible the
morphologic indices are, the more recent and more active the processes are (Flageollet, 1996).

‘We mapped and assessed landslide information from field analysis of surface morphology, analysis of topographic
data (50 cm DEM), aerial photographs (from 1950 to 2011) and ortho-images (1997-2017) including informa-
tion from previous studies (see Table S1 in Supporting Information S1 for more information). Furthermore, the
positions of 93 geodetic markers distributed over the cirque have been measured regularly since 2003, allowing
for the identification of stable and moving areas. Combining this information, we delineated large areas ranging
from 100 m? to 2.5 km? with active and inactive landslides, and mapped documented catastrophic landslides.

To quantify the geomorphic impact of cyclones, we assessed the landslides triggered by Cyclone Hyacinthe
(1980), which is considered to be a 100-year rainstorm (Humbert et al., 1981). This cyclone is the most damaging
tropical rainstorm for which pre- and post-event aerial photographs are available. We used historical aerial photo-
graphs of the cirgue to build historical digital surface models (DSMs) and orthophotographs using structure from
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motion and multiview stereo (SFM-MVS) methods (Gomez et al., 2015; Rault et al., 2020; Riquelme et al., 2019)
to map the landslides triggered by the exceptional rainfall associated with TC Hyacinthe and quantify the volume
of the mobilized material. For this purpose, the following steps were carried out:

1. Creation of comparable pre- and post-cyclone high-resolution DSMs and orthophotos with available sets
of approximately 1:27,000 aerial photographs from 1978, that is, before TC Hyacinthe and from 1984,
that is, after TC Hyacinthe, using an SFM-MVS method (Gomez et al., 2015; Rault et al., 2020; Riquelme
et al., 2019). The scanned photographs have a resolution of approximately 20 pm per pixel (scanned at 900
dpi). The obtained DSM and the orthophotos have a resolution of 5 and 1 m respectively.

2. Identification and mapping of the landslides between 1978 and 1984, avoiding landslide amalgamation as
advised by Marc and Hovius (2015). The mapping procedure involved visual interpretation of pre- and post-cy-
clonic images, that is, aerial photos, orthophotographs and DSM from 1978 to 1984 (Tanyas et al., 2017).
However, no landslides could be mapped in shaded areas or areas covered by clouds, where changes could
not be observed. Additional information on this inventory is provided in Text S1, Figure S4 and Table S2 in
Supporting Information S1.

3. Estimation of the volume mobilized by these landslides using the 1978-1984 DSM of difference (DoD; James
et al., 2012). The error was assessed by using the difference in elevation for a given slope angle in a stable
area that did not show major morphological changes between 1978 and 1984. For each landslide, its volume
error is equal to the surface of the landslide multiplied by the mean elevation error given for the landslide
slope average. The total error is equal to the sum of the landslide volume errors (see Figure S5 in Supporting
Information S1).

3.2. Landslide Typology

The failure mechanisms of landslides involving epiclastic materials are complex and difficult to associate with
the classic landslide classifications due to deposit heterogeneities (Hungr et al., 2014).

Thus, we adapted classification criteria and terminology from current landslide classification systems to define a
consistent classification for slope failures occurring in the Cirque de Salazie. Table 1 describes the 10 criteria we
used to classify and describe the landslides observed in Salazie.

3.3. Characterization of Large Slow-Moving Landslides
3.3.1. Morphology and Internal Structure

The geomorphological map of large landslides was developed using landslide characteristics from field evidence,
aerial images, and high-resolution DEM analysis (see Table S1 in Supporting Information S1).

To image the internal structure of large landslides, we used AEM data acquired in 2014 (SkyTEM survey;
Sgrensen & Auken, 2004) conducted over Reunion Island (Dumont et al., 2019; Martelet et al., 2014). Resistivity
contrasts, revealed by this technique, enabled the delineation of interfaces (e.g., weathered or clay layers, faults,
and slip surfaces) within shallow and deep landslides (Godio & Bottino, 2001; Nakazato & Konishi, 2005; Thiery
et al., 2017, 2021). The resistivity gradient may also be attributed to water circulation (Vittecoq et al., 2019).

The flight lines of this survey were mainly oriented north-south with a 400-m spacing and were more concen-
trated over areas of particular interest, such as the Cirque de Salazie (Martelet et al., 2014). Several lines extend-
ing over the large landslides of Salazie allow these landslides to be imaged laterally and vertically (Figure S6 in
Supporting Information S1).

The AEM data were acquired using a low magnetic moment (3,100 Am2-325 Hz) for near-surface resolution,
and a high-magnetic moment (160,000 A m2-25 Hz) for depth investigation and processed according to Reninger
et al. (2011, 2020). One-dimensional AEM soundings showing resistivity variations with depth were achieved,
applying a quasi-3D spatially constrained inversion to the remaining AEM data (Viezzoli et al., 2008). Contin-
uous pseudo-3D resistivity models over the large landslides were then obtained by interpolating the 1D AEM
soundings. The investigation depth of the method varied locally, depending on the acquisition parameters (emit-
ted magnetic moment and bandwidth used), the signal-to-noise ratio and the surface conductivity.
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Table 1

Definition of Criteria Used for the Landslide Typology

Descriptive parameter Definition

Type of movement The type of movement describes the kinematics of the landslide. In Salazie two main types of
movement can be distinguished: slide and flow

Slides are a downslope movement of a mass occurring on a failure surface or on a thin layer of
intense shear strain (Cruden & Varnes, 1996)

Flows are spatially continuous movement. Shear surfaces are short-lived and usually not
preserved and the material behaves like a viscous fluid during downslope transport (Cruden
& Varnes, 1996; Hungr et al., 2001)

Materials The material contained in a landslide. It allows clearer determination of the mechanical behavior
of the landslide (failure and transportation) (Hungr et al., 2014). In Salazie it can be rock or
debris (from old epiclastic deposits)

Area Area impacted by the landslide, including the area of initiation and propagation. For historic
rapid landslides, the downstream part of the landslide may have been removed by rivers prior
to being photographed, thus the calculated areas of these landslides are minimum estimates

Volume Volume of the displaced mass. The volume is estimated from geophysical investigations for the
largest landslides, and from DEM of difference for the smallest ones

Depth of failure Depth of failure surface estimated from geophysical investigation or field observations

Topographic slope Average topographic slope on which the landslide occurs. The topographic slope is determined
from DEM analysis

H/L The ratio between the height of fall (H) and the run-out distance (L). H/L characterizes the
landslide mobility (Crosta et al., 2005; Hungr et al., 2001; Legros, 2002). For historical
landslides the run-out distance is a minimum estimate, because the downstream part of the
landslide may have been removed by rivers prior to being photographed

Water content The water content of landslide materials defined by observations of the displaced material or
inferred from rainfall amounts. The water content is defined as:

o Unsaturated: the moving material contains some water but no free water

o Partially saturated: some of the moving material is saturated, or contains enough water to
behave in part as a liquid

o Saturated: the material contains a lot of water and is able to flow

Water forcings The role of groundwater or surface water in initiating the landslide

Displacement rate Landslide displacement velocities are classified according to the definition given by Cruden and
Varnes (1996). The velocity is estimated from geodetic measurements or estimated from the
failure description

To draw a schematic profile of the structures of the landslides, AEM profiles were compared to landslide

morphology and geological and structural characteristics from previous geological investigations (Chaput, 2013;

Chaput et al., 2014; Famin et al., 2016; Haurie, 1987; Lacquement & Nehlig, 2008; Pinchinot, 1984). In Grand

Ilet, these data were also compared to electrical resistivity profiles and borehole data already analyzed (Baltassat

et al., 2016; Belle, 2014).

3.3.2. Survey of the Activity of Slow-Moving Landslides

In addition to the geodetic markers, the displacements of the most active landslides are being monitored using eight

global navigation satellite system (GNSS) antennas with daily recordings and centimeter precision (Bellanger &

Aunay, 2008; Mazué et al., 2013) (Figure S3 in Supporting Information S1). Furthermore, to specify the local

variation in the amplitude and direction of displacements, geodetic transect surveys with a 200-m measurement

step were carried out before and after the cyclone season in 2012-2013 (Mazué et al., 2013) and 2019-2020.

To explore the relationship between landslide dynamics, pluviometric variations and groundwater circulation,

we used:

1. Daily rainfall recorded in the villages of Grand Ilet and Hell Bourg by Météo-France stations. Both stations

ensure that the pluviometric data collected on the two landslides is representative due to the low spatial
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variability of precipitation at landslide scale. Joint analysis of rainfall and landslide-displacement records
aims at establishing empirical relationships amongst time series and identifying potential meteorological
thresholds.

2. Maps of springs and closed depressions corresponding to outlets and potential preferential zones of infil-
tration, respectively (Belle, 2014; Moulin & Lebon, 2002). A potential relation between their locations and
landslide structure and/or activity could reflect the influence of groundwater on landslide activity.

4. Results
4.1. Landslide Activity and Movement Rates

More than 1,700 landslides were recognized and mapped in Salazie, and more than 80% of these were added by
this study. The mapped landslides cover 19.2% of the total surface of the cirque (Figure 5a). Among them, two
states of activity can be distinguished: active and inactive (Figure 4). Recently active phenomena make up 94.4%
of the mapped landslides, and inactive phenomena represent 5.6% (Figure 5b).

4.1.1. Active Landslides

Active landslides in Salazie have typical morphological features of movement identified on field aerial photo-
graphs and DEMs. Among the active landslides, we distinguished slow-moving and rapid landslides.

4.1.1.1. Slow-Moving Landslides

Slow-moving landslides are commonly observed on ilets. Seven large slow-moving landslides have been identi-
fied in the cirque (Grand Ilet, Hell Bourg, Ilet & Vidot, Mathurin, Camp Pierrot Bélier, Mare a Goyaves) (Figure 4
and Figure S7 in Supporting Information S1). Their displacement rates range from a few cm yr~'up to 1.15 m yr~!
and accelerate after intense rainfall events (Belle et al., 2014), and they cover areas that vary from tens of thou-
sands of m? to several km? (see Section 4.3). Their main characteristics are given in Table 2. Slow-moving land-
slides induce slow and continuous damage to buildings and infrastructures (e.g., cracks and collapses, see Figure
S8 in Supporting Information S1).

4.1.1.2. Rapid Landslides: Example of the Landslides Triggered by Cyclone Hyacinthe

Rapid landslides are mostly triggered by intense rainfall and are regularly remobilized during rainfall episodes.
These landslides affect the steep slopes of all geomorphological units of the cirqgue (scarps, ilets, valleys, and
isolated rocky peaks), although most of them are observed on valleys and ilets (Figure 4). The 100-year rainstorms
associated with Cyclone Hyacinthe (1980) caused a significant amount of destabilization. By comparing the 1978
and 1984 images of the cirque, we identified and mapped more than 1,400 landslides that are considered to have
been triggered by TC Hyacinthe. Their surface areas vary from 5 m? to approximately 2 X 10° m? (Figure 6). The
probability density function of the landslide surface area (scarp and run-out) for surface areas above 3,000 m?
displays a power law relationship with an exponent of 2.24 (Figure 6), which is in the range of landslides triggered
in mixed soil and rock (Larsen et al., 2010). The estimated volume removed from the slopes by the 1,429 land-
slides varies from 100 + 31 to 555 + 8.1 X 10° m>. The volume-area relationship can be fitted with a power law
with an exponent of 1.35. The total volume eroded in the cirgue from these landslides was estimated by adding
the contribution of each landslide with the DoD, and equals approximately 15.2 + 0.44 x 10° m3.

4.1.2. Inactive Landslides

Landslides that show no recent evidence of erosion or movement were classified as inactive. They are less distinc-
tive, especially in the field (Dikau et al., 1996; Mather et al., 2003). In theory, they can re-activate randomly with
return periods ranging from thousands of years to a few decades (Flageollet, 1996). In this study, we classified
inactive landslides as not exhibiting evidence of recent movement (i.e., for decades), either in aerial photographs
or field observations.

In Salazie, inactive landslides identified from the literature and high-resolution DEM analysis cover 8.2%
of the cirque area (Figure 5). Les Ramiers (3.39 x 10* m?; Haurie, 1987) and Grand Sable (9.62 x 10 m?;
Lustremant, 1981) are two examples of inactive landslides, while the Mare a Vieille Place (4.01 km?) is consid-
ered to be a stabilized complex landslide (Haurie, 1987). Its preserved morphology is typical of complex land-
slides (multiple curved scarps, ponds, counterslopes, etc.).
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Name of main landslides

HB Hell Bourg MG Mare & Goyaves

IV lleta Vidot E Déboulé de I'Eglise
GS Grand Sable B Béjisa

Gl Grand llet cS Créte des Salazes
PA Piton d'Anchaing MAVP Mare a Vieille Place
MT Mathurin RM Ramier

Active landslide Inactive landslide
[ Slow-moving landslide [ stabilized or dormant landslide

Continuous slow moving landslide with

acceleration phases during rainstorms \/\ Hydrographic network
I Rapid landslide s

Rapid recent landslide triggered by /. Contour lines (200 m)

intense rainstorms, potentially active .

during rainy season A Summit

0km

Figure 4. State of recent landslide activity in the Cirque de Salazie. Morphological indices, diachronic analysis of aerial
photography, geodetic observations and reports allowed delineation of recently active and inactive landslides. Initials indicate
the names of the main landslides and the two main summits of Piton des Neiges (PN) and Piton d’Anchaing (PA). The term
recent suggests that morphological evidence of landslide activity is still identifiable in the field.

4.2. Landslide Classification

Eight types of landslides were identified in Salazie (Figure 7). The definition of each type is outlined below and
illustrated by a typical example (Figure 8). The distribution of mapped landslide types is given in Figure 5c.

4.2.1. Flows
4.2.1.1. Rock Avalanches (RA)

A rock avalanche can be defined as the sudden failure of a massive volume of rocks (>10° m?) that fragments and
moves with extreme velocity downslope (Brideau & Roberts, 2015; Hungr et al., 2001, 2014; Figure 7). The fail-
ure may initiate along a preferential plane such as a vertical intrusion or a fault. Groundwater may play a role in
failure initiation and surficial water in the transportation of the whole mass downslope. Interaction with substrate
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Area Area
without landslides with landslides
mapped mapped
80.8% 19.2%
Bl Rapid landslides
I Slow-moving landslides
Il Inactive landslides
a b.

Debris flows* (912)

Debris avalanches* (2)
Rock avalanches (6)
Compound slides* (8)
Déboulés* (8)
Rotational slides* (15)
Rock slides (110)

Undefined (542)

“—— Debris slides* (116)

_

nvolving debris from old debris-avalanche deposits

c. ‘ i

Figure 5. Landslide activity in the Cirque de Salazie. (a) Surface distribution of the state of activity in the cirque. The
surface covered by landslides is compared to the 3D surface of the cirque (cliffs and center of the depression). According to
our landslide inventory, at least 19.2% of the surface of the cirque is affected by landslides, with recently active landslides
covering at least 11% of its surface. (b) Quantity distribution of the state of activity of mapped landslides in Salazie. A total of
94.4% landslides are recently active (88.1% rapid and 6.3% slow-moving). (c) Quantity distribution of the identified types of
landslides, with most of them being debris flows triggered during Cyclone Hyacinthe.

materials also contributes to the mobility of RA (Crosta et al., 2017; Hungr & Evans, 2004). The main deposit of
arock avalanche can be subdivided into two to three facies depending on the volume of material involved: a basal
mixed zone, a body composed of fragmented clasts and shear zones, and a surficial zone made of block facies
(Dufresne et al., 2016).

The Grand Sable event is the best known example in Salazie. This rock avalanche occurred in 1875 and buried
the small village of Grand Sable, causing the death of 63 people. The deposits covered a distance of more than
2,500 m with thicknesses of up to 40-50 m (Lustremant, 1981). The volume of mobilized material is estimated to
be approximately 18 x 10° m3. A basalt intrusion crops out at the failure surface, dipping north-northeast approx-
imately 70°, and which probably played a significant role in seepage and failure initiation (Humbert et al., 1981;
Lustremant, 1981). Since 1875, at least one similar event with lower volume has occurred in the cirque (1881—
Créte des Salazes—unknown volume, Humbert et al. (1981)).

4.2.1.2. Debris Avalanches (DA)

A debris avalanche is a rapid to extremely rapid flow-like movement (Hungr et al., 2014) of an important volume
(>5 x 10° m?®) of epiclastic material that suddenly collapses from the steep slopes of flet borders during heavy
rainstorms due to excess pore pressure (Figure 7). The material flows downhill at high velocity, eroding and
incorporating other slope materials and/or covering gully borders (Pinchinot, 1984). The processes described are
much smaller than famous DA occurring on volcano flanks for example. The landslide initiation failure zone is
characterized by an unstable steep main scarp, where springs can still gush out several days after the collapse.

Two DA have occurred in Grand Ilet since 1980: one during Cyclone Hyacinthe (1980, volume c. 6 X 10° m?) and
one during Cyclone Bejisa (2014, volume c. 10% m?) (Figure 8b). Both occurred along the steep slopes (>35°) of
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Table 2
Characteristics of the Main Slow-Moving Landslides Identified in the Cirque de Salazie
Mean Main
Landslide Area Planimetric Vertical velocity
Topographic direction of
name (km?) velocity (cm.yr™) (cm.yr?)
Slope (°) displacement
from 20 to 115 from 10 to 40
Hell Bourg 2.8 15 North o =
4 80 10 30 50
Northwest from 2 to 15 from 2 to 25
Ilet a Vidot 0.7 20 = - 0
Northwest 40 80 0 30 50
Mare & from 2 to 60 from 2 to 60
0.2 25 South =
Goyaves 20 80 10 30 50
from 2 to 20 from 2 to 25
Mathurin 0.5 35 Southwest e - =
40 8 10 30 50
from 2 to 55 from 2 to 15
Grand Ilet 2.5 10 Northeast P
T TR 0 30 50
Note. The red cursor illustrates the velocity range of the landslide.
the Grand Ilet landslide boundary and formed distinct scars tens of meters high and gullies that reach and flow
into the Riviere des Fleurs Jaunes and Ravine de Roche a Jacquot, respectively. It has been proposed that the
removal of materials at the avalanche head resulted in the release of water at the center of the scar, which could
have been responsible for the increase in hydrostatic pressure (undrained loading conditions) in the slope mate-
rial, causing collapse (Humbert et al., 1981).
eoete., N=1429 10® § « Hyacinthe
104 + .o *. 1 — Power law (2= 0.51)
‘ V=0.37 A'%®
& ] ¢ 105 4
E 1075 4 _ i
= ] E
> 1 o
e 1 104 4
2 1076 | £ 3
g7 7 S
2 g 1
% 10-7 . 103 4
3 1 « Hyacinthe ]
a 1 — Power law (12 = 0.74) RN
1 =870 A224 et t 2T
ey P 1073 7" N=1429
10? 103 104 105 102 103 104 103
a. Area (m?) b. Depletion Area (m?)

Figure 6. Volume and area of landslides triggered by Cyclone Hyacinthe (1980). (a) Area distribution of landslides. Probability densities (p) are calculated

1 ANI

following Malamud et al. (2004) as P(A) = N an with A N1 the number of landslides of an area comprised between A and A + A A. (b) Volume as a function of the
landslide depletion area (surface area of the landslide presenting negative heights between 1978 and 1984). The total volume of landslides triggered by Hyacinthe is

15.2 + 0.44 x 10® m3. N: number of landslides considered.

RAULT ET AL.

12 of 36



I ¥eld ,
NI Journal of Geophysical Research: Earth Surface 10.1029/2021JF006257

ADVANCING EARTH
AND SPACE SCIENCE

= =
g Debris avalanche (DA) Rock avalanche (RA) g
AT o
= A
€ S
€
© =N
L Debris flow (DF)
8
o S
14
>
=
[}
i}
2
DS
a) Rockslide (RcS) a)
= < =
-
zl.cs
0
3
2
ke
: %)
) . 20 40
Coumpound slide (CS) - Siope ()
Legend of sketches
Material Hydrogeology Material
Debris (from old epiclastic deposits) Saturati .

D p. p , . 2 ‘ W Debris (from old
Substratum (consolidated epiclastic Displacement . >§< epiclastic deposits)
deposits, volcanic rock) > Long run-out (H/L <<1) % p
B Debris (from the landslide) Structure = AA Rock

[ Vvolcanic rock (1ava flow) —— Failure surface ~ Slope (°) *

Figure 7. Overview of the eight types of landslides identified in Salazie, which are classified according to their velocity, slope, volume, saturation, involved
material, and H/L (height of fall (H) and the run-out distance (L)). Each type is placed in the center chart according to its velocity, slope, volume and saturation. The
representative sketches of the landslide types have their own scale. Photos of typical examples illustrate each type in Figure 8.

4.2.1.3. Déboulés (D)

Déboulé is a local term for atypical mass movement of saturated materials observed during very intense rain-
storms, which was first described by Humbert et al. (1981). A déboulé is a mix of erosion and a flow process that
leads to the extremely rapid formation of a gully on a gentle slope <20° (Figure 7; Rault et al., 2022). Indices
of internal erosion in depressions support the idea that the formation of a déboulé may be initiated by internal
erosion of the epiclastic material, leading to ground collapse and bank failure. The saturated failed material flows
downslope, intensifying gully erosion.

We identified eight déboulés that formed during Hyacinthe (Figure 5c). A representative example of this phenom-
ena is the Ravine de I’Eglise event, which incised a gully approximately 600 m long and 7 m deep in 12 days
during Cyclone Hyacinthe on the Grand Ilet Plateau (Figure 8a). Similar smaller features were observed in Grand
Ilet's limiting scarps (Figure S4 in Supporting Information S1 and Pinchinot, 1984).
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R LY

Figure 8. Examples of landslides in Salazie. (a) déboulé (Ravine de L’Eglise, 1980), (b) debris avalanche (Béjisa, 2014),
(d) rock slide (Ilet Morin, 2010, (c and e) debris flows (c. Riviere du Mét, e. Ilet a Vidot), (f) debris slide (Riviere du Mat),
(g) rotational slide (Le Belier), and (h) compound slide (Hell Bourg). The white and black dotted lines delineate landslide
boundaries. Arrows show the direction of principal movement.

4.2.1.4. Debris Flows

DF are rapid movements of sorted or unsorted debris characterized by a very long run-out (>100 m) (Hungr
etal., 2001; Johnson & Rodine, 1984). The material is saturated or partially saturated (>50%, Iverson et al., 1997).
DF can be initiated on abrupt slopes (>40°) of eroded /et borders (small debris flow) or result from the mobiliza-
tion of debris from previous mass movements (Figure 7). The flowing mass is composed of a mix of boulders and
finer particles and moves within a confined path. The resulting lateral deposits along the flow paths are marked
by the presence of boulder-rich levées (Blijenberg, 1998; Costa, 1984; Remaitre, 2006).

In Salazie, this is the most common landslide type triggered during rainstorms (Figure 5c¢). They are common
along the eastern bank of Ilet a Vidot (Figure 8e), with long run-out deposits and preserved morphological forms
(i.e., lateral levées approximately 500 m long and 1-5 m high). Smaller DF are observed on ilet borders or along
the scars of active landslides (Figure 8c). The volume of materials displaced by DF during TC Hyacinthe ranges
from a few 10?>-~10° m? (Figure 8¢).
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4.2.2. Slides
4.2.2.1. Rockslides (RcS)

A rockslide is a rapid movement of a rock mass along a failure surface often located at a structural discontinuity
(fault or dyke) or a thin zone of intense strain. The movement begins on a steep to abrupt slope (>40°) and may
involve a slide of several m? to thousands of m? of material (Figure 7).

The basic lava flow sequences crosscut by magmatic intrusions and fault networks forming the scarps of the cirque
are particularly prone to rockslides. Figure 8d shows the rockslide of Ilet Morin (approximately 1 X 103 m?) that
took place during the 2010 rainy season (Aunay & Rey, 2018).

4.2.2.2. Debris Slides (DS)

A debris slide (DS) corresponds to the sliding of epiclastic materials on a relatively shallow and planar surface
along a steep topographic slope (Figure 7). A DS involves a small to moderate amount of material (a few m? to
hundreds of m?). Surficial water circulation drives the kinematics of movement.

In Salazie, DSs are identified along landslide crowns, ilet borders, and valleys. Failure initiation generally occurs
at the interface between different materials on a thin, low-strength layer (e.g., along intrusions or more or less
unconsolidated breccia layers). DSs move slowly downslope under normal conditions and may collapse suddenly
during intense rainfall, partially due to the increase in water saturation. Figure 8f shows a 20 m-high DS located
along the banks of the Riviére du Mat.

4.2.2.3. Rotational Slides (RtS)

RtSs are slow-moving landslides located on moderate to steep slopes (>20°) of epiclastic deposits with arc-shaped
sliding surfaces (Figure 7). The ratio of vertical to horizontal displacements is generally close to one. Sliding is
favored by an increase in the groundwater level and accelerates beyond a given threshold.

Le Bélier, Mathurin, and Mare a Goyves are examples of rotational landslides in the Cirque de Salazie (Figure 4
and Figure S7 in Supporting Information S1). Figure 8g shows Le Bélier landslide, which consists of successive
landslides narrowing toward the Riviere des Fleurs Jaunes. The lower landslide moves in a southwesterly direc-
tion between 6 and 10 cm yr~!, while the upper steps are moving more slowly (1.5 cm yr!).

4.2.2.4. Compound Slides (CS)

A compound landslide is composed of a large host landslide (>108 m?) that encompasses smaller secondary land-
slides (Figure 7). The host landslide is a slow-moving landslide set on a gentle slope (<20°) of epiclastic mate-
rials. Its surface is irregular, with depressions, bulges, scarps and counterscarps and distensile, compressive and
strike cracks. The movement of the host landslide can generate failures that favor secondary landslides located
mostly along the steepest slopes of the host landslide (scarps and toe). Diverse types of secondary landslides may
be observed on the same host landslide.

Multiple levels of groundwater flow are commonly formed within compound landslides due to the presence of
multiple low permeability surfaces (faults, cracks, material heterogeneities, and shear planes). An increase in the
water table tends to accelerate host landslides and may contribute to secondary landslide failure.

In Salazie, three large compound landslides (>0.2 km?) can be observed: Grand Ilet, Hell Bourg (Figure 8h) and
Ilet & Vidot, each with its own structure and dynamics (Belle, 2014; Haurie, 1987; Humbert et al., 1981; Rault
et al., 2021). The next section provides a detailed description of them.

4.3. Morphodynamics and Structure of Three Large Compound Landslides

Grand llet, Hell Bourg and Ilet a Vidot are three major inhabited compound landslides of Salazie. These land-
slides move continuously and accelerate following heavy rainfall (Figure 9). They occupy approximately 10% of
the cirque's surface area (Figure 5a) and therefore represent a significant hazard. Understanding their structure,
their dynamics and their involvement in the formation of secondary landslides is essential for hazard and risk
mitigation.
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Figure 9. Cumulative planimetric displacements of the three compound landslides studied, measured with global navigation
satellite system (GNSS) stations from 2004 to 2021, and monthly rainfall at (a) Grand Ilet landslide, (b) Hell Bourg landslide,
and (c) Ilet a Vidot landslide. Acceleration (thick black arrows) of the movement occurs during the wet season after intense
rainfall. The locations of the GNSS stations on Grand Ilet (GIAB, GIEG, and GINO), Hell Bourg (VIRA and FDRP) and Ilet
a Vidot (IAVI) are shown in Figures 10, 12 and 14, respectively.

RAULT ET AL. 16 of 36



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Earth Surface 10.1029/2021JF006257

Based on morphological indices, AEMs, and borehole data, and previous studies listed in Table S1 in Supporting
Information S1 we propose a detailed description of their surface and internal structure.

4.3.1. Grand Ilet Landslide
4.3.1.1. Grand llet: Surface Morphology and Landslide Activity

The Grand Ilet landslide covers an area of ~2.5 km? and is up to 2 km long and 1.8 km wide (Figure 10;
Belle, 2014; Pinchinot, 1984), The average slope of the moving mass is around 10°. The surface is made up of
successive scarps that are tens of meters to a few meters high and oriented NW-SE. The Grand Ilet landslide
moves toward the northeast with horizontal velocities ranging from 0.02 m yr~! at its head to 0.55 m yr~! close
to its toe (Figures 9a and 10). The vertical velocities are too small to be measured at its head and are about
0.15 m yr~! at its toe. Velocities exhibit seasonal variations, with acceleration after intense rainfall (Figure 9a).

Many cracks and other damage to infrastructure resulting from this displacement are observed in Grand Ilet
(Figure S8 in Supporting Information S1). Local velocity changes induce the formation of compression and
extension cracks, mainly oriented NW-SE. Depressions and counterslopes oriented NW-SE are probably the
result of the landslide's overall extension. Two main families of conjugate shear cracks are identified, oriented
N70 and N120. These shear cracks separate landslide compartments with different velocities. Most of the current
morphological features have a direction consistent with the orientation of the local extensional paleostress regime,
determined from intrusions and old deformation structures (Chaput et al., 2014, 2017).

The toe and steep scarps of the Grand Ilet landslide are affected by secondary landslides (e.g., DA, déboulés, DF)
that may contribute to the host landslide's mobility due to erosion of lateral margins (Figure 10).

Permanent streams are rare in the Grand Ilet plateau. Rainfall infiltrates mainly along the western scarp of
the cirque (Belle, 2014). Water then flows into the epiclastic units, including those of the landslide body, and
recharges the Grand Ilet aquifer. Groundwater emerges as permanent springs along the northern and, to a lesser
extent, the eastern limits of the landslide on steep slopes and gullies. Precipitation at Grand Ilet can also accu-
mulate in closed depressions (ponds, grabens, and undefined closed depressions) and then slowly infiltrate the
landslide body (Belle et al., 2014; Humbert et al., 1981; Pinchinot, 1984).

4.3.1.2. Grand Ilet: Internal Structure

The analysis of all available data led to a conceptual model of the internal structure of the Grand Ilet landslide
(Figure 11).

The sliding mass is made up of a heterogeneous poorly consolidated epiclastic material called Grand Ilet Breccia.
This unit is set on an older indurated epiclastic deposit. Once weathered, the indurated epiclastic deposit turns
into a low-strength blue-gray clay that often crops out along the sliding surface. The three piezometers located in
Grand Ilet are sheared. The depth of shear (PZA3 ~84 m, PZE2 ~66 m, and PZB3 ~86 m) can be interpreted as
the base of the landslide. At the front of the landslide, in Ravine Roche a Jacquot, the limit between the sliding
and the stable mass can be identified by a lithological change from indurated to non-cohesive epiclastic deposits
of the Grand Ilet Breccia at approximately 900 m a.s.l. (Belle et al., 2014). Springs appear all along this limit,
especially after heavy rainfall (Figure S9 in Supporting Information S1). According to these observations, the
shear surface of the landslide ranges between 50 and 150 m in depth. This limit corresponds to a resistivity of c.
80 Q m in the 3D resistivity model (Figure S10 in Supporting Information S1). The landslide material is more
porous than the substratum due to the displacement of the landslide (Belle, 2014; Pinchinot, 1984). Thus, for the
same lithology (Grand Ilet Breccia), the landslide material appears more resistive than the stable material of its
substratum.

Considering the surface area and depth of the delineated landslide base, the sliding mass (>80 Qm) has a calcu-
lated volume of approximately 2.15 x 108 m3.

It is composed of two resistive units of the Grand Ilet Breccia: GIB, and GIB, (Figure 11b). The highest resistive
unit GIB, (>200 ©m) is approximately 50—-100 m thick and crops out at the surface along the main escarpments.
GIB, (80 &m < r < 200 Qm) is separated into two layers. The less resistive unit (80 Qm < r < 120 Qm), between
1,100 and 850 m a.s.l., may correspond to the aquifer in agreement with the piezometric survey. Above, the less
resistive layer (120 Qm < r < 200 Qm) would therefore correspond to a less saturated zone. GIB, is predominant
and crops out downstream of the landslide where the matrix facies of the Grand Ilet Breccia is mostly observed.
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morphodynamic cross-section of the landslide obtained through a compilation of the available data (see Section 3). Symbol * means that the feature is deduced mainly
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More investigations should be undertaken to associate GIB, and GIB, to facies of the Grand Ilet debris-avalanche
deposits.

Two main slope breaks can be observed on the resistivity model along the sliding surface. Their nature and

connection with the main scarps at the surface remain unclear but may be interpreted as major unconformities in
the landslide body.

The lateral resistivity gradient occurring in small depressions close to the scarps, together with counterscarps
on the surface, may attest to local internal extension of the landslide body resulting from acceleration toward
the northeast. This acceleration is possibly linked to secondary landslides and rapid erosion processes occurring
at the landslide's toe (Figures 4, 10 and 11). During intense rainfall, these depressions can fill with water. Their
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drainage into the landslide body may induce internal erosion and influence the formation of secondary landslides
such as déboulés.

4.3.2. Hell Bourg Landslide
4.3.2.1. Hell Bourg: Surface Morphology and Landslide Activity

Hell Bourg is a compound landslide covering a surface of approximately 2.8 km? (maximum 2 km long and 1.5 km
wide). The average slope of the main landslide body is approximately 15° (Arnaud, 2005; Rault et al., 2021).

Geodetic data show that the Hell Bourg landslide experiences overall northward stretching. It moves slowly
toward the Riviére du Mat with planimetric velocities ranging from 20 cm yr~! at its crown to 1.15 m yr~! close to
its toe (Figures 9b and 12). The vertical velocities average 10 cm yr~! on the main landslide body and reach up to
40 cm yr~! at its crown. They are highest at its head where the vertical component is dominant. The velocity expe-
riences seasonal variations, with acceleration after intense rainfall (Figure 9b; Belle, 2014; Belle et al., 2018).

The head of the landslide is characterized by a main scarp of approximately 120 m in height, covered by debris
from small landslides. The landslide crown presents large cracks oriented between N50 and N8O (Figure 12 and
Figure S11 in Supporting Information S1). These cracks are caused by vertical movements (up to 40 cm yr~!) of
large blocks (up to 100 m behind the crown) that may result in multiple retrogressive small to large retreats of the
crown (Figure S11 in Supporting Information S1), as occurred during Cyclone Hyacinthe (Humbert et al., 1981).
The crown of the landslide southwest of the pond of Mare a Poule d’Eau is affected by a retrogressive slow-mov-
ing rotational landslide attested by scarps (10-20 m high) and extension cracks.

The landslide toe crops out in the valley of the Riviere du Mat. It is characterized by an active bulge marked by
large open cracks (>20 cm) oriented N50-N8O (Figure S12 in Supporting Information S1). The river incises the
landslide without reaching its base. The incision results in the formation of steep badland slopes up to 100 m high
affected by numerous secondary landslides and rapid erosion processes.

The landslide body is composed of two major compartments, a western and an eastern part, separated by a sinis-
tral shear zone that accommodates faster displacements of the eastern compartment. The western compartment
comprises three ridges that are 30—50 m high, 150-250 m wide, and approximately 500 m long. Geodetic meas-
urements, DEM analysis and field observations suggest that these ridges experience local compression (N90-
N120 compression cracks) (Figure 12 and Figures S13-S15 in Supporting Information S1) and local sinistral
shear (N30-N60 shear cracks) (Figure 12).

The eastern compartment can be separated into three zones from south to north. The southern zone is char-
acterized by aligned ridges similar to the western compartment ridges; the center of the eastern compartment
is marked by a large depression containing the pond of Mare a Poule d’Eau; and the northern part is the most
active area of the Hell Bourg landslide, with displacements of up to 1.14 m yr~! inducing considerable damage
to infrastructure. A dense network of compression cracks oriented N70, intersected by N30-N50 shear cracks, is
observed at the limit between the central depression and the most active part of the landslide.

A few springs with very small flows emerge along the northern flank of the landslide in the western part, while
larger flows emerge on the eastern part of the landslide feeding the pond of Mare a Poule d’Eau. Since Cyclone
Hyacinthe (1980), this pond has been drained by a permanent stream that runs from the pond to the river along
the eastern main scarp of the landslide. There is no other permanent stream on Hell Bourg, suggesting that water
flows mainly underground. Water from the pond of Mare a Poule d’Eau may seep into the landslide, thus contrib-
uting to groundwater recharge and favoring the displacement of the northeastern part of the landslide.

As a whole, the morphological features of the landslide follows the main paleoextension orientations determined
by Chaput et al. (2014) on faults.

4.3.2.2. Hell Bourg: Internal Structure

From the analysis of morphological structures and AEM data, we propose a conceptual model of the internal
structure of the Hell Bourg landslide (Figure 13).

The Hell Bourg landslide is composed of epiclastic material of the Mare a Poule d’Eau Breccia. In some places,
the epiclastic deposits contain megaclasts made of intensely fractured lava flows with jigsaw cracks whose orig-
inal stratigraphic structure (alternation of reddish brecciated layers and of grayish massive lava units) is still
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Figure 12. Morphologic map of the Hell

Bourg landslide. The black line A-B indicates the location of the cross-section presented in Figure 13. The rose diagram

shows the direction of the scarps (1) and deformations observed in the field (2: cracks, 3: extension cracks, 4: compression cracks, 5: shear cracks, and 6: crown cracks).
The black arrows next to this diagram are the paleoextensions 63 determined by Chaput et al. (2014).

discernible (Figure S2 in Supporting Information S1). The moving mass overlies an older breccia unit contain-
ing ignimbrite fragments. The contact between these two formations is observed in the Riviere du Mat and
matches with the continuous limit of approximately 50 Qm resistivity, drawn on the resistivity profile presented
in Figure 13a. Therefore, we interpret this limit as the main base of the landslide. This surface is at a depth of
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Figure 13. Interpretation of the internal structure of the Hell Bourg landslide along profile A-B in Figure 8. (a) Resistivity model of Hell Bourg along A-B obtained
from AEM data. The dashed black line corresponds to the interpreted landslide slip surface, and the solid black line corresponds to the isoresistivity contours. (b)
Conceptual morphodynamic cross-section of the landslide obtained using a compilation of the different data available (see Section 3). Symbol * means that the feature
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MAPEB, and MAPEB,: facies of the Mare a Poule d’Eau Breccia.

c. 200 m in the northern part and ¢.100 m in the southern part of the landslide (Figure 13a and Figure S15 in
Supporting Information S1). The landslide base, along profile A-B, is marked by two major steps, above which
the resistivity in the landslide body is reduced and the topographic surface of the landslide is marked by small
depressions. These steps seem to be aligned with the landslide scarps observed at the surface, suggesting that the
location of the landslide base may be influenced by the paleotopography.

The volume of the Hell Bourg landslide, estimated from surface and internal analyses, is about 2.25 X 108 m3,

The landslide body is composed of two main groups of materials of the Mare a Poule d’Eau Breccia: MAPEB,
and MAPEB,. MAPEB, has a resistivity of above 150 Qm. MAPEB, crops out along the main scarp and the
northern steep slopes of the landslide where lava flow megaclasts are observed. MAPEB, has a lower resistivity
than MAPEB, (50 Qm < r < 150 Qm). It fills the spaces between the blocks of MAPEB,, particularly where
topographic depressions are mapped. Thus, MAPEB, might correspond to a megaclast-rich facies of the MAPE
debris-avalanche deposits, in contrast to MAPEB, , which might represent a matrix or mixed facies.
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On the resistivity profile, the three ridges observed at the surface appear to be isolated structures. Their resistivi-
ties range from 150 to 500 Qm, the same resistivity range as for the main scarp of the landslide (MAPEB, ). Their
calculated volumes range from 3 X 10° to 10 x 10° m>. Because of their resistivity, together with the morphology
and activity of the landslide's main scarp, we suggest that these ridges result from multiple massive retrogressive
collapses of the main scarp and may therefore be akin to toreva blocks (Reiche, 1937).

To the north of the profile, two superimposed resistive layers (» > 100 Qm) of a thickness of c. 70 m are observed.
The interface between these two layers has low resistivity. Small springs are located at the same elevation level as
these low resistive layers along the northern talus slope of the landslide. These springs are evidence of ground-
water flows, which may explain the low resistivity in this area due to higher water content and possible material
alteration.

Lateral decreases in resistivity immediately below the topographic depressions, observed at the surface between
the ridges, could be interpreted as a local zone undergoing rapid extension. Topographic depressions, as prefer-
ential zones of water infiltration, may experience local pore pressure increases that may locally affect landslide
kinematics by favoring displacement of the material. Complementary information on this specific landslide can
be found in Rault et al. (2021).

4.3.3. Ilet a Vidot Landslides
4.3.3.1. Ilet a Vidot: Surface Morphology and Landslide Activity

The active plateau of Ilet & Vidot is located northwest of Hell Bourg and covers an area of 2.3 km?. It is approx-
imately 2.4 km long and 0.9 km wide.

The plateau of Ilet a Vidot is being dismantled on both sides by landslides moving either eastward or westward.
The eastern part of the plateau is moving toward Ravine du Bras Sec at a velocity ranging from about 2 to
10 cm yr~!, with vertical movement (subsidence) of 2-25 cm yr~!. These displacements accelerate in response to
rainfall (Figure 9¢). The northwestern part of the plateau is moving toward the Riviere du Mat at ¢. 15 cm yr~!,
with a vertical displacement of 7 cm yr~! (Figure 14).

The topography of Ilet a Vidot is irregularly marked by numerous high scarps (2 > 10 m), especially in the
northern part. Most of the scarps are oriented northwest—southeast, that is, mostly perpendicular to the local
paleoextension N10 determined by Chaput et al. (2014).

Several directions of cracks were observed and mapped, which are mostly oriented northwest-southeast (N130)
in the center and lateral part of the plateau, and east-west (N90) in its southern zone. In the southern part of the
plateau, the extension cracks are also consistent with local paleoextension N10.

The borders of the ilet are affected by numerous secondary landslides, such as DF and localized DSs. The eastern
and western borders of the #ler are incised by recurrent DF, and their main scarps are on the verge of joining up,
thus separating the northern part of the iler from the southern part. These secondary processes favor the overall
instability of the plateau and more considerable movements.

4.3.3.2. Ilet a Vidot: Internal Structure

Ilet a Vidot plateau is made of epiclastic material of the Ilet & Vidot Breccia and undifferentiated epiclastic units.
On outcrops located along eroded slopes, mixed and megaclast-rich facies of ancient large DA are observed.
Megaclast-rich facies, for example, contains megaclasts of intensely crushed lava flows with preserved original
stratigraphy/structure.

Figure 15 shows the resistivity profile across the A—B west-east section of Ilet a Vidot plateau indicated in
Figure 14. This profile cuts the western and eastern slow-moving landslides that are represented in blue and tan,
respectively, in Figure 14.

The apparent resistivity at 100 Qm seems to correspond to the limit between the landslide (r > 100 Qm) and
stable materials (r < 100 m). The base of the active body is close to the surface in the riverbeds and approxi-
mately 150 m thick in the middle of the plateau.
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Figure 14. Morphologic map of the Ilet a Vidot landslide. The black line A-B indicates the location of the cross-section presented in Figure 15. The rose diagram
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identified and mapped, and therefore their distribution is not representative. The black arrows next to this diagram indicate the local direction of paleoextensions 63
determined by Chaput et al. (2014).

The active body is composed of two resistivity groups: IVB, (r > 200 Qm) and IVB, (100-200 Qm). As for the
Hell Bourg and Grand Ilet landslides, IVB | might correspond to a megablock-rich facies, while IVB, to a mixed
facies of debris avalanche.
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Figure 15. Interpretation of the internal structure of the Ilet a Vidot landslide along profile A-B shown in Figure 14. (a)
Resistivity profile acquired by interpolation of the AEM data. The black lines are isoresistivity contours. (b) Conceptual
morphodynamic cross-section of the landslide obtained using a compilation of the different data available (see Section 3).
Symbol * means that the feature is deduced mainly from geophysical data. IVB1 and IVB2: facies of the Ilet & Vidot Breccia.

The western and eastern parts of the profile are separated by a large unconformity affecting the whole terrain
imaged by AEM data. The vertical offset between the east and west resistive patches (>200 Qm) along this
unconformity suggests that it could correspond to a normal fault. The extension toward the surface of the other
unconformities observed in the resistivity model coincides with the main scarps mapped, which can be construed
as sliding surfaces. Using field observations, displacement measurements and the resistivity profile, it is assumed
that the sliding surfaces drawn on profile A-B dip toward the rivers of the Bras Sec and Bras Fontaine east and
west of the fault, respectively.

Therefore, taking into account their main sliding surface and their area, the volumes of the eastern and western
landslides are c. 6.7 x 107 and 2 X 107 m?, respectively.
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Morphological features (e.g., scarps and cracks) and internal structures (sliding surfaces and faults) can indicate
that the Ilet a Vidot Plateau is being eroded on both sides through rotational-translational landslides that are
affected by second-order smaller landslides (e.g., DF triggered during rainstorms).

5. Discussion
5.1. An Atypical Environment Prone to Landslides

Volcaniclastic deposits derived from large-scale edifice failures are observed on many volcanoes worldwide
(Holcomb & Searle, 1991; Van Wyk de Vries & Davies, 2015), for instance, on Stromboli (Italy, Apuani
et al., 2005), Tahiti (Clément et al., 2003; Hildenbrand et al., 2008), Las Palmas (Canary Islands, Colmenero
et al., 2012), Ischia Island (Italy, De Vita et al., 2006; Della Seta et al., 2012), Hawaii (Moore et al., 1989), Mt.
Taranaki (New Zealand, Zernack, 2021), Mount St. Helens (Voight et al., 1983), and Flores Island (Hildenbrand
et al., 2018). Some of these places display a high density of landslides (e.g., 19 landslides per km? on Flores
Island (Portugal), Silva et al., 2018). Nevertheless, none of these locations nor other areas in Reunion Island
present the density (about 10.7 landslides per km?) and the diversity of Salazie's landslides. The combination of
several factors, such as properties and structure of volcanoclastic deposits, climate, fluid circulation, and topog-
raphy, can explain this exceptional diversity.

5.1.1. Epiclastic Deposits

In Salazie, epiclastic deposits mobilized by landslides comprise clasts with a wide range of sizes, shapes and
volcanic lithologies (Arnaud, 2005; Haurie, 1987). This induces structural discontinuities and disparate mechan-
ical properties, such as variation in porosity, cohesion, and angle of friction of the whole mass. Consequently,
under intense rainfall, saturation and drainage conditions in these deposits may vary significantly through space
and time, inducing increases in pore pressure and possible subsequent slope failures such as those triggered
during Cyclone Hyacinthe along the lateral margins of the Grand Ilet plateau.

Furthermore, the epiclastic deposits contain various surfaces of weakness, such as shear zones within old debris
deposits, between successive units, dikes, and faults (Arnaud, 2005; Chaput et al., 2017). Such surfaces can create
geomechanical constraints favoring slope failure (Apuani et al., 2005; Crosta et al., 2005; Guzzetti et al., 2008;
Jelinek & Wagner, 2007). For example, the bases of the Hell Bourg and Grand Ilet landslides coincide with uncon-
formities in the epiclastic sequences and occur at the interface of two different lithological units (Arnaud, 2005;
Belle, 2014; this study).

Discontinuities between materials with different mechanical behavior also favor the formation of shear surfaces
within large sliding masses. Consequently, the landslide body might be divided into several sliding compart-
ments with different kinematics, as observed in Grand Ilet, where tensile, compression and shear cracks result
in morphological/structural features such as grabens or bulges, which are interpreted as a result of a velocity
differential between the moving compartments.

Epiclastic deposits may also favor secondary sliding surfaces within the landslide, which is possibly the case in
the north of the Hell Bourg landslide. Indeed, the resistivity contrasts within this landslide can be related to the
original structure of the sliding debris-avalanche deposit. Large debris-avalanche deposits are known to contain
megaclast-dominated portions interbedded with matrix-dominated portions and shear zones and slip surfaces
developed at isolated and irregular locations within the flowing mass (e.g., Dufresne et al., 2021; Glicken, 1991;
Roverato et al., 2015). In the resistivity profile of the Hell Bourg landslide, we interpret the high resistivity parts
as possible megaclast-dominated portions and low resistivity as matrix-dominated portions. Fluid circulation at
the interphase between these two facies, as assumed for the northern part of this landslide, could have created a
slip surface and promoted a superficial landslide in this area.

5.1.2. Climate Conditions and Fluid Circulation

The maximum displacements are measured during the wet season, especially after intense rainfall. Belle
etal. (2014) showed that the accelerations of the Hell Bourg and Grand Ilet landslides are controlled by variations
in groundwater levels. Rapid and slow variations in the level of the water table due to infiltration through open
fractures and in porous media explain the dynamics of landslide displacements in response to cyclonic rainstorms
(Belle et al., 2014; Iverson, 2000).
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The saturation of the terrain during Cyclone Hyacinthe reached the maximum described in the last 50 years due
to exceptional precipitation amounts (Rault et al., 2022). Ponds were filled or overflowed, and many streams
appeared on the flets (Advenier & Stieltjes, 1990; Humbert et al., 1981). The pore pressure at the head of steep
slopes was extremely high, exceeding the equilibrium threshold and thus leading the borders of the ilet to collapse,
generating DF. The role of closed depressions as preferential zones of infiltration in maintaining high pore pres-
sure and thus favoring landslide activity has been assumed but not yet fully proven (Advenier & Stieltjes, 1990).
This has been suggested in particular for the landslides triggered during Cyclone Hyacinthe, as many filled,
closed depressions were observed 100 m above the location of landslide heads (Pinchinot, 1984).

Moreover, ground fluid circulation may induce internal erosion processes such as suffosion (i.e., change in the
porosity and mechanical properties of the terrain caused by the migration of fine particles within the epiclastic
material due to water infiltration) that could be at least partially responsible for slope deformation and failure
(Fannin & Moffat, 2006). Internal erosion is assumed to play a significant role in the formation of déboulés
(Pinchinot, 1984). In 1991, small pipes with diameters of 1-5 cm were visible in the source area of a debris-
flow formed during heavy rainfalls in the entrance of Salazie, in non-cohesive epiclastic deposits. These pipes
are typical of internal erosion processes involved in gully formation and embankment collapses (Kirkby &
Bracken, 2009). Internal erosion processes are also known to be involved in the formation of lavakas, as described
by Riquier (1954) in Madagascar, that is, gullies formed in poorly cohesive material that show morphological
similarities to the Ravine de 1’Eglise.

On a larger time scale, hydrothermal and groundwater circulation also contributes to the instability of the terrain,
reducing its strength by weathering (Moon et al., 2005; Shuzui, 2001; Swanson & Swanston, 1977). This process
is supposed to occur at the base of the Grand Ilet and Hell Bourg landslides. Groundwater and hydrothermal
circulation are identified at Grand Ilet and Hell Bourg (Belle, 2014; Bénard et al., 2020). There, water circulation
along clay layers, resulting from the alteration of epiclastic material, reduces strength and leads to the forming of
a “soap layer” (Arnaud, 2005; Belle, 2014).

All three cirques of Reunion Island are characterized by thick sequences of epiclastic deposit and have an irreg-
ular topography with steep slopes along the river valleys and cliffs. However, landslide activity in the cirques
of Cilaos and Mafate is much lower than observed in Salazie (Humbert et al., 1981). There is little evidence
of deformation in the inhabited areas, and the geodetic markers emplaced on the #lets do not record significant
displacements (Mazué et al., 2013). In Mafate and Cilaos, the annual climate is drier than in Salazie. For example,
between 1981 and 2010, there was an average of 42 and 91 days of precipitation in Mafate and Cilaos, respec-
tively, which represented an average annual precipitation of 579 and 1,852 mm. During the same period, the
Cirque de Salazie recorded an average of 137 rainy days per year and an average annual precipitation of 2,519 mm
(cf. http://www.meteofrance.re). These drier climatic conditions are conducive neither to the formation of peren-
nial water tables nor to the maintenance of large-scale landslide activity controlled by groundwater (Belle, 2014).

5.2. Successive Generations of Landslide Process: Toward a Conceptualization of the Dynamics of
Volcano Edifice Dismantling

The most recent landslides in the Cirque de Salazie are the result of successive generations of slope movement.
They remobilized epiclastic deposits derived from ancient large-scale flank failures of PN, some of which have
already been reworked by historical landslides or are still active (Haurie, 1987). With each generation of land-
slides, the material is subject to various deformation processes and is therefore marked by a specific internal
organization. To a lesser or greater degree, the next generation of landslides, which remobilize the former collapse
deposits, inherits this organization and can itself be remobilized by younger landslides (Devoli et al., 2009).

Similarities can be observed between the original volcanic debris-avalanches deposits and the subsequent land-
slides that remobilize them (Arnaud, 2005; Bernard et al., 2009; Thompson et al., 2010). In Salazie, these simi-
larities concern the internal and surficial morphological features of large compound landslides as well as the
direction of their displacement (Oehler et al., 2004; Perinotto, 2014; this study). Internal and external factors
might have caused the reactivation of these deposits, such as changes in fluid circulation within the deposits,
downcutting incisions or even regional earthquakes (Bernard et al., 2009).

Recent landslides are also commonly observed in areas where older, now inactive landslides are identified (Samia
et al., 2017). This is the case, for example, on ilets where we observe successive stable plateaus with arc-shaped
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morphologies and a smaller active plateau in the lower part. Active compound landslides form complex moving
terrains, where a variety of landslide and erosion processes interact to produce self-maintaining activity. Erosion
processes and sudden landslides are often concentrated along steep slopes of the host landslide's toe and scarps,
where non-cohesive epiclastic material crops out. This unstable material might be pushed downslope and sheared
due to the ongoing displacement of the landslide, thus triggering secondary landslides (Cronin, 1992; Migoni
et al., 2010; Swanson & Swanston, 1977). By removing considerable mass at the landslide toe downstream, these
secondary landslides may reduce the stability of the host landslide and maintain its sensitivity to groundwater
level fluctuation (Ferrari et al., 2011) and therefore its unstable regime.

5.3. Rainfall-Triggered Landslides and Volcano Dismantling

Landslides through space and time in the Cirque de Salazie illustrate the impact such events in volcano disman-
tling, a role that has been accentuated by the tropical climate in the case of Reunion Island (Gayer et al., 2019) or
for example, Guadeloupe (Allemand et al., 2014) and Hawaii Island (Ferrier et al., 2013).

The erosion rate from landslide activity can be calculated by assuming a characteristic triggering event for the
region that is repeated at regular intervals with the same total volume of landslides. Therefore, the average annual
erosion rate can be estimated by determining the cumulative volume of material removed by landslides over a
known area by this event and dividing this by the return period of the event (Malamud et al., 2004).

The Riviere du Mat is considered to be a torrential river with a wide grain-size range. Stollsteiner et al. (2008)
evaluated its annual sediment transport capacity. To do so, they measured transversal profiles of the river to
assess its grain-size range and morphological characteristics. They then used these characteristics to calculate the
maximum annual transport capacity using a bed load equation (Sogreah-Lefort, Lefort, 1994) applied to flood
hydrographs. The river discharge was measured from 2000 to 2007. The discharge before 2000 was estimated
using a relationship between rainfall and river discharge. They obtained a good consistency between the trans-
port capacity they had calculated and the volume of sediments they had estimated from DSM comparison. They
showed that the annual sediment transport capacity of the Riviere du Mt averages 130,000 m? upstream and
1.2 X 10° to 1.6 x 10° m*® downstream. The latter is therefore high; it can be even higher, reaching 1.5 x 10° m?
upstream to 1.8 X 10® m?® downstream during exceptional cyclonic rainstorms (Stollsteiner et al., 2008).

Considering that Cyclone Hyacinthe, which produced 10 days of heavy rainfall, has a return period of 100 years
(Pinchinot, 1984), we infer that centennial events should produce an approximately equivalent volume of land-
slides (V= 15.2 + 0.44 x 10® m?). Scaled to the surface studied (121 km?) and assuming in addition that all this
volume will progressively be exported out of the cirque by the Riviere du Mat over a century (which seems a
reasonable assumption considering the river's measured high transport capacity), the upper bound of the erosion
rate due to landslides at Salazie is 1.13 + 0.2 mm yr~'.

This rate represents almost 20% of the long-term erosion rates of the Cirque de Salazie estimated by Gayer
et al. (2019) for over 72 ka (7.4 mm yr~!). Furthermore, our estimated erosion rate is also 5-10 times higher
than the erosion rate produced by shallow landslides (2.7 X 1072 to 4 x 1072 mm yr~!) calculated by Ferrier
et al. (2013) in the Hanalei basin on the Hawaiian island of Kaua'i over a short period (<10 years) without any
extreme events. Events occurring during the period over which erosion rate are calculated seem to influence
the final estimate. The longer the period considered in the long-term erosion calculation is, the more likely
extreme and rare events and their associated high erosion rates are integrated. Exceptional collapses (with return
periods greater than 100-years), such as Grand Sable (18 x 10° m3, 1875) or Mahavel (50 x 10® m?, 1965)
(Merle et al., 2008), also contribute to the island's long-term erosion (Garcin et al., 2005; Gayer et al., 2019;
Kieffer, 1989). The return period of such events, and therefore their contribution to erosion, is difficult to assess
due to their low frequency. Using our geomorphological approach, we are able to provide an initial assessment
in quantifying the impact of landslides caused by a 100-year rainfall event on volcanic edifice degradation in
the Cirque de Salazie. However, more complete inventories (e.g., longer time-scale and higher space scale [all
Reunion Island]) would be required to better quantify the volume-frequency relation of the landslides and relate
it to the dynamic of long-term erosion.
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Table 3
Contribution of Innovative Methods Used in This Study for Hazard and Risk Analysis

Relevance of the data for

Method Most revealing information Associated landslide ~ Landslide process analysis ~ Landslide hazard analysis ~ Early warning
AEM Type and depth of materials Large landslides AFF aF =
Slip surface of landslides ++ + —
Internal structure (3D, volume involved) L _ _
SFM-MVS  Morphology Rapid landslides S S =
Landslide shape Ak Atk 4+
Historical information (frequency of landslide) ++ ++ Ak
Lidar Dynamic of landslides All landslides + ++ S
DEMs Morphology ++ ++ —

Note. Relevance level: ++ high, + medium, and — low.

5.4. Landslides and Hazard Assessment

Salazie illustrates the diversity of landslide processes that can occur in a volcanic environment dominated by
epiclastic material. In this inhabited area, particular attention is given to landslide hazard and risk analyses, since
such phenomena could cause high casualties and significant economic losses, as has occurred in the past (Cance
& Rey, 2018).

Large flows can generate sudden significant regression of iler borders or rock cliffs, cover large distances and
potentially dam rivers. Occasionally, large RA like the one in Grand Sable occur in volcanic rocks, as observed
in Hawaii (Jones et al., 1984) or the Philippines (Evans et al., 2007). Rapid and shallow landslides are frequent in
volcaniclastic material, as observed on the Hawaiian, Azores, Vulcano and Ishia islands (e.g., Crosta et al., 2005;
Deb & El-Kadi, 2009; Di Martire et al., 2012; Ferrucci et al., 2005; Valaddo et al., 2002). Under very intense
rainfall, deboulé, as observed in Grand Ilet, can induce the sudden formation of long, large gullies cutting into
plateaus. These rapid processes have potentially catastrophic consequences, especially for inhabited areas, conse-
quences that can be amplified by the sudden rupture of river dams. Moreover, the frequency of these processes
may increase in response to a higher frequency of extreme rainstorms associated with climate change.

Large slow-moving landslides (compound and RtSs), which make up a significant proportion of the inhabited
area, may accelerate rapidly, move over unusually large distances or fail suddenly due to changes in stress condi-
tions, in addition to their regular movement (Lacroix et al., 2020). Such behavior may cause serious damage to
infrastructure networks and housing, as observed in Salazie but also in other volcanic areas, such as the Western
Carpathian (Prokesova et al., 2010), the Cascade Range (Swanson & Swanston, 1977) and the Hawaiian Islands
(Baum & Reid, 1992).

At longer time scales, observations and discussions in this study support the idea that epiclastic deposits that
currently appear stable might be remobilized in response to specific geological and climatic conditions. Change
in climatic conditions at the scale of Reunion Island, might induce hydrological changes and cause activation of
currently stable terrain. Further analyses and simulations are required to better understand the dynamics of the
stabilization and reactivation of these deposits to provide input to discussions on hazards related to these loose
epiclastic deposits.

This multidisciplinary study provides valuable insights into the geological, structural, hydrogeological and
climatic parameters involved in landslide phenomena, along with a detailed description of the various typologies
of landslides encountered in Salazie. This information is essential for landslide hazard assessments and risk miti-
gation (Corominas et al., 2014; Van Westen et al., 2008). This work also provides some additional information
on the contribution of the different methods that can be used for developing a landslide risk analysis framework
(advantages, disadvantages, costs, scale of work, and applications) (Table 3). From the methods used in this
study, the innovations listed below can easily be replicated in other volcanic or non-volcanic environments to
identify relevant information on landslide processes and areas prone to landslides:
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1. AEM combined with geomorphological and geological observations allowed us to delineate three large land-
slides and define their internal structure. This method has also been successfully used on the volcanic island of
Martinique (Thiery et al., 2017, 2021) and thus seems suitable for deep imaging of complex volcanic environ-
ments and identifying landslide-prone material. This information can then be used, for example, to elaborate
landslide scenarios with deterministic models (Thiery et al., 2017, 2021).

2. SFM-MVS applied on historical aerial photographs allowed the production of pre- and post-cyclone event
images and DEM of irregular and steep topography. Using these data, we delineated rain-triggered landslides
and quantified their volume. This method is promising and provides essential information for landslide hazard
mitigation mapping (Gomez et al., 2015; Riquelme et al., 2019; Rault et al., 2020, 2022). For example, it has
provided quantitative information on a 100-year rainfall event in this study.

3. The comparison of high-resolution lidar DEMs provided integrated information on morphological changes
due to fast and slow landslides (Booth et al., 2018; James et al., 2012). It also provides information on the
spatial dynamics of landslides.

6. Conclusions

The rapid erosion of volcanic edifices and the formation of deeply incised valleys are often attributed to massive
collapses of the volcanic flanks. However, other smaller but more frequent slope failures also contribute to the
degradation of edifices. The Cirque de Salazie is an example of a young funnel-shaped valley resulting from
successive failures of the flanks of the volcanic edifice. Mass movements still participate actively in the cirque's
morphological evolution and directly threaten the local population.

In this study, we combined 50 years of knowledge of Salazie's landslides with field observations and new techni-
cal approaches to characterize landslide activity and processes at the scale of the cirque.

We showed that at least 19% of the cirque area is affected by landslides, more than 57% of which have recently
been active. Most of landslides remobilized epiclastic deposits coming from previous volcano flank collapses.

Landslide processes in Salazie are remarkable due to their size and mechanisms. These particularities are mainly
explained by the interplay of the multiphase history of the materials involved and the tropical climate charac-
terized by high annual rainfall and intense rainstorms. It was necessary to define a typology adapted to this
environment and to provide a detailed description of the landslides to better understand their origin, processes
and role in the erosion of the volcanic edifice. Taking into account criteria characterizing the material, the hydro-
dynamic context of failure, the geometry, the displacement rate and run-out, we defined and characterized eight
types of landslides occurring in this volcanic environment. Among them, three compound landslides represent
some of the largest inhabited slow-moving landslides identified worldwide. These three landslides have their own
complex structure and dynamics, which are linked to the history of the remobilized epiclastic material, together
with the complex hydrogeological network and the secondary landslides and erosion processes.

Our results also suggest that landslides triggered by a 100-year cyclone rainstorm prepare a high volume of mate-
rial to be evacuated out of the cirque over a century. This volume could contribute to almost 20% of the long-term
erosion rate of the volcanic edifice. Erosion by landslides in the Cirque de Salazie is particularly intense due to the
combination of favorable climatic, orographic and geologic conditions, but is also boosted by the self-reinforcing
activity of erosion and landslide processes. These conditions are rarely fulfilled even at the scale of the island,
thus making Salazie an area that is exceptionally prone to landslides.

The study of Salazie's landslides offers quantifiable elements for understanding the sliding mechanisms in the
dismantling of volcanic edifice over large timescales. Through their activity, density and diversity, the landslides
of this open-air laboratory provide key information for landslide hazard assessment in volcanic and non-volcanic
regions. This study also offers new insights for research on the role of landslides in the dissection of volcanic
edifices.
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