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Abstract: The glacial and torrential basin of Taconnaz (Mont-Blanc massif, France) dominates the
Chamonix valley. It is one of the major paths for snow avalanches in the Alps, often triggered by
serac falls from the Taconnaz glacier. On 24 November 2018, the basin’s multi-risk nature was further
accentuated by a new type of hazard with a rockfall triggered at c. 2700 m a.s.l. It travelled down over
a distance of 1.85 km and stopped 165 m away from the construction site of a micro-hydroelectric
power station. We studied the triggering conditions at the permafrost lower limit, the effects of
the supra-glacial path on the flow patterns, and the fate of the scar and the deposit on torrential
activity. By comparing a pre-event Structure from Motion model with a post-event LiDAR model,
we estimated the volume of the scar to be 42,900 m3 (±5%). A numerical model was employed to
simulate the rapid runout. It revealed the complexity of the flow, attributed to the sequestration
of a part of the deposit in crevasses, the incorporation of a significant volume of ice resulting in
a transition from a dry granular flow to a mud-like flow, and the presence of numerous deposit
zones. Subsequent monitoring of the area after the event allowed for the documentation of the
scar’s evolution, including a landslide, as well as the progressive degradation and evacuation of the
deposit by the torrent without producing debris flow. The study of the triggering factors indicated
glacial retreat as the probable main cause, assisted by the melting of ice lenses left by the permafrost
disappearance. Finally, we present replicable methods for managing risks at the site following the
event. This event improves the understanding of cascading processes that increasingly impact Alpine
areas in the context of climate change.

Keywords: rockfall; glacier; permafrost; torrent; natural hazard; Mont-Blanc massif; numerical models

1. Introduction

The study of rockfalls in Alpine regions is crucial for understanding landscape evolu-
tion and assessing a significant natural hazard. The incidence of rockfalls is on the rise in
many high mountain areas [1,2], including the European Alps [3]. This trend is observed
from high-elevation areas, such as cable cars and huts [4], to valley floors affected by
urbanisation and transportation [5]. With reliefs that considerably increase the potential for
erosion, the long, steep slopes of the high Alpine mountains can produce an acceleration
and amplification of morphogenic processes [6,7]. Due to the existence of a bioclimatic
gradient, these processes follow one another along the slope or even combine to affect
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not only the slopes but also sometimes the valley floors [8,9], often following torrential
channels. High mountain environments are thus characterised by an exacerbation of the
morphogenic system, which is further reinforced by global warming [10]. It is, therefore,
necessary to gain a better understanding of the processes that affect and shape high moun-
tain slopes. Made up of steep rock faces or superficial formations, covered or not with
mobile or immobile ice, the slope is multifaceted and changing. Its evolution with climate
change, often conditioned by numerous other factors (e.g., topography, geological structure,
lithology), can result in the destabilisation of entire slopes [11,12]. This was the case recently
on Piz Cengalo (3369 m a.s.l., Bernina massif, Switzerland). The mountain has been prone
to rockfalls (here defined as the detachment of a mass of rock with a volume >100 m3 from a
steep rock wall, along a series of discontinuities and its transportation downslope a variable
distance) and rock avalanches (>0.1 M m3) on several occasions, as in December 2011 when
around 1.5 × 106 m3 of rock detached [13]. Other smaller rockfalls occurred in 2012, 2016
and on 21 August 2017. Two days later, a rock avalanche with an estimated volume of
3.1 × 106 m3 occurred, generating a series of large mudflows along the Bundäsca torrent
that reached the village of Bondo [5], which was fortunately partially evacuated thanks to
a warning system installed after the 2011 event. Eight climbers and hikers lost their lives.
It is, therefore, important to better understand the evolution of high mountain slopes in
order to better anticipate the direct and indirect risks associated with the processes that
affect them.

In order to enhance our understanding and management of these emerging risks, it is
essential not only to conduct statistical analyses of rockfall datasets [14,15] but also to closely
examine individual events [16,17]. This approach allows us to identify triggering conditions,
especially the roles of permafrost degradation and glacial retreat—both consequences of
the current global warming, which is particularly accelerated in mountainous regions.
Furthermore, these events offer insights into runout dynamics [12], notably the effects
of supra-glacial pathways on flow patterns [18]. Lastly, comprehending the post-event
evolution of scars [19] and documenting changes in deposits and induced impacts on
torrential activity are crucial [20]. Surprisingly, these aspects have received relatively little
research attention to date.

The Taconnaz glacier and valley in the Mont-Blanc massif (MBM, western European
Alps) is a major risk site in the Alps with numerous large-scale snow avalanches over
the last century [21,22], often triggered by falling seracs from a large cold-based hanging
glacier [23] whose stability with global warming is a cause for concern [24]. A new, multi-
risk perspective emerged with the event of 24 November 2018, when a rockfall from the
2859 m a.s.l. Taconnaz spur triggered a mixed rock/ice avalanche that travelled down
1.85 km before stopping 165 m away from the construction site of a micro-hydroelectric
power station.

Approaching 5 × 104 m3, the event is one of the largest in MBM in recent decades,
along with the collapse of Brenva spur on 18 January 1997 (2 × 106 m3) [18], Drus on
29–30 June 2005 (0.3 × 106 m3) [25], Aiguille de Tré-la-Tête on 10–11 September 2008
(5 × 104 m3) [26], Tournier spur on the north face of Aiguille du Midi on 29 September
2017 (4 × 104 m3), and the Trident du Tacul on 4 October 2018 (4 × 104 m3). The last three
events were observed and documented by a network of rockfall observers in the MBM [27].
A few kilometres to the south of the MBM, the collapse of the north face of Mont Crammont
on 24 December 2008 (0.5 × 106 m3) [28] originated at 2653 m a.s.l., i.e., considerably lower
than all those mentioned directly above. The little rock avalanche crossed a plateau between
2050 and 2150 m a.s.l., where it deposited the bulk of the rock mass, and a small part of the
mass continued downstream, forming two branches channelled by the torrents of Arpettaz
and Planey. Vertical and horizontal travel distances were 1560 and 3050 m [28].

At a time when the relationship between climate change and geomorphological pro-
cesses at high elevations is becoming increasingly important (Section 2), this study looks at
the conditions that triggered the little rock/ice avalanche at Taconnaz basin (Section 3)—
significant in terms of volume for the north-western side of the MBM, its extent and its
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proximity to issues—which occurred in November 2018 (Section 4), by analysing the trigger-
ing conditions and questioning a possible periglacial and/or paraglacial origin (Section 5).
It also looks at the rock/ice avalanche runout using a numerical flow model based on
depth-averaged equations and a Voellmy rheology with cohesion, the evolution of the scar
and the rock/ice deposit obliterated by several snow avalanches, the dismantling of the
deposit and the return of the volume to the Taconnaz torrent (Section 5), as well as the
monitoring system put in place for the operational management of the risk (Section 6).

2. Morphodynamics of the High Alpine Mountains
2.1. Glacial Retreat and Associated Glaciological and Geomorphological Processes

Glaciers currently cover around 2000 km2 in the Alps [29], compared with 4474 km2

in 1850 [30]. This considerable loss of surface area since the end of the Little Ice Age (LIA)
also affects French glaciers: they occupied 544 km2 in the Écrins, Vanoise and Mont-Blanc
massifs, compared with 264 km2 in 2006/09, i.e., a loss of 51% [31]. Between 1900 and
2011, Alpine glaciers lost 45% of their surface area and around 50% of their volume [32].
We are witnessing a “historically unprecedented global glacier decline in the early 21st
century” [33] worldwide and in the Alps in particular. This acceleration in glacier retreat is
the result of a now very negative glacier mass balance in the French Alps [34] and in the
Alps as a whole [30].

Glacial retreat can be accompanied by disturbances in the flow, stability, thermal
regime, and drainage of glaciers and can modify the conditions of the slopes surrounding
them [35]. When the front of glaciers with a temperate base (i.e., with a temperature close
to the melting point) dominates a slope break following its retreat, serac avalanches are
released [36,37]. The fronts of cold-based glaciers, on the other hand, are stuck to the
bedrock due to the presence of permafrost at high altitudes. Ice avalanches from cold-based
glaciers are the result of a mechanical break caused by an accumulation far greater than
the ablation [23,38]. The current rise in air temperature is causing the temperature of these
glaciers to rise. For example, it rose by 1.5 ◦C at a depth of 60 m (the névé/ice boundary)
on the Col du Dôme (4245 m a.s.l.) in the MBM between 1994 and 2010 [39]. While the
temperature of the ice beneath the hanging front of the Taconnaz glacier (3415 m a.s.l.) was
still between −4 and −3 ◦C from a depth of 40 to 80 m in 2012, the stability of this warming
glacier is under threat over the next few decades [24]. The changes in topography, thermal
regime and glacial drainage associated with glacial retreat can create intra-glacial pockets
of water and pro-, juxta- or supra-glacial lakes that can possibly drain rapidly [40,41].

Finally, the loss of glacier thickness is part of the paraglacial dynamic that has been
underway since the end of the LIA and which has accelerated since the 1990s. The reduction
or even disappearance of the mechanical support provided by the ice to a rockface or
moraine, combined with changes in their thermal regime, can lead to their destabilisation
at highly variable timescales, resulting in deformations, collapses or landslides [35]. For
example, the 166 m post-LIA lowering in the surface of the Pilatte glacier (Écrins massif)
and its acceleration since the 2000s have destabilised a volume of 400,000 m3 in the rocky
ridge on which the refuge is built, which has gradually cracked since 1985 [42]. As for
moraines destabilised by glacial retreat, there are many examples of this in the MBM (e.g.,
Bionnassay, Tacul, Mer de Glace, Miage, Brenva) and elsewhere in the Alps, sometimes with
recurrent episodes of remarkable dimensions (several thousand of m3), as on the Belvedere
glacier [35], or combined with the permafrost degradation, as on the Tortin glacier in
Valais Alps [43].

2.2. Permafrost Degradation and Slope Morphodynamics

Permafrost—i.e., ground with a temperature below 0 ◦C during at least two consecu-
tive years that likely contains ice—and its warming [44,45] increase slope failures in steep
rock walls [46] as already observed over recent decades in the European Alps [1,3,14]. Due
to the steep slopes and the possibility of cascading processes, the consequences of slope
instability can be far-reaching with devastating consequences, as illustrated recently at Piz
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Cengalo (see above). On 11 June 2023, a rock detachment of 1 M m3 affected the South Peak
of the Fluchthorn (Silvretta massif, Austria), rising from 3399 to 3380 m a.s.l. (data Land
Tyrol). It rapidly turned into a rock avalanche, which swept down and planed the remains
of the small Fluchthornferner glacier. It then carried away the water from a proglacial lake
which had recently developed over a length of 250 m. Torrential floods then took over. In
all, the cascading processes covered a total distance of >2.8 km, with no casualties. The
development of numerous lakes in the Alps with the glacier retreat [47] heightens the risks
associated with rock slope movements for the valleys [48,49].

Permafrost degradation/warming indeed affects the mechanical behaviour of the
naturally fractured bedrock [35]. Rock temperature change and water percolation in cold
fractured rock alter hydraulic permeability, mechanical strength, and stress fields [50–52].
The conduction of heat from the surface leads to a deepening of the active layer—the
layer that thaws each warm season—triggering small-scale collapses. Beyond this active
layer, however, the permafrost s.s. warms with the heat input over years/decades and can
trigger larger-scale destabilisations faster when multilateral warming [53], even outside
the summer season. Water flowing into permafrost can warm fractures at depth [54]. The
mechanical strength of bedrock permafrost and the subsurface stress field change with
temperature and hydraulic conditions, reducing the friction at a potential failure plane via
effective stress or increasing gravitational down-slope forces [35,55].

The response of mountain permafrost to climate has also been recently addressed
through the study of the mechanical processes that govern the dynamics of ice-rich debris
accumulations on mountain slopes, such as rock glaciers [56]. Indeed, long-term obser-
vation of surface displacement of rock glaciers displays a spatially consistent speed-up
since the 1990s [57], with an inter-annual variability of permafrost creeping rates mainly
controlled by the thermal state of the ground. However, intra-annual fluctuations of ve-
locities are also measured and point to probable additional, yet crucial, effects played by
the seasonal inflow of liquid water [58]. Geomorphological consequences of these extreme
changes in rheological behaviour are also reported, with destabilising rock glaciers [59].

2.3. Morphodynamic Adjustments of Proglacial Torrential Systems

Melting glaciers and permafrost degradation raise many questions about the release
of volumes of sediment that could abundantly supply torrential systems, increasing their
activity and the resulting risks.

A number of studies have raised fears of an increase in torrentiality linked to an
increase in the supply of sediment from deglaciated areas [60–66]. They are supported
by several literature reviews that report on crises in torrential activity following glacial
retreats [67]. The glacial retreat phase, in particular, is described as a period when mor-
phogenic activity is at its peak. Church and Ryder [68] proposed models for the export
of materials from deglaciated areas, which show an increase in sediment supply just at
the time of deglaciation. Chiarle et al. [49] show a trend towards an increase in floods and
debris flows in glaciated basins, with the most significant events associated with periods
of sustained rainfall and the destabilisation of moraine structures. Other work introduces
sudden events, such as glacial lake outburst floods [67,69] and the possible and punctual
recovery of detrital stocks by fluvial processes (sediment materials eroded) during the
paraglacial sequence [70,71].

Connectivity with the slopes and the capacity for sediment transit (constitution and/or
remobilisation of sediment stocks) are central to the question of the effects of climate change
on torrential systems. Research has shown that these hydrosystems are, in fact, highly
fragmented due to the efficiency of paraglacial storage processes. Detrital stocks are only
very partially coupled to torrential channels. Knight and Harrison [67] show that the
majority of sediments released from ice are stored in situ in de-iced areas. Proglacial lakes
are extremely effective sediment traps. Paraglacial models of material export clearly show
the transition to a new state of dynamic equilibrium. The changes are transition phases from
a significant state of abundant sediment supply with spatially extensive fluvial processes
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(braiding, wide active band, etc.) to a state of equilibrium with a definite sediment deficit
and a channel encased in glacial and fluvio-glacial fill. Extreme events occasionally disrupt
the transition, but the trend remains the same.

On the proglacial torrents on the Chamonix side of the MBM, Berthet [72] describes
the sharp decline in torrent activity over the last 150 years and the consequent reduction
in the potential of the torrent system to remobilise sediment sources. This does not rule
out extreme phenomena that may occur (the 1920 and 1996 floods from the Mer de Glace),
but which are very infrequent and have very local consequences. Glacial retreat does not
imply an increase in sediment supply but, on the contrary, a decrease in input due to the
inefficiency of sedimentary coupling.

3. Taconnaz, a Rather Small Glacial Basin Marked by Very High Relief Energy

The glacial and torrential basin of Taconnaz (MBM, Western European Alps, France;
Figure 1) spreads on the north side of Mont Blanc (4808 m a.s.l.) from the summit of
Dôme du Goûter (4304 m) to the bottom of Chamonix valley (990 m), on the left bank
of the Arve torrent, over an altitude difference of 3300 m, a distance of 7 km (average
slope angle: 28◦), and a surface area of c. 7.1 km2. The maximum width of the basin is
only 1.6 km in its upper section and 1.4 km in its middle section. The Taconnaz basin is
located between the communes of Chamonix and Les Houches. The MBM is essentially
made up of intrusive granite in a Hercynian metamorphic series [73]. The Taconnaz
area is composed of a highly fractured gneiss, with more or less mica-schist or which is
migmatised, the foliation of which dips steeply towards the interior of the massif and more
or less parallel to its boundaries, i.e., towards the SE. They are cut into large NE-SW panels
by thicker or thinner bands of mylonite that dip roughly parallel to the SE. The 2859 m a.s.l.
Taconnaz spur is located 1 km SE of the subvertical brittle Angle fault [74], partly explaining
its intense fracturing. The study area is possibly permafrost-affected down to 2859 and
2642 m a.s.l. spurs according to permafrost distribution models [75,76].

The Taconnaz glacier system covers 3.7 km2 and develops over the upstream 4.1 km
(compared with ~5.2 km in the early 2000s) [77]. Upstream, the glacier is constrained to
the west by Aiguille du Goûter (3863 m), to the south by Dôme du Goûter and to the east
by a shallow, ice-covered interfluve separating the flows of the Taconnaz and Bossons
glaciers (Figure 1). With an average slope of around 30◦, the glacier’s current accumulation
zone is limited downstream by a 100 m-high steep rock wall, which almost divides the
glacier into two parts from around 3250 m a.s.l., with a slope glacier upstream and a steep
valley glacier downstream, wedged between Montagne de la Côte–Mont Corbeau (2334
m) to the east and Montagne de Taconnaz–Gros Béchar (3562 m) to the west. At this break
in the slope, four-fifths of the width of the glacier produces a long hanging front, which
continues even to the NE with a small hanging glacier over a length of 400 m. Finally, the
accumulation zone is only directly connected to the lower part by a 175 m-wide serac fall.
This situation nearly makes the downstream tongue a regenerated glacier, as it is essentially
fed by the 1 km-long hanging front. The front of the valley glacier is located at an altitude
of 1950 m a.s.l. (compared with 1520 m in the early 2000s) [77]. Since the last small glacier
advance in the 1970s and 1980s, the glacier has lost ~1.0 km in length (average annual loss >
30 m); the front has risen by ~460 m in altitude. To the east of the basin, two glacier tongues
from the Bossons glacier enter the Taconnaz basin. At the beginning of the 2000s, they were
still almost confluent immediately downstream of the 2642 m spur. The upper tongue is a
500 m-long diffluence (2019) of the western vein of the Glacier des Bossons; it still joined
the Taconnaz tongue in the early 2000s immediately downstream of the 2859 m spur. This
same vein recently fed a small front (18,400 m2 in the early 2000s compared with 7400 m2

in 2019) on the same spur. The lower tongue comes from the Bossons glacier itself in the
form of a 450 m-long diffluence (2019). Downstream of the various glacier fronts, the slope
is still steep (~35◦), with benches. 500 m lower than the current front of the valley glacier,
an imposing right lateral moraine channels the flow of the torrent against the left bank for
450 m down to the water intake of a micro-hydroelectric power station in operation since
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2019. The torrent then takes on a braided form for 650 m (~13◦) before leading to a very
imposing avalanche defence system. Mougin [78], in his book on the torrents of Savoie,
states that “since it first existed, the Taconnaz torrent has always caused damage to the
land along its banks”, as in 1822, 1825, 1853, 1868, and 1892.
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During the last century, more than 70 snow avalanches were recorded on the Taconnaz
path [21], including several large, dense, and mixed avalanches on many occasions reaching
the inhabited areas [22]. The vastness of the starting zones (Figure 1), oriented NW-N-NE
leeward of the dominant winds, represents a privileged snow deposition area and is the
chief characteristic of the path. The avalanche defence system, which extends over a length
of 800 m and a surface area of 0.3 km2, is possibly the largest in the world. One has existed
for many decades to protect the village downstream. In 1991, the site was equipped with a
major defence system featuring reinforced concrete teeth, braking piles and dykes able to
stop ~600,000 m3 of snow and ice. Following an overflow during the avalanche crisis that
affected the whole of the Alps in February 1999, this system was resized for a hundred-year
event (~2 M m3). The whole area constitutes one of the major snow avalanche paths in
the Alps [22]. These avalanches are often triggered by serac falls from the hanging zone
of the Taconnaz glacier [23,79]. For the past 15 years, this hanging glacier has been the
subject of particular attention due to its topographic and glaciological configuration, which
is dangerous for the valley [24,80].

The Taconnaz basin is long, narrow, very steep, and largely glaciarised. It is the largest
avalanche couloir in Europe and as such an important object for research [22,81–83]. The
Taconnaz basin is the only glaciated basin on the French side of the MBM that can produce
snow and/or ice avalanches that regularly reach the valley floor.

4. The Collapse of 24 November 2018
4.1. The Failure and Deposition Zones

People living in the village of Taconnaz were woken up on 24 November 2018 at
around 4:30 local time by a loud noise coming from the slope above. In the morning, a long
grey-brown trail marking the passage of a small rock/ice avalanche was visible between
the “2859 m spur” on the right bank of the Taconnaz glacier, now showing a large scar,
and the bottom of the valley where the torrent from the glacier flows. Boulder falls and
rockfalls had already been observed the previous day (e.g., S. Moatti reports two rockfalls
on the glacier, stopped before the glacier front).

The 2859 m spur, located 800 m to the west of the Grands Mulets hut (3057 m), has
west- to north-facing slopes. The affected area, which had an average slope angle of 50–55◦

before the collapse, faces NNW. The rockfall affected the entire sector between 2610 and
2760 m a.s.l., i.e., an altitude difference of 150 m between the upstream edge of the wall
(~35◦) and the Taconnaz glacier downstream (Figure 2). The volume mobilised consists
exclusively of the gneiss found at the south-western edge of the MBM. The base of the scar
is around 95 mm wide. This width decreases upstream. The collapse has excavated the rock
wall, making the lower two-thirds of the scar less steep than the original slope, while the
upper third has steepened significantly. The average slope angle of the scar is around 65◦.
The western part of the scar forms a protuberant volume whose rock is highly fractured.

Between the edge of the affected wall and the front of the deposit, the rock/ice
avalanche travelled down 1.95 km, between 2760 and 1520 m a.s.l. From the top of the scar
to the front of the deposit (∆h = 1240 m; mean slope: ~34◦). The H/L ratio, defined as the
ratio between the drop height, H, to the spreading length, L, which can be considered as
the apparent coefficient of internal friction [84–86], is 0.67, a value that corresponds to a
volume > 0.1 × 106 m3. This indicates that the phenomenon is ‘over-mobile’ [87].

Falling onto the right lateral margin of the Taconnaz glacier, a small part of the rock
mass stopped at the foot of the slope while the major part of it crossed the entire right side
of the glacier’s terminal tongue over a distance of 800 m, between 2610 and 2100 m a.s.l.
A first sheet of supraglacial rock debris was deposited immediately at the foot of the scar
(1 on Figure 3) in addition to the scree slope composed of large boulders formed at the foot
of the western part of the scar (i.e., at the bottom right of the scar on Figure 2). A second
sheet was deposited on the flat part of the glacier with few crevasses at around 2260 m (2).
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Figure 3. Path (top left: view from the Aiguilles Rouges massif; ph. C. Taillard) of the event between
the scar and the front of the deposit. The deposit left in the runout zone by the dense flow is made
of boulders of different sizes and shapes, with the presence of some ice blocks (inset) embedded
in a cohesive matrix of fine particles. Photographs make clear the presence of an aerosol made of
dust particles in suspension in the air during the flow propagation. Main images acquired by drone.
Numbers: see text.

From the eastern part of the glacier front (located further upstream than the western
part; 3), the rock/ice avalanche travelled down 430 m along the proglacial margin, made up
of inclined rock slabs (30–35◦; 4), towards the gorge drained by the Taconnaz torrent before
the latter completely channelled the flow 240 m further on (5). In this steep section of the
gorge, rock material of various grain sizes was deposited in relatively small quantities. On
both sides of the gorge, erosion/slip marks indicated the height of the main flow (Figure 3).
In addition, the aerosol of rock particles that accompanied the rock/ice avalanche deposited
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dust on the surface of the snow that had fallen a few hours earlier, in some places over a
width of more than 400 m (5 and 6).

The deposit becomes voluminous from an altitude of 1670 m when the slope angle
of the gorge becomes much lower (7). It then develops over a length of 340 m, including
around 80 m in the gorge. Downstream of the gorge, over a length of 260 m, the mass was
deposited regularly in the bed of the torrent (8) at this very straight and constrained point
between the slope and the right lateral moraine of the Taconnaz glacier.

The front of the deposit (Figure 3), which is steep and made up of large boulders
embedded in a fine matrix (diamicton), is up to 12 m high (mean: 6.5 m). The distal part
of the deposit is 36 m wide. Initially fairly constant, this width decreases towards the
upstream part of the deposit. There is a significant amount of ice in the deposit. At the
front, as well as on its very chaotic surface, there are many very heterometric ice blocks;
while some emerge from the deposit, most are embedded in the matrix (inset in Figure 3).
These ice blocks come from the erosion of the glacier’s surface as the rock mass passed
over it. This mobilised ice and, to a lesser extent, the incorporation of snow present on
the slope at the time of the collapse, most certainly favoured the flow of the rock mass
(“lubrication”) and therefore increased the distance travelled. The front of the deposit,
at the foot of which a few trees were pushed by the mixed flow, was located just 165 m
upstream of the construction site for a micro-hydroelectric power station.

4.2. Estimation of the Volumes Mobilised

Terrestrial LiDAR (Light Detection and Ranging) and photogrammetry are two methods
widely used in the study of rockfalls in high mountain areas [88–90] and elsewhere [91–95].
The volume of the collapse was reconstructed by comparing a point cloud acquired after the
event (16 September 2019) by terrestrial LiDAR (Optech ILRIS-3D-ER; 2754 points per m2)
from Gros Béchar (900 m NW of the scar; Figure 1) and a point cloud before the event
obtained by photogrammetry using 33 IGN (French National Institute for Geographic and
Forestry Information) RGB orthophotos of 2012 (1599 points per m2). This methodology
has been widely used over the last 10 years to reconstruct post-event collapses [5,25,96].

For this study, the methodology deployed by Duvillard et al. [42] was remobilised
in order to (1) generate a photogrammetric point cloud using aerial images from 2012,
(2) clean the point cloud acquired by terrestrial LiDAR in 2019, (3) align the two point-
clouds using the geometry of the cloud acquired by LiDAR, then (4) compare the two
clouds, and (5) mesh the collapsed volume (Figure 4). Meshing, mapping, and computing
rockfall volumes between 2012 and 2019 were carried out with 3DReshaper software (2016
MR1 version). The workflow described by Smith et al. [97] and applied by Guerin et al. [25]
was used to generate point clouds of the rockwall using orthophotos of 2012. All the points
were used for each meshing, and these were generated by a chordal deviation process with
a maximum length of triangle edge of 3.5 m so as to fill the existing holes in the point
clouds: the post-event cloud contains topographical masks, as it was acquired from a single
position [88]. The collapse volume is 42,900 ± 2200 m3. Uncertainty is mainly depending
on the different quality of the 3D mesh.

In order to quantify the volume of the main deposit and compare it with the volume
detached, a 3D model of the landslide deposit was created using photogrammetry with
437 photos taken by a DJI Phantom 4 drone on 5 December 2018. The model was geo-
referenced using 11 ground control points, whose coordinates were determined through
differential Global Navigation Satellite Systems. It was then compared to a 2008 LiDAR
digital terrain model (from INRAE), assuming that the Taconnaz stream bed had not
changed significantly between 2008 and 2018. The co-registration step involved aligning
the photogrammetric model with the LiDAR model in stable areas, and the volume was
then calculated only on the deposit. As the stable areas were not extensive enough, a level
of detection (LoD) could not be calculated directly, so we used a LoD of 20 cm. The deposit
volume was finally close to 30,000 m3 (Figure 5). The melting of the snow and ice included
in the deposit released a rockfall deposit whose volume was smaller than after the event
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due to the melting of the ice. Unfortunately, we were unable to acquire a new digital terrain
model at that time, which would have allowed us to accurately quantify the amount of
ice in the deposit. However, we estimated the height of the remaining deposit front to
be around 1.5 m. As the front of the deposit initially measured 6.5 m, the percentage of
ice could be close to 75%. This means that the rock volume of the deposit would be only
around 7500 m3.

Estimating that ~8000 m3 of rock were left at the foot of the scar, that 4000 to 5000 m3

could have sequestered in crevasses (~1.4 km of crevasses intersected by the rockfall based
on measurements on Spot6 2016 images), that the sheets of debris may possibly represent
up to 10,000 or 15,000 m3, and that the volume of the scar includes volumes that fell in 2019
(even if this is essentially a transfer of mass by slow sliding from the middle of the scar
towards the downstream part of it; see Section 4.4), this result does not seem abnormal.

4.3. A Remarkable Run Out

The rockfall gave rise to a complex gravity-driven mass flow that consisted of a mixture
of rock and ice, with a volume of ice that substantially increased from the scar to the runout
zone because of erosion processes at stake along the path on the Taconnaz glacier. The dense
flow travelled a relatively long distance, although the total volume included entrained
material that was below 43,000 m3. It formed a rather complex frontal deposit, suggesting
a complex transition from an initially granular rock (rapid) flow behaviour to a more
mud-like (slower) flow behaviour, which occurred due to progressive ice incorporation
along the path. Moreover, the initial rock flow was accompanied by an aerosol produced
by the fine dust and fine ice particles in suspension in the air.
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We propose a simplified back-analysis of the propagation of the rock/ice mixture, relying
on a flow model based on depth-averaged equations—see details, for instance, in Naaim
et al. [98]—and a Voellmy model enriched with a cohesion term for the closure rheological
law. The Voellmy rheological model, initially developed for snow avalanches [99], has often
been extended to case studies about rock avalanches [100], as well as ice avalanches [101–103].
For the present study case, we added a cohesive term in order to try to better account
for the presence of the matrix of fine particles, as clearly detected in the deposit front
(Figure 3). Preliminary simulations with the Voellmy rheological model were not conclusive
at all. The closure rheological law for the basal stress τ (components τzx and τzy), which
correspond to the resistive forces acting against the gravity force, is the following:

τzx = [τc + µ ρ gz h + ρ gz(|U|2/ξ)] U/(U2 + V2)1/2 (1)

τzy = [τc + µ ρ gz h + ρ gz(|V|2/ξ)] V/(U2 + V2)1/2 (2)

where ρ is the mean flow density, gz is the slope-normal component of gravity acceleration,
and U and V are the flow velocities in an orthogonal two-dimensional space. The rheologi-
cal parameters to be considered are the dry Coulomb friction µ, the turbulent friction
ξ [m·s−2], and the cohesion τc [Pa]. Note that as we use an incompressible depth-
averaged flow model framework, the cohesion τc is embedded in the cohesion parameter
c = τc/ρ [m2·s−2].
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The turbulent friction ξ was fixed at 1500 m·s−2; this corresponds to a rather common
value for rapid geophysical flows, such as rock or snow avalanches. Preliminary simulations
with lower values of ξ (1000 m·s−2) did not allow the initial flow to reach high velocities
and then plunge into the gorge downstream of the upper part of the glacier. As we do
not have any quantitative information about the flow dynamics (as the velocity at one
location and/or the total duration of the flow), this parameter was then kept constant for
the back-analysis because it did not influence the final runout in the torrent bed. A number
of simulations were then performed by varying both the dry friction coefficient µ and the
cohesion parameter c (which are considered constant all along the flow path), with the
objective of finding which pair (µ, c) could give the best prediction in terms of the edges
of the final deposit. For the sake of simplicity, we did not consider any erosion processes,
so we avoided considering any additional parameter(s) for the back-analysis procedure.
In accordance with the volume measurements, the total volume was fixed at 42,900 m3

for the simulations, which corresponds to the total volume deposited all along the flow
path from the starting point to the maximal runout point. A 1 m digital terrain model was
used (Figure 6).
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Figure 6. Left panel: snapshots showing the propagation of the simulated flow at t0 = 6.67 s (just a
few seconds after release), t1 = 66.67 s, ti+1 = ti + t1 with I = {1, 2, . . ., 7} and tf = 566.67 s (final deposit).
Right panel: Zoom on the runout zone along the torrent bed. The colour levels correspond to the
spatial distributions of flow thickness with a maximum threshold fixed at 1 m for each snapshot. The
observed deposit left by the dense flow is depicted in hatched area in white colour for comparison.

We noted that the final runout found in the numerical simulations was quite well-
constrained by choice of the pair (µ, c), in spite of a delicate interplay between the complex
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topography of the terrain and the rheological behaviour (friction, cohesion) of the flow
when entering the gorge. Figure 6 shows the results from the best simulation, which were
obtained with µ = 0.17 and c = 0.75 m2·s−2. Lower values of c (typically 0.5) combined with
a higher value of µ gave an unrealistic total duration of the flow (which was much greater
than ten minutes), and an objective arrest of the flow was very difficult to define in this
case. For higher values of c (typically 1), extremely low values of µ (about 0.06) are needed
to match the runout. That is the reason why the pair (µ = 0.17, c = 0.75) was considered as
the best compromise. Note that the inferred friction coefficient µ is much below the H/L
ratio (Section 4.1), thus confirming the high mobility of the flow. Figure 6 shows different
snapshots of the flow propagation, including the final deposit, as explained in more detail
in the caption. The colour levels in the figure correspond to the flow thickness distributions.
The contours of the observed deposit (see hatched area in Figure 6) are reasonably well
reproduced by the depth-averaged flow model used, suggesting a single event supported
by the morphology of the deposit. However, the simulations are not able to reproduce the
thickness of the deposits, which appear to be systematically smaller in the simulations.
While the observed deposit thickness in the runout zone is typically about a few meters, the
simulated ones are about 1 m only, which is consistent with the estimated thickness of the
deposit during the summer of 2019, once the ice in the deposit has melted. This significant
gap may be explained by the large amount of ice involved and a stronger loss of mass
during the simulations than in reality, either into the crevasses before entering the gorge
or by mass trapping all along the torrent bed. We also note a greater lateral spread of the
simulated flow than the observed one all along the torrent bed, which certainly contributes
to making the simulated flow thinner. This shows that further model developments, in
addition to a better assessment of the complex boundary conditions at stake (presence of
crevasses in particular), are needed in this specific case.

These simulations should be considered as a preliminary step towards a future, much
more comprehensive modelling of such a complex event with cascading effects. There are
a number of uncertainties associated with the observations on the one side and with the
assumptions made for the (already sophisticated) model used on the other side, which
can explain the discrepancies between the observed and simulated deposits. There was a
clear transition from a “dry granular” rapid rockfall (similar to a rockslide) at the starting
point (fast rock fragmentation, development of an aerosol) that turned at some point into
a mixture of rocks and ice with a more mud-like behaviour with much lower speed, and
this was certainly caused by a huge rate of ice incorporation through erosion processes.
Such a transition is difficult to capture by the model for at least two main reasons: (i)
the rheological Voellmy law enriched with cohesion used in the present study did not
include any additional contribution due to viscous stress which may have been a key stress
contribution in the torrent bed, and (ii) erosion processes were not directly considered (the
volume was kept constant during the simulation). However, such details would demand
significant model developments, and calibration would still remain difficult due to addi-
tional rheological parameters needed on the one hand and the lack of observed/measured
data regarding that flow transition on the other hand. An alternative approach could be
to still keep the Voellmy cohesive law as a closure relation but to consider rheological
parameters that would evolve along the path.

In spite of the limitations of the propagation model used here, the simulations made
allow us to confirm and further highlight the great complexity of the flow certainly as-
sociated with the sequestration of a part of the deposit in crevasses, the incorporation of
a substantial volume of ice along the path which results in a granular-like to mud-like
transition in the flow behaviour, and numerous deposit zones formed due to the interplay
between flow behaviour and complex topography.

4.4. Evolution of the Scar after the Event

The evolution of a rockfall scar is a topic that has received very little attention, in-
cluding in high mountains [19,96]. Yet it is important to understand how scars evolve
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and whether their evolution is a precursor to further major destabilisation. In the MBM,
a network of rockfall observers has been operational since 2007 [27]. This network iden-
tified two precursor events to the rockfall of 2018: in July (~1200 m3) and September
2016 (~300 m3). Several events were documented by this network at the level of the 2018
scar after the collapse. In order to complete and/or verify the data, an automatic camera
(Canon EOS 1000D, Tokyo, Japan; four photos per day) was installed on one of the pylons
of the Bossons chairlift in order to monitor the evolution of the spur between December
2018 and December 2019. Given the long distance between the camera and the spur (3.6 km;
Figure 1), additional photos were taken at each major change—recognised by the network
or the automatic camera—using a Nikon D4S (Tokyo, Japan) or Fuji X-T3 (Tokyo, Japan)
camera equipped with a 500 mm lens and a ×1.4 converter (Figure 7). Boulder falls, or little
rockfalls (a few hundred m3), were observed on 24 November in the early morning (e.g.,
F. Pallandre), in the afternoon (e.g., D. Semblanet), the following day and for two to three
days (e.g., U. Asp) before a calm December. On the 26 December, regular little rockfalls
signalled a reactivation of the scar, which on the 28 December led to the start of an erosive
crisis with the initiation of a landslide (~8000 m3) of the downstream bastion (Figure 7A)
with associated rockfalls. This triggered a snow avalanche that stopped at the top of the
avalanche protection system. On 31 December, the landslide continued briefly, triggering a
rockfall (~600 m3; Figure 7B), which in turn generated a new snow avalanche that again
covered the deposit of November 2018. The landslide, with combined rockfalls, continued
until mid-January 2019. On the 15th, a small rockfall occurred (~50 m3; Figure 7C) and
a larger one on the 19th (~180 m3; Figure 7D), both within the landslide mass. Another
rockfall occurred on the 5 February, still in the landslide mass, but at the western edge of the
scar (~100 m3; Figure 7E). During the second half of March, the landslide was completed,
forming a large bulge at the bottom of the scar (Figure 7F), with no material exported
outside the scar. No other major changes occurred in 2019 except some minor rockfalls
in July (cf.: Section 6.3). Between 2020 and 2023, the sliding mass began to be gradually
evacuated by the Taconnaz glacier. A new collapse occurred in May 2023 from the western
edge of the scar (~700 m3), suggesting a new reactivation of this sector.

4.5. Progressive Degradation of the Deposit and Evacuation of the Debris

The aim was to monitor the general evolution of the Taconnaz valley along the moraine
between March and October 2019, at the scale of the deposit, using an automatic camera
(Canon EOS 1000D; four photos per day) installed on the left bank on the slope of Montagne
de Taconnaz, at an altitude of 1510 m a.s.l. (Figure 1). The photographic coverage allowed
observation of the valley at an altitude of between 1400 and 2100 m. The photographs show
two phases in the dynamics of the site.

The first developed over 12 days when one or more snow avalanches were identified
(Figure 8), five from the two couloirs on the left bank slope (with no effect on the deposit
as they reached the valley floor downstream of the front), and seven from the Taconnaz
glacier, in the axis of the valley. Of these, four stopped on the deposit (forming one
or more lobes), while three significant snow avalanches (on 27 March, 3 and 30 April)
traversed the entire valley and continued their course beyond the hydroelectric intake.
The first contributed to the snow load on the deposit, while the last, with their central
depression and high lateral bulges, and in one case, the sediment load mixed with the
snow, provided a spectacular illustration of the exportation of the various types of previous
accumulation. These morphogenic snow avalanches certainly contributed to the reshaping
of the November 2018 deposit, particularly in the upper half.

From the beginning of June, the channel is completely free of snow up to the front
of the deposit, and the second dynamics become torrential (Figure 8). Flows were visible
at all times, emerging under the snow and the deposit at its front. The deposit began to
break up on 25 June. The time-lapse video produced from the photos shows the gradual
deflating of the deposit and the snow accumulated on top of it on a continuous basis,
without any sudden events and with no link to flooding, even though a torrential crisis
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was anticipated due to the large volume of sediment from the rock/ice avalanche present
in the channel [13,104]. However, no increase in stream dynamics downstream has been
observed. From mid-July, several gaps in the snow surface were visible, and on 20 August,
the valley was completely cleared of snow. The riverbed has several braided channels with
a regular gradient, with no breaks or deepening of the bed due to deposit. Eight floods
were observed between 20 July and the end of October. Although it is impossible to know
the flow rate, quantification on the photos shows a doubling of the surface area of the active
strip during these few hours (from 2.2 to 4.3 km2 between the valley entrance and the water
intake). However, there was no debris flow, the layout of the channels remained the same,
and the transit of the coarse load was not accompanied by morphogenic changes. Their
role in the dismantling of the deposit and the supply of debris downstream was, therefore,
minimal during the observation period.
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Figure 8. Evolution of the rock/ice avalanche deposit between March and October 2019. From
the beginning of the monitoring period until 17 April, the entire area was snow-covered snow.
Subsequently, the snow receded on the slopes, persisting only at the valley’s base, where the deposit
formed. Snow avalanches may continue to occur from the gorge or the left bank slope, as seen on 9
May, when an avalanche was triggered at higher altitudes.

5. A Possibly Climate-Related Event
5.1. Climate Conditions

The Taconnaz rockfall occurred after a particularly warm summer and autumn. Sum-
mer 2018 was the warmest and driest for 30 years, with a mean air temperature of 17.7 ◦C
and only 229 mm of precipitation over the period of June–September. The period of
October–November was 1 ◦C warmer than the average of the previous decade. This period
was also the second warmest in the last 10 years. However, using air temperature from
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the Chamonix weather station (1042 m a.s.l.) and an adiabatic thermal gradian of 5.5 ◦C
every 1000 m between the weather station and the rockfall scar, the mean air temperature
at the rockfall scar averaged −7.2 during the week preceding the event. 7.9 mm of rain was
recorded in Chamonix—in the form of snow at the altitude of the scar and also at that of
the deposit—the day before the event and 9.1 mm over the 15 days prior to the event. An
episode of heavy rainfall occurred a month before the landslide, with 79.6 mm recorded
in Chamonix from 26 October to 2 November. The event finally occurred during the first
significant cold spell of the fall, after a particularly warm and dry summer and beginning
of fall. Recent and current climatic change increases the likelihood of large slope failures in
steep glacierised and permafrost terrain [1,3,46,105].

5.2. An Extremely Sensitive Permafrost Context Associated with a Hot Summer?

Warm permafrost, i.e., with temperatures close to 0 ◦C, is a particularly favourable
condition for rockfall triggering in high mountain areas [14,106,107], due in particular to
the lower mechanical strength of the ice present in the rock fractures [46,51].

The altitude of the scar, close to the lower regional permafrost limit, combined with
an NNW orientation and a highly fractured rock, seemed to indicate such a periglacial
context [76]. In addition, the presence of liquid water and ice in the scar (Figure 9) appeared
to confirm this possibility, as did the timing of the event, which corresponded roughly to
the time when temperatures are the highest at the bottom of the 10-m-deep boreholes at
the Aiguille du Midi (3842 m a.s.l.) [108]. Despite this, modelling of mean annual surface
temperatures at higher resolution indicates a slightly positive temperature at the scar on
the one hand, indicating the possible absence of permafrost at the surface. On the other
hand, the method developed by Legay et al. [107] was used to model temperatures at depth.
With a porosity of 5%, the temperature on 24 November 2018 would have been +5.6 ◦C at a
depth of 3.5 m (average depth of the scar) and +3.1 at 17 m (maximum depth of the scar).
This tends to confirm that there is currently no permafrost in the rock wall. However, the
warming of isolated ice-filled cracks, whose presence was confirmed by direct observation
in the scar, can remain after permafrost disappearance due to the retarding effect of latent
heat consumption [53] when interstitial ice melts, could have played a role in the trigger of
the 2018 rockfall.
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5.3. Break-Up of the Glacial Stranglehold around the 2859 m a.s.l. Spur

Several paraglacial rock slope instabilities [109] have been the subject of detailed case
studies [42,110–114]. The paraglacial concept proposed by Church and Ryder [68] describes
the non-glacial processes directly conditioned by glaciation, as well as the period over
which paraglacial processes are operating [70]. The response time for triggering paraglacial
instability of rock slopes after the deglaciation period can be less than ten to one hundred
years [70], although this remains poorly documented due to the difficulty in anticipating
this process [115].

The 2859 m spur is enclosed by the Taconnaz glacier itself and by an ice tongue from
the Grands Mulet ice flow from the Glacier des Bossons. Between the two, at the foot of
the spur, a mass of ice seemed less mobile than both glaciers based on observations of
old orthophotos (few crevasses between very crevassed glaciers). The comparison of old
oblique aerial (or ground) photos with recent photos (Figure 10) suggests the possibility of
a significant loss of ice thickness at the foot of the wall affected by the collapse in 2018. The
comparison of 1967–2012 3D reconstructions from IGN orthophotos (Figure 10) confirms
this, with an average thickness loss of >15 m. This glacial shrinkage could have caused
changes in the stress regime of the rock slope, which may have played a role in the rock
mass movement [60,63,116,117]. Like in the Taconnaz case, this geomorphological process
can be the source of indirect threats to infrastructure through cascading processes [13].
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6. Afterward Geomorphological Approach to Operational Risk Management

The 2018 events stopped approximately 165 m upstream of the water intake of a
hydropower project. Since the summer of 2019, the awareness of the risks after the 2018
rockfall has been high (very high-energy watershed, intense, polygenic processes, and
cascading risks), and an operational monitoring system has been put in place to anticipate
future collapses and debris flows in order to reduce worker exposure during the con-
struction and maintenance phases. Hydropower projects are indeed vulnerable to global
warming-induced melting and thawing of the cryosphere [67,118].

6.1. An Exposed Site for the Construction of a Micro-Hydro Power Plant

The water intake is located at 1471 m a.s.l. at the base of the right lateral moraine
(Figure 1). The collected water is then conveyed by a 1.7 km long penstock to the pro-
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duction plant located 1041 m downstream of the avalanche defence system. The water
is collected at the bottom of the torrent with a grid to filter the coarse solid load. The
water flow is then driven to a grit chamber in order to reduce the solid load as much as
possible before transferring it into the penstock. The very high solid load of the torrent
requires regular interventions by operators in order to empty the grit chamber manually
or with a mechanical shovel the blocks on the grid. These operators are exposed to three
types of hazard (apart from snow avalanches which occur outside operations): (1) glacial
instabilities of the three tongues, such as serac falls or front destabilisations (including
hanging glacier) [38], (2) cascading process from rockfalls triggering debris flows [119],
(3) rupture of an intra-glacial water pocket leading to rapid debris flows [120].

6.2. Design of the Hazard Monitoring

Hazard monitoring and assessment are seasonally and daily performed. Since June
2020, a seasonal assessment has been conducted to measure the evolution of the volume of
the tongue coming from the Bossons glacier. A specific survey is carried out using aerial
photogrammetry by helicopter, followed by an ice avalanche simulation using RaMMS
(Rapid Mass Movement Simulation) software with different volume scenarios [101]. The
compilation of the 3D models allows a quantitative assessment of the changes in volume
and geometry of the ice tongue.

Daily monitoring of the deformation and speed of all the glacier tongues and rock
spurs with a high-definition time-lapse camera has been carried out since June 2019. The
camera is installed in the avalanche defence system from May to November. It is a self-
powered system consisting of a 45 Mp reflex camera, a transmission modem and a solar
panel and battery. The images are then made available on an online viewer and sorted
according to cloud cover. These images are also aligned by coregistration, and the velocity
fields or deformation are calculated automatically before analysis and expertise. This
information is used to produce a weekly or daily ice/rock instabilities bulletin to provide
information on the evolution of hazards in relation to weather conditions. In the Alps,
several glaciers are monitored by time-lapse cameras and automatic analysis of velocities
and deformations for natural hazard prediction and evaluation, such as the Weissmies
glacier in Switzerland [121], Argentière glacier on the French side of the MBM [122], and
Planpincieux glacier [37] or Grandes Jorasses (Whymper glacier) on the Italian side [123].

During each phase of the work or intervention, a watchman is stationed in the field
to keep an eye on the whole area and provide any necessary alerts. The operator sits in
a safe and clear viewpoint and away from the noise of the work or the torrent. In case of
slope movement, the operator activates an alarm that indicates an immediate evacuation of
the hydroelectric water intake. In case of bad weather conditions and poor visibility, an
alert is given for every suspicious noise by the operator. Two main hydrometeorological
risk situations have been identified. (1) Heatwaves. The frequency of instabilities increases
with temperature. The inflow of water into the glacial system from the melting of ice and
snow also modifies the pressure conditions in the sub-glacial channels [124]. This increases
the risk of ice destabilisations, as the flow rates are much higher. In addition, rockfalls are
more frequent during heatwaves [14]. (2) Rainstorms. Although there is no specific study
linking glacier instabilities and precipitation, it has been assumed that the inflow of water
into the glacial system increases the risk for the same reasons as during heatwaves. The risk
of flooding is obviously high. A significant number of GLOFs (glacial lake outburst floods)
following heavy precipitation have also been reported [125,126]. In case of such a situation,
the level of vigilance is raised. For heat episodes, especially when they are repeated during
the summer, a high level of vigilance is maintained throughout the season since the increase
in the number of rockfall events lasts several weeks [127] or months [107].

6.3. Sequence of Geomorphological Events and Their Management

From 6 July 2019, the west margin of the 2018 rockfall scar was reactivated, with
almost daily visible boulder falls and little rockfalls observed on timelapse camera footage.
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A helicopter flight on 23 July showed that the rock compartment potentially affected by
the reactivation had a much smaller volume than the one that caused the November 2018
rockfall. If the whole compartment had collapsed, it would have, therefore, been unlikely
for the deposit to reach the work area. Therefore, the risk was deemed acceptable for the
continuation of the work. The level of activity of the scar then decreased until the following
winter and has remained zero since. This event resulted in improved diagnostics. While
visual observations provided operational insights, it was necessary to adopt a strategy for
quantifying events, including glacial, gravitational, and torrential ones.

On 1 October 2019, a flood occurred from the tongue of the Taconnaz glacier when the
workers had just arrived at the level of the water intake for cleaning work. A retrospective
analysis of the timelapse images made it possible to retrace the triggering. A migration
of the location of the glacial outfall of a few tens of meters on the right bank took place
between 30 September and 3 October 2019. In view of the high flows observed, it is likely
that the flood is a consequence of the rupture of an intra-glacial water pocket. However, no
meteorological or deformation event had been observed during the previous weeks. The
reason for the change of outlet water is therefore unknown. The decrease in the speed of
the ice tongues at the end of the summer can be explained by the gradual decrease in the
circulation of subglacial water. The thinning of the ice tongue from the Bossons glacier after
its advance of nearly 100 m between June 2020 and June 2022 is also visible.

Finally, during the summers of 2020, 2021, and 2022, a weekly risk assessment report
was sent to Voltalia in charge of the micro-hydropower station, in order to adapt and secure
its personnel during interventions at the water intake. Given that the cryosphere in the
Taconnaz basin is still widely present, it is likely that this monitoring will continue over the
long term.

7. Conclusions

The Taconnaz rockfall of 2018 mobilised 43,000 m3, making it one of the largest in MBM
in recent decades. ‘Over-mobile’, it travelled down 1.95 km, threatening a construction site.
This multi-method study showed that the collapse occurred under conditions particularly
favourable for the degradation of permafrost. Nevertheless, modelling of surface and
temperatures at depth indicates positive temperatures. Although permafrost does not
appear to be directly involved in triggering the collapse, the melting of ice lenses still
present in the scar may have contributed to it, as may glacial retreat, which could be a
major factor in triggering the rockfall (paraglacial rock slope instability). The significant
amount of ice (~75%?) in the deposit indicates the intense erosion endured by the glacier
and explains the complex gravity-driven mass flow. In the months following the main
collapse, the scar remained particularly active, with a landslide of ~8000 m3 accompanied
by a series of rockfalls. The deposit experienced two distinct phases: a phase during which
snow avalanches accumulated on the deposit and a torrential phase during which the
rock deposit was gradually evacuated without debris flow. After the 2018 event, various
measures have been taken to manage the risks associated with maintenance operations on
a hydroelectric water intake.

The event can be seen as a new expression of cascading risks for valley floors. Is
this the shape of things to come? The changing nature of risks in high mountain areas in
the context of increasing vulnerability and warming climate (i) requires new approaches
of integrated and collaborative management, (ii) shows the need for a holistic view (e.g.,
multi-hazard, cascading processes), (iii) demonstrates the importance of high-frequency
data acquisition/analysis/interpretation and (iv) the need to manage uncertainty in glacial
and torrential basins.
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