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Abstract: The Peynin catchment (15 km?) is prone to catastrophic floods (June 1957 — Recurrence Interval
R.I.>100 yr), June 2000 (R.I.-30 yr) with serious damages to infrastructure and buildings located at the
outlet. In this paper, PIT tags tracers and Vensim modelling software are used to better assess the sediment
delivery unsteadiness, and more specifically to evaluate the respective role of geomorphological processes
on sediment supply during flood event. For the last 20 years, our results highlight a significant variability in
sediment delivery from a tributary to another one. According to our studies, we suppose that two torrential
tributaries of the Peynin river, the Peyronnelle and Three Arbres subcatchments (<2 km?, representing
<15% of the Peynin catchment area) are responsible of 80% of the sediments observed at the outlet of the
catchment. Several processes take a part of these sediment transfers, but the efficiency of the sediment
cascade in this catchment can be explained by a strong connectivity between sediment erosion area and the
main channel of the catchment. Debris and torrential flows triggered during high intensity meteorological
event are actually effectively coupled in space and time and guarantee an important sediment supply able to
reload the downstream part of the sediment cascade. Recent climate trends, marked by extremes, suggest
consequently more damaging events to come, in a context of increasing vulnerable assets.

Keywords: debris flow, passive integrated tracers, modelling, connectivity, environmental change, Southern
French Alps

Introduction

Characterized by steep topographic, climatic and
biological gradients combined with sharp seasonal
contrasts, mountain environments appear as very
sensitive to climate change (Beniston 2003, 2005,
IPCC 2012, Beniston, Stoffel 2013, Fort 2015). They
can be affected by any change in temperature and
precipitation patterns that may result in increasing
natural hazards and risks for the population living
downstream (Grandjean et al. 2018). This is particu-
larly true in first order catchments, where the con-
trol parameters of the torrential functioning (slopes,
rocks, inherited debris storages, vegetal cover, etc.)

influence directly the colluvial-alluvial interactions,
hence the sediment cascade (Caine 1974). This in-
cludes the sediment budget and its dynamics, i.e.
the linkages between the different sediment stores
(Slaymaker 1977, Jordan, Slaymaker 1991, Slaymaker
2003, Cossart, Fort 2008), hence the modes of debris
transport, and indirectly the impacts of the hydrolog-
ical system at a larger scale (Brardinoni et al. 2015,
Heckmann et al. 2016).

Here we consider a subcatchment located in
Queyras (Southern French Alps), an area character-
ized by rather high denudation rates in relation with
the schist bedrock supplying an abundant, fine and
coarse sediment load. We try to assess the role of such
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a catchment in the sediment cascade and in the con-
nectivity with adjacent mountain slopes. Our objective
is to better understand the sediment delivery unstead-
iness, and more specifically to evaluate the respective
role of water and sediment supply on flood character-
istics. For this, and in the frame of the research pro-
ject on Society Adaptation for coping with Mountain risks
in a global change COntext (SAMCO), we selected the
more representative and active tributary catchment
of the Upper Guil: the Peynin catchment (=15 km?).
We actually focused on the Peyronnelle mountain
channel, a first order, subcatchment of the Peynin
torrential stream, where we estimated, mapped and
quantified temporary sediment storages, and carried a
preliminary analysis of functional (i.e. process-based)
connectivity, so that we could estimate the respective
role of threshold and processes frequencies in the sed-
iment response of the catchment. Finally, we discuss
the volumes of sediments produced by weathering
and debris flow transport in the Peynin catchment for
the last 20 years, and try to discuss the recent climate
trends, marked by an increase in extreme events, with
probably more damaging events to come, in a context
of increasing vulnerable assets.

Study area
The upper Guil catchment

Nowadays nearly entirely deglaciated, the upper Guil
catchment (Queyras — 317 km?), a left bank tribu-
tary of the Durance River, is located in the southern
French Alps, adjacent to the Italian border northwest
of Mt. Viso (3841 m a.s.l.) (Fig. 1B). This sub-Med-
iterranean area is characterized by elevations range
from 897 m to over 3300 m a.s.l., with an average re-
lief not exceeding 1500 m. This catchment has a long
record of catastrophic floods (Arnaud-Fassetta et al.
2005, Arnaud-Fassetta, Fort, 2014), among which
those of June 1957 (Recurence Interval R.1.>100 yr),
considered as the reference flood (Tricart 1958), and
June 2000 (R.I.-30 yr) were particularly destructive
(Fig. 2). Characterized by huge sediment transport
from tributaries to the main valley, highly facilitat-
ed by a strong hillslope-channel connectivity, their
torrential nature is chiefly controlled by the climatic
and lithostructural characteristics of the catchment.

The underlying substratum (general west-north-
west dip of the Alpine thrust sheets) controls the
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Fig. 1. The Guil River catchment

A - General location and location of the Guil basin in the Durance catchment; B — The study site corresponds to the part located up-
stream from Chateau-Queyras; Lithology: 1 — schists lustrés Q, 2 — ophiolite complex, 3 — limestones and dolomites, 4 — sandstones
and conglomerates, 5 — flyschs; Hydrography: 6 — limit of the Guil catchment (317 km? upstream from Chéteau-Queyras), 7 — limits
of the Peynin catchment (area=15 km?), 8 — Guil River, 9 — main tributaries of the Guil River, 10 — gorge section; C — Description of
the Peynin catchment: 11 - stream network, 12 — Peynin and 3 Arbres cones, 13 — Location of meteorological station; D — Overview of
the left slope of the Peynin catchment, with large sediment stores of the Peyronnelle and Trois Arbres torrential fans (Photo: M.Fort)
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Fig. 2. The Peynin torrential cone at the junction with the Upper Guil River, downstream from Aiguilles village: orthopho-
tos of 1957, 1999, 2003 and 2013 with impacts of the 1957 and 2000 floods (Source: IGN, Geoportail)
Note the situation of the Peynin cone after the R.I1.>100 y 1957 flood, and after the R.I.-30 y 2000 flood, and the significant changes in
land use (development of industrial park and ski lifts) during these periods

hydrographic network and its generally rectangu-
lar pattern (Tricart et al. 2004). The asymmetrical
structural slopes (Fig. 1) are related to the late Alpine
reverse folding of the Pennine nappes (Tricart 1980,
Lemoine et al. 2000). Northwest, gentle dip slopes,
generally deforested, are covered by a regolithic man-
tle and are subject to superficial translational land-
slides (Arnaud-Fassetta et al. 2005, Carlier et al.
2018a). These slopes contrast with the steep, rocky,
northeast to southeast facing counter-dip slopes
(>50 % slope), covered by larch forests and densely
dissected by mixed avalanche/torrent tracks. Subdi-

vided by small, first-order catchments with areas of
less than 1 km?, these mountain slopes are prone to
accelerated runoff with a short hydro-geomorphic
response time following intense rainfall (Fort et al.
2002, Arnaud-Fassetta et al. 2005). The upper Guil
is characterized by its lithology composed of 90-95%
of shales, actually the schistes lustrés (Fig. 1b), supply-
ing the riverbed in a large amount of fine sediment
and coarser, small clasts. Only limited ophiolitic bed-
rock (Inner Alps) provides large blocks that appear as
good tracers as they outcrop in the very upper part of
a few catchments.
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The Guil river regime is controlled by spring snow-
melt, together with localized and short rainfall storm
spells (known locally as Lombarde strikes), susceptible
to trigger high magnitude/low frequency flash-flood
events (Tricart 1958, 1961, Fort et al. 2002). For in-
stance, according to Arnaud-Fassetta et al. (2005), the
Guil discharge was estimated to be 180 m® s™! in Ai-
guilles during the June 2000 event, for an annual mean
discharge of 6 m® s™! (estimated specific stream power
from 71 to 276 W m2). The sediment load in the main
channel of the Guil River mostly derives from small
torrential tributaries such as the Peynin catchment
(Fig. 1b), where the operating mode of transport is ei-
ther hyper-concentrate flows or debris flows.

The Peynin catchment and its active tributary,
the Peyronnelle subcatchment

In this study, we selected the Peynin catchment (15
km?), one of the most active among the left bank
tributaries of the upper Guil River because it pre-

sents all the predisposing factors as mentioned

above:

- dissymmetrical, steep mountain slopes (Figs lc,
3),

— high production of debris due to the schist litholo-
gy, dense tectonic jointing and efficient frost-shat-
tering, and

— active geomorphic processes such as recurrent
snow avalanches, and rainstorms-induced floods.
Its Peyronnelle, left-bank tributary subcatchment

(1 km?) appears as one of the best sites to implement

continuous monitoring of torrential activity.

The Peynin catchment is affected by a number of
geomorphic processes, rather common in high moun-
tain environments (Fig. 1D). In the upstream cirques
of the basin, rock falls represent the dominant pro-
cess. The extensive scree slopes they have built are
subject to reworking, either as solifluction lobes (Fig.
3A), debris flow or landslides (Einhorn 2003, Carli-
er et al. 2018a). In spring time, slab avalanches are
controlled by the regular, flat surfaces of the scree
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Fig. 3. The Peynin catchment

A — a map showing the contrasted slope contribution to sediment supply in the Peynin catchment in relation to the structural asymme-
try and contrasts in slope processes (Lissak et al. 2015); the letters B and C refer to the photos below and the view points where they
have been taken from; B — upper catchment, counter-dip slopes with solifluction lobes, and debris flow functioning, left bank of the
Peynin; C - middle catchment dip-slopes with planar landslides and local slumps, right bank of the Peynin (Photos: M.Fort)
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slopes. Despite of the large volumes of debris stores,
the contribution of the upstream part of the basin to
the solid transport of Peynin remains quite limited
because the flows are diffuse, not enough concentrat-
ed inducing a low connectivity of the sediment stores
(Koulinski 2000).

Downstream of the Fond de Peynin cirque, the
dominant processes differ from one side to the other
side of the valley (Carlier et al. 2018a). On the right,
dip-slopes of the valley, landslides and creeping are
predominant processes (Fig. 3B). Large translational
slides, whose scars are visible below the ridges, slow-
ly but inexorably carry large volumes of sediment
and rocks towards the foot of the slope. These slide
deposits are reworked by numerous, local rotational
slips and are subject to active solifluction, as attested
by a bumpy topography, cattle-induced small terrac-
es, and the local presence of drunken forests. When
affected by intense rainfall, this material tends to

be removed by small mudslides (extreme event such
as the 1957’s crisis). At the foot slope, the Peynin
cuts through this colluvium material (bank erosion),
hence contributing to maintain a general slope dest-
abilization. As a result, up slopes landslides are pro-
gressively encroaching towards the crest ridge due to
regressive erosion.

In contrast, the steep, counter-dip left slopes of
the Peynin valley are mainly affected by processes re-
lated to hydro-gravity runoff, as attested by the many
gullies that streak them (Graff et al. 2016, Carlier et
al. 2018a). The torrent activity is efficient throughout
most of the year, hence contributing to the many de-
bris cones built downstream at the junction with the
Peynin. More specifically in spring, heavy snow ava-
lanches develop frequently along gullies, hence drag-
ging sediments and vegetal debris before dropping
them on the cones or in the valley bottom. Under
specific conditions related to Lombarde meteorolog-
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Fig. 4. Geomorphology of the downstream Peyronnelle and Trois Arbres fans as mapped after the August 2015 debris flow
(updated from Graff et al. 2018, from Einhorn 2003 and Fort et al. 2002)
A — geology and processes: 1 — schist wall, 2 — alluvial fan, 3 — rock fall deposits, 4 — landslide, 5 - significant boulder, 6 — avalanche fan,
7 —avalanche deposits, 8 — fluvial scarp; hydrology: 9 - river, 10 — fluvial terrace (2000), 11 - river bed; debris flow: 12 — old debris flow
tracks, 13 — August 2015 debris flow deposits, 14 — June 2000 debris flow deposits; B — August 2015 debris flow track, downstream of
the Peyronnelle fan, across the Larch forest (Photo: B.Carlier); C — Overflow of the August 2015 debris flow on the Trois Arbres fan

(Photo: K.Graff)
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ical situations, granular matrix debris flows can be
triggered from the basin heads, setting into motion
significant volumes of debris (Arnaud-Fassetta et al.
2005, Graff et al. 2016). For instance, during the June
2000 (R.I.-30 yr flood) event, about 12.000 m? debris
aggraded on the Peyronnelle fan (Einhorn 2003), a
Peynin subcatchment (Fig. 4), while an additional,
significant amount of material was then transferred
along the Peynin River down to its junction with the
Guil River, where important infrastructure damage
took place (Arnaud-Fassetta et al. 2005, Fort et al.
2015) (Fig. 2). The volumes of sediment mobilized
during the 100-year flood in 1957 have been estimat-
ed at 330.000 m? (Koulinski 2000). Nevertheless, de-
spite of high denudation rates observed on free faces
located on the upstream parts of the catchment, an
extreme rainfall event does not systematically imply
a strong sedimentary response at the outlet.

Methods

In order to better assess the complex hydro-geomor-
phic dynamics of the Peynin catchment, we adopted
three approaches:

1. Define the different components of the sediment
cascade and the processes contributing to debris
and water fluxes, with a special focus on the Pey-
ronnelle first order catchment,

2. Use of passive tracers in the Peyronnelle catch-
ment to measure the coarse bedload transport
during rainfall-triggered, debris-flow events,

3. Develop a stock and flow modelling of sediment
fluxes into the catchment.

This aims at a better assessment of sediment
transport complexity from local to global scale in-
duced by the diversity of geomorphic processes that
takes turns in space and time.

Sediment cascade

The sediment cascade is now a rather classic con-
cept, in which the various sediment stores and the
processes that link them are represented (Chorley,
Kennedy 1971, Caine 1974, Jones 2000, Schrott et al.
2003, Cossart 2016, Laute, Beylich 2016, Morche et
al. 2016, Zwolinski 2016). Fieldwork allowed us to in-
ventory the main sediment stores (or subsystems) of
the Peynin catchment, as described in section 2, and
to identify the different linkages between them (Fig.
5). Each link represents a geomorphic process (land-
slides, torrential stream, debris flow) that depletes
sediment from one store to feed another one. Our
previous experience (since 1995) in this area showed
us that the functioning of the system is highly vari-
able, both spatially and temporally. More specifically

76

Weathered rock

| Rockfall, rockslide, snow avalanchel

[ [

4 Subsystem 1

o

1 Deposit

mi permanen:
Scree cone,snow Szl pemmen

avalanche deposits .. 1 storage/
vegetation

Y Y

Rockfall, rockslide, avalanche, |
debris flow, landslide, runoff

Subsystem 2

Debris flow, landslide, runoff,
gullying

Y

IIIZl Yes

Semi permanent

Scree cone, snow stock /

avalanche, landslide deposits ...

vegetation
Y Y
Fluvial/torrent, snow avalanche, )
debris flow, landslide, runoff .
] [
Subsystem 3
No Yes Bank landslide, runoff,
gullying
Scree cone, snow avalanche, Semi permanent
> landslide deposits, terrace —[] stock/

k valley bottom ... vegetation

Y

Fluvial / torrent <&

Fig. 5. Geomorphic cascade system in the Peynin catchment
The Peyronnelle subcatchment is represented by subsystems 1
and 2 (modified from Cossart et al. 2018)

in the Peynin catchment, special attention was given
to debris flow network, to know whether the material
set into motion by a debris flow event remain either
stored in the channel, or has aggraded on the torren-
tial cone, or is exported out of the system.

Measuring the bedload transport

Several methods do exist to measure bedload trans-
port, such as the collection of gravels in a retention
basket, the use of piezoelectric bedload impact or
geophone sensors (Rickenmann et al. 2012, 2014). To
measure the specific transport during a debris-flow
event, other techniques have been implemented,
such as boulders marking with paint, introduction of
magnets or radio transmitters in boulders, etc. But
these techniques are not all effective depending on
the given contexts of use, and on their cost (Rollet
et al. 2008, Piegay et al. 2016). We eventually decide
to use Passive Integrated Transponder (PIT) tags be-
cause of their relative cheap price which allowed us
to increase their number in a context where the re-
sults obtained depend very much on the return rate
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of tracers, and more specifically on their depth in the
channel, i.e. <40 cm for the best results (Lamarre et
al. 2005, Rollet et al. 2008).

Before setting the PIT tags in the Peyronnelle
channel (summers 2013 and 2014), we tested the
channel grain-size representativeness in order to bet-
ter estimate the size of the transported bedload (Graff
2016). We installed directly 320 PIT tags in blocks/
boulders (long axis size varying from 9-to-50 cm) be-
longing to the channel bank material. Ten injection
sites were selected along the Peyronnelle thalweg
(Fig. 6), according to different criteria such as: width
of the channel, nature of channel material (alluvi-
um and/or bedrock), pattern of the channel (linear,
curved) and long profile. Each monitored particle (ei-
ther block, boulder, or clast) was measured along its
3 axes (Long/Intermediate/Short). We injected about
30% of the PIT tags directly in the thalweg, and 70%

were emplaced along the left and right banks within
the channel or just over the top of the bank (Fig. 6B).
A Differential Global Positioning System (DGPS) has
been used to locate and map each monitored parti-
cles. The precision is estimated from 0.5 m for hori-
zontal dimension to 1.5 m for vertical dimension.

Eventually, we tried to estimate the volumes of
debris transported by the Peyronnelle during the Au-
gust 2015 event. For this, we first estimated the aver-
age thickness of the debris flow deposit, in consider-
ing the maximum elevation reached by the flow (i.e.
mud tracks left on the tree trunks) and the minimum
elevation as represented by the height of the debris
lobes. Second, we calculated the Peyronnelle fan area
covered by debris flow lobes, and added the surface
of the Peyronnelle channel. The volume is thus given
by multiplying the average thickness by the surface of
debris (Graff et al. 2018).
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Fig. 6. Map of injection sites of Passive Integrated Transponders (PIT) tags along the Peyronnelle (320 pt) (adapted from
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A - number of PIT tags injected for each site; B — specific initial injection positions and number of PIT tags in the Peyronnelle channel
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In addition, a meteorological station was im-
plemented in 2014 on the right flank of the Peynin
catchment, at 2000 m in elevation (Fig.1c). Rainfall
were recorded every hour then have been computed
for each day.

Preliminary analysis of functional connectivity

To complement the formalization of the sediment
cascade and the analysis of debris flow sediment
transport, we aim at exploring the complexity of
sediment transfer into the Peynin catchment to un-
derstand how sediment export is generated at the
outlet. Along the sediment cascade, sediments are
transported by different geomorphic processes acting
at different spatial and temporal scales. They define
multiple relay processes that result in different pat-
terns of sediment fluxes in the catchment.

Our objective is therefore to understand how the
processes may be synchronized or desynchronized to
generate sediment waves. This requires to document
sediment availability into the catchment and the
period during which the geomorphic processes are
acting (duration, frequency, intensity) all along the
sediment cascade. As a consequence, we adopted a
more dynamic approach of sediment fluxes.

To better understand this complexity, a model-
ling procedure that considers the various compart-
ments of the sediment cascade formalized in 3.1 is
proposed. To simulate sediment dynamics into the
catchment, we developed a Stock & Flow Modelling
based on System Dynamics (SD) using Vensim soft-
ware. The entire sediment cascade is implemented
in the Vensim simulation platform to create a stock
and flow diagram (Cossart et al. 2018). It highlights
the relationships among various variables (sediment
stores and geomorphic processes) which have the
potential to change over time according to a causal
variable such as rainfall. This model provides a simu-
lation to determine:

— the part of different geomorphic processes,

- the interaction between them as input/output
agents, and between the compartments (sediment
storage input/output/transfers between them).
As a consequence, the model has a longitudinal

organization from upslope (contributing area) to
downslope (source to sink) for a temporal analysis
of sediment fluxes. It takes into account the availa-
bility of sediments within each sediment stores so
that each sediment flux evolution corresponds to dif-
ferential equation. This model is applied to estimate
the required time for an optimal hydro-sedimentary
functioning and to define the modalities of synchro-
nization or desynchronization of all hydro-sedimen-
tary pulses.

Theoretical data from literature and geomorpho-
logical expertise have been collected to characterize
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each geomorphic process in the model (rate and fre-
quency). The model runs considering meteorological
as a random effect. However, average precipitation
rates and standard deviation are similar to the data
observed at the meteorological station implemented
in the catchment. The maximum rainfall value is es-
timated here according to historical event (1957 cri-
sis) but other simulations were conducted consider-
ing higher rates. For more information about Vensim
software, the design of the compartment model and
the calibration data, we refer to Cossart et al. (2018).

Results

Sediment Transit: debris flows dynamics along
the Peyronnelle subcatchment

Since the implementation of the meteorological sta-
tion in 2014, no event has occurred until the August
8-9, 2015 (23 mm in 3 h; intense storm cells). Debris
flows have developed in the subcatchments of the
left bank of the Peynin stream (Four a Chaux, Trois
Arbres, Peyronnelle, Roche Rousse; Fig. 1c). Yet the
rainfall event was spatially limited so that the flash-
flood regime did not extend to other Guil tributaries.
A few days later, we could directly map in the field
the debris flow surfaces that occurred in the PIT tags
— monitored Peyronnelle subcatchment (Fig. 4) and
record the PIT tags position by GPS.

Out of 320 pebbles and boulders initially equipped
with PIT tags in this watershed, 101 have been re-
covered (i.e. 31%) after the debris flow event and,
among them, 90% out of the 101 were displaced
(Fig. 7) (Graff 2016). Regarding the measurement of
sediment transport, and compared to other methods
used to characterize debris flows processes (geo-
phone, Terrestrial Laser Scanning), the use of PIT
tags for studying debris flows with muddy matrix is
one original contribution of this work. Our return
rate (31%) is lower than those (40-43%) obtained
by other teams (Bel et al. 2015, Bel 2017) for debris
flows with a granular matrix, as produced in crystal-
line or limestone massifs. Yet, as mentioned by Rollet
et al. (2008), and even if the return rate is sometimes
low, it is important to emphasize that particles are
not completely lost. They can reappear during later
follow-up events and be relocated, as it was the case
during our observation period.

The longest, recorded travel distance exceeds 700
m and more than a third of the PIT tags travelled over
distances exceeding 300 m. The left bank of the Pey-
ronnelle torrent had a much greater activity (100 peb-
bles and boulders; 730 m displacement) than the right
bank (20 pebbles and boulders; 60 m displacement)
(Fig. 7B). Controlling factors are directly related to
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Fig. 7. Radio Frequency Identification (RFID) tracers’ mobilization and transport during the August 8-9, 2015 event
A - 10 injection sites along the Peyronnelle channel; B — the Peyronnelle channel (see the square in A for location) close to its junction
with the Peynin (Photo: K.Graff); C — analytical maps: theoretical measured displacements of recovered tracers from their initial injec-
tion sites (modified from Graff et al. 2018)

the steepness of the bed slope, allowing the displace-  Peyronnelle fan (12 pebbles and boulders). But they

ment of the particles by gravity flow. More specifical-  still remained stored in the Peyronnelle catchment,
ly, heights of the banks together with channel width  in contrast with the last, fourth group, which cor-
regulated the acceleration of the debris flow. responds to PIT tags that were displaced both out-

We also compared the accumulation sites of Ra-  side the main Peyronnelle channel and catchment
dio Frequency Identification (RFID) tracers vs. their (36 pebbles and boulders, representing 36% of the
initial injection site, so that we could classify pebbles  total PIT tags), and joined the main Peynin torrential
and boulders equipped with PIT tags in 4 different  stream. This last group clearly represents an output
groups (Fig. 8). The first group corresponds to PIT  from the semi-permanent sediment store represent-
tags mobilized in, and redeposited downstream of ed by the Peyronnelle fan.
the Peyronnelle channel (27 pebbles and boulders). We also tried to compare the transfer distance of
The second group includes the PIT tags mobilized  PIT tags recovered with the grain size (B-axis) for
then deposited in preferential sites such as concave  each depositional zone, but any significant correla-
bends of the Peyronnelle (26 pebbles and boulders).  tion between the two variables could not be found
The third group of PIT tags were found outside of  (r> = 0.077). Similarly, we did not find any significant
the main channel zone, aggraded on the top of the  correlation between distances travelled and granular-
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Fig. 8. Localisation of the four main deposition sites/zones

ity of the sediment load. It means that coarse blocks
are mobilized in the same way as small blocks, peb-
bles, gravels or fine sediments, as in a cohesive debris
flow (Graff 2016).

Our estimate of the volume of debris transported
by the Peyronnelle debris flows during the August
8-9, 2015 event is as follows (Graff et al. 2018):

average thickness of the debris flow deposit: 0.71

m,

— area of debris flow deposits on the Peyronnelle

fan and channel: 12,789 m?,

- total volume mobilized by the Peyronnelle debris
flows: 9,100 m3.

In addition, we also considered the 36% of de-
bris that flowed out of the Peyronnelle catchment
(this would correspond to a volume of 3,240 m3) and
joined the Peynin torrential stream, so that the total
volumes mobilized would represent a minimum of
12,240 m3.

These results, compared with those obtained after
the 2000 debris-flow event, i.e. a minimum of 12,000
m? debris aggradation on the Peyronnelle fan (Ein-
horn 2003, Arnaud-Fassetta et al. 2005), highlight
the rapid sedimentary recharge of first order drains
in elementary basins allowing frequent mobilization
of stocks through debris flows, even during meteor-
ological events of relatively moderate intensity. They
also confirm the pulsating character of these sedi-
ment fluxes, hence the strongest functionality of de-
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bris-flow dominated channels in the Peynin/Peyron-
nelle catchments (Fort et al. 2002, Arnaud-Fassetta
et al. 2005, Graff et al. 2018).

Simulation results

The simulation clearly highlights several erosion pro-
cesses acting as major agent in the sediment transfer,
such as debris flow. Their frequency and sediment
transport capacity induce an efficient connectivity
between sediment stores (such as screes), in the in-
itiation of the hydrological network, and the main
channel of the Peynin river. However, the results of
the simulation also underline a complex pattern of
sediment dynamics into the Peynin catchment. From
one meteorological event to another, the sediment
cascade can be alternatively partially or fully activat-
ed in an efficient way (Fig. 9). If an intense meteoro-
logical forcing generally induces debris flow, it does
not guarantee important sediment export from the
catchment.

The geomorphic processes, which vary over time
(as expressed in Fig. 9: duration, frequency, but also
intensity), can explain the partial functioning of the
sediment cascade. Nevertheless, results of the sim-
ulation also highlight the role of the synchronicity
of the various variables and especially between sed-
iment waves and hydro-meteorological pulses (Fig.
9). This synchronicity is not continuous over time,
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Fig. 9. Comparison between meteorological events and sed-
iment fluxes observed at the outlet of the Peynin River
catchment using results from simulation in Vensim plat-
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mainly because of sediment stores availability. For
comparable rainfall events, several sediment pulses
can be considered as major geomorphological crisis
(such as 1957 and 2000 events) separated by minor,
less morphogenic crisis (such as the 2015 event) (Fig.
9). This underlines the sediment delivery unsteadi-
ness along the sediment cascade. After main events
(such as 1957), sediment stores are exhausted. For
the following events, sediment fluxes are there-
fore limited until a sufficient volume of sediments
is available. As a consequence, the flood impact in
the sediment fluxes is highly correlated to the initial
state of the sediments storages. When the sediment
storages are filled enough, the system is mature and
can be efficiently stimulated: the stores can supply
sediments to the sink, even in the case of a low mag-
nitude hydrometeorological event. In the case of the
Peynin catchment, we can consider a period of al-
most 80 years for an optimal reconstruction of sedi-
ment storages. This duration corresponds to the time
necessary to efficiently combine all the geomorphic
processes to progressively impede the various com-
partments of the cascade. Consequently, a sediment
wave observed at the outlet of the catchment can be
explained firstly by an extreme hydrological event,
but also by secondly a lower one in a context of ma-
ture stores all along the sediment cascade.

Discussion

In the Peynin catchment, there is a significant var-
iability in sediment delivery from a tributary to
another one. The upstream part of the catchment,
where sediment stores are the most important, is
almost totally disconnected from the outlet because
flows are not enough concentrated. In fact, the de-

bris volumes, mostly supplied by the remobilization
of former channel deposits of the left bank subcatch-
ments, allow a sporadic, yet systematic supply to the
sedimentary fluxes joining the Peynin channel. This
in turn contributes strongly to direct inputs of fine
and coarse sediments down to the outlet, i.e. the Guil
River at Aiguilles village. During generalized events
(e.g. floods of 1957 and 2000), some sediments were
directly set into motion by the Peynin torrent, which
was fed by additional material provided by bank ero-
sion and gravitational processes, before reaching its
junction, torrential fan at Aiguilles village (Fig. 2).
During the last 20 years, the Peyronnelle and Three
Arbres subcatchments (<2 km?, representing <15%
of the Peynin catchment area) have exported at least
80% of the sediments observed at the outlet. The
total volumes supplied to the Peynin channel were
estimated to 170,000 m?, those stored to 133,000 m?
(78%) and those exported downstream to 37,000 m?
(22%) (Viel et al. 2018). Our results therefore show
the major role played by the debris and torrential
flows in the efficiency of the lower part of the sed-
iment cascade of the Peynin River. Thus, to be effi-
cient, the sedimentary cascade requires not only high
erosion rates, but also an important connectivity be-
tween sediment erosion area, sediment store and the
main channel of the catchment.

As our results demonstrate, several factors can
influence the sediment connectivity and induce a
complex pattern of sedimentary flows. In the Peynin
catchment, few geomorphological agents induce a di-
rect transfer to the outlet. To be efficient, geomorphic
agents have to be linked in space and time all along
the sediment cascade. These relays are efficiently or-
ganized on the left bank of the Peynin River whereas
in the Fond de Peynin cirque, few processes are able
to transport sediments from the screes to the main
channel. Sediment availability also appears as anoth-
er significant triggering factor of the unsteadiness of
sediment fluxes. Along the sediment cascade, stores
are exhausted after main events. As a consequence,
sediment fluxes remain very low until a significant
volume of sediment available is reached again. Debris
flow processes in the Peyronnelle and Trois Arbres
subcatchments induce an important sediment supply
which allows the sediment cascade to be more rap-
idly efficient than in the rest of the catchment. This
is reinforced by the location of the two large cones
of the Peyronnelle and Trois Arbres: they constitute
another sediment input area which can contribute to
sediment supply into the main channel of the Peynin.
These two small catchments thus combine several
factors making efficient the sediment cascade: sig-
nificant erosion processes (i), geomorphic processes
well organized in space and time to transport sed-
iments toward the main channel (ii) and sediment
availability rapidly recovered after a meteorological
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event (iii). The downstream part of the Peynin River
is therefore more sensitive to high sediment transfer
in case of a significant hydro-climatic event.

The debris influxes to the Guil River are those go-
ing to generate significant damages to infrastructure
and population during abundant, intense rainfall
events, as observed after the June 2000 event (Ein-
horn 2003, Arnaud-Fassetta et al. 2005, Fort et al.
2015). Despite the low density of permanent popula-
tion (<5 inhabitants per km?), the tourism activities
during summer and winter holidays (when the resi-
dent population can be multiplied by a factor of 10)
have led to a concentration of human stakeholders in
areas particularly exposed to debris floods hazards,
such as the Peynin outlet (Arnaud-Fassetta, Fort
2004, Carlier et al. 2018b).

This risk management issue particularly raises
the question of sediment supply evolutions at the
outlet of the Peynin, in a context of global changes.
Intergovernmental Panel on Climate Change’s sce-
narios suggest an increase in the frequency of High
Magnitude and Low Frequency (HMLF) meteorolog-
ical events for the next 100 years and an increase of
the temperatures inducing less snow and more rain
in the catchment (IPCC, 2012). This would indicate
more frequent floods events and a better coupling be-
tween geomorphic agents in space and time, induc-
ing a more efficient sediment cascade. Without an
increase in shale erosion, a part of sediment stores
could be purged and sediment availability could be
reduced. However, the large amount of sediments
stored in the Peyronnelle and Trois Arbres cones
should be able to feed sediment to the downstream
part of the catchment and therefore maintain im-
portant sediment fluxes to the outlet, on the Peynin
cone. As a consequence, the increase in HMLF events
should result in an increase of sediments fluxes ob-
served at the outlet and as a result more damaging
events to come even if the sediment delivery from
these complex combinations of processes remains
difficult to predict.

This is particularly worrying in view of the vul-
nerability analyses carried out in the Aiguilles vil-
lage. Social and physical vulnerabilities were com-
bined to estimate the potential consequences of
increasing flash-floods events (in both frequency
and magnitude) in a context of climate and land use
change, such as the extent of warehouses, or small
business industrial park (Carlier et al. 2018b). Re-
sults provided by Carlier et al. (2018b) show that the
Aiguilles community has more dependent people to
care for (i.e. hospital, school) than in other village
communities. In addition, Aiguilles’ inhabitants have
a lack of information on flood risks so that they tend
to underestimate the danger represented by floods,
despite the events of the last 60 years (1957, 2000,
2002, 2008 and 2011; PNRQ 2016).
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Conclusion

We tried to better understand the unsteadiness
of sediment fluxes at the outlet of the Peynin river
catchment, a typical feature of mountainous basin
in the Southern Alps. We have set up a three-step
method consisting in formalising the sediment cas-
cade (i), analysing the debris flows sediment trans-
port using RFID tracers (ii), and simulating the sed-
imentary fluxes using a stock and flow modelling to
better understand the progressive construction of the
sediment wave in the catchment.

Our results highlight the role of connectivity
within catchment to export large amount of sedi-
ment at the outlet. It brings interesting elements to
understand relay processes within the sediment cas-
cade. The efficiency of these relays, highly variable in
space and time, can significantly vary in a catchment.
Less than 15% of the catchment area (Peyronnelle
and Trois Arbres subcatchments) generate more than
80% of sedimentary flows at the outlet of the Peynin.
This major contribution essentially is permitted by
debris flow processes that can transport large quanti-
ties of sediments from erosion area to the main chan-
nel and feed sediment stores in the downstream part
of the sediment cascade. As a consequence, our re-
sults underline that sediment variability at the catch-
ment outlet depends on sediment availability and on
the frequency/magnitude of meteorological events
that can activate subparts of the entire sediment
cascade in an efficient way. A high magnitude and
low frequency hydro-meteorological event occurring
on mature sediment stores (high sediment availabil-
ity) can indeed generate a simultaneous activation
of sediment transfer within the components of the
sediment cascade, and finally, a sediment wave at the
outlet. Recent climate trends suggest more damaging
events to come, in relation to more extreme events
(rain-storms, snow-storms followed by rapid melt-
ing). Nevertheless, the sediment delivery associated
to the complex pattern of the sediment cascade re-
mains difficult to estimate in the future even though
this is an essential issue in risk mitigation.
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