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French Alps)

Abstract The mass transfer mechanisms in landslides are complex
to monitor because of their suddenness and spatial coverage. The
active clayey Harmaliére landslide, located 30 km south of Greno-
ble in the French Alps, exhibits two types of behavior: in its upper
part, decameter-sized clay blocks slide along a listric slip surface,
while a flow-like mechanism is observed in a clayey remolded
material a few hundred meters below the headscarp. The landslide
underwent a major retrogression affecting 45 ha in March 1981 and
has experienced multiple reactivations since then. The last major
event took place on the 26™ of June 2016, and a large investigation
survey was conducted to better understand the reactivation mech-
anism. A multi-method investigation was carried out at different
temporal and spatial scales, including aerial photograph and light
detection and ranging processing, correlation of optical satellite
images, global navigation satellite system monitoring, continuous
seismic monitoring, and passive seismic survey. The morphologi-
cal evolution of the landslide was traced over the last 7o years,
showing a headscarp retrogression of 700 m during multiple
reactivations and a total mass transfer of more than 6 x 10° m?.
The detailed study of the 2016 event allowed to track and under-
stand the mechanism of a mass transfer of 1 x 10° m? in 5 weeks,
from a sliding mechanism at the headscarp to an earthflow at the
toe.
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Introduction

Retrogressive landslides are observed all over the world and rep-
resent a double threat to human settlements and activities by
upslope retrogression of the headscarp and downslope movement
of materials (e.g., Gregersen 1981; Rokoengen et al. 2001; Pagano
et al. 2010; Demers et al. 2014; Zerathe et al. 2016; Lacroix et al.
2019). Most of the retrogressive failures have been reported in
clay-rich formations and, particularly, in sensitive clays where
the retrogression and runout distances have been thoroughly
studied for hazard assessment (Locat et al. 2008; L’Heureux 2012;
Turmel et al. 2018). However, retrogressive failures may also occur
in granular materials (Hungr et al. 2014). In a large landslide
affecting dry granular material in Peru, Lacroix et al. (2019) re-
cently showed a self-entrainment process where the headscarp
retrogression supplies material to the downslope landslide that
in turn accelerates with the increasing stress and then destabilizes
again the headscarp by removing the support at its base. In
another climatic context, in periglacial regions, retrogressive thaw
collapse has increased dramatically due to global warming and is
becoming an important slope process in ice-rich permafrost ter-
rain that could cause major problems in the near future (Wang
et al. 2009; Luo et al. 2019).
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Multi-method investigation of mass transfer mecha-
nisms in a retrogressive clayey landslide (Harmaliére,

In clay slopes, Hungr et al. (2014) mentioned two main retro-
gressive mechanisms: (1) flowslides in sensitive clays, associated to
multiple rotational slides, and (2) spreading where instabilities are
controlled by a weak basal surface. In the first mechanism, sliding
at the headscarp produces clay remolding with increase in void
ratio, moisture content, and loss in strength. As the remolded clay
flows from the top to the bottom, it creates a crater and removes
the mechanical support at the base of the headscarp, resulting in
subsequent retrogressive slides. In spreading, the extension and
dislocation of the soil mass above the slip surface forms horsts and
grabens that subside in the underlying weak layer (Carson 1977;
Cruden and Varnes 1996). In their inventory of 108 large retro-
gressive landslides in sensitive marine clays (quick clays) in the
Province of Québec (Canada), Demers et al. (2014) pointed out
that 58% of landslides were flowslides, 37% were spreads, and the
rest 5% were other types, including a mix of the first two types.
They found retrogression distances in the range of 30 to 560 m for
flowslides and 40 to 1340 m for spreads. A similar study conducted
in Norway (L’Heureux 2012) on 37 well-documented quick clay
landslides found retrogression distances between a few tens of
meters and 2000 m. However, retrogressive landslides may affect
clay layers in other geomorphological settings than the sensitive
marine deposits of eastern Canada and Scandinavia, with types of
movement like flowslides, spreads, and also earthflows. Landslides
with headscarp retrogression were reported in the Apennines
(Comegna et al. 2007; Giordan et al. 2013; Bertello et al. 2018;
Coltorti and Tognaccini 2019), in the Alps (Van Asch et al. 1984;
Mainsant et al. 2012; Travelletti et al. 2013; Lacroix et al. 2018), in
the Andes (Zerathe et al. 2016), and also in low-elevation areas
such as the quick clays on the eastern coasts of the Baltic Sea
(Kohv et al. 2009) or the hills of North Yorkshire, UK (Gunn et al.
2013). These landslides have developed in clay-rich geological
formations of various ages (from Secondary to Quaternary) and
were subject to reactivations causing failure and retrogression of
the headscarp. The retrogression distance during reactivation
varies between a few meters (Comegna et al. 2007) to 20-30 m
during major events (Bertello et al. 2018; Lacroix et al. 2018), much
less than the instantaneous retrogression observed in quick clays,
which may reach 150 m (Gregersen 1981). The documented retro-
gression rates over a few tens of years vary between 1 m/year (van
Asch et al. 2009) and 8 m/year (Travelletti et al. 2013; Zerathe et al.
2016) with intermediate values (4 m/year; Giordan et al. (2013)).

However, all landslides developing in clay-rich formations do
not exhibit retrogression (Baum et al. 1998; Corominas et al. 2005;
Biévre et al. 2011; Mackey and Roering 2011). According to Tavenas
et al. (1983), the retrogression mechanism requires several condi-
tions to be active. First, the clay sliding at the headscarp has to be
significantly remolded. Second, when remolded, the clay has to
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have the capacity to flow out of the landslide crater. Third, the
topography and geological structure must be able to evacuate the
remolded clay. A key point to assess retrogression distance and
rate is to understand the mass transfers between the headscarp
failure (source), the downslope movement of the mass (conveyor
belt), and the erosion at the toe (sink). These complex and
intricated mechanisms, which can lead to a self-entrainment pro-
cess under certain conditions, are still poorly known and, to our
knowledge, have been little documented.

The objective of this paper is to document and quantify the
mass transfer in the retrogressive Harmaliére landslide (French
Western Alps). This clayey landslide has shown a continuous
activity since the 1950s, with a major event creating a significant
headscarp in 1981 and a recent significant reactivation in 2016 (30-
m-long retrogression of the headscarp). A new investigation cam-
paign involving geological observations, seismic noise array
(Wathelet et al. 2008; Pazzi et al. 2019), and LiDAR (Jaboyedoff
et al. 2012) was conducted after the late June 2016 event to better
constrain the morphology and geological structure of the land-
slide. The 60 years long landslide history, heterogeneously docu-
mented by aerial photos, remote sensing data, geological and
geodetic observations, and geophysical studies, was used to quan-
tify the magnitude and kinematics of headscarp retrogression and
downslope mass flow. A conceptual model of the retrogression-
evacuation cycle is proposed at the end of the paper.

The Harmaliére landslide

The Harmaliére landslide is located 30 km south of the city of
Grenoble, France, in the Triéves area (Fig. 1). This area is affected
by numerous landslides developing in a thick clayey
glaciolacustrine layer (Monjuvent 1973; Giraud et al. 1991; Biévre
et al. 2011). These clayey layers date back to the Last Glacial
Maximum, around 40-50 ka before present (BP), when the
southward-moving Romanche glacier dammed the rivers flowing
from the south and created a lake that lasted several thousand
years (Monjuvent 1973). The Harmaliére landslide is located at the
tongue of the former glacier. The different episodes of glacier
retreat and advance induced an alternating deposition of
glaciolacustrine-laminated clays and of glaciolacustrine clays
mixed with till (with striated pebbles up to several tens of cm in
diameter). A layer of terminal moraine, with a thickness of around
50 m on the Sinard plateau to the west of the study site, caps the
glaciolacustrine sequence. After glacier melting, rivers cut deeply
into these geological formations, allowing the initiation of numer-
ous landslides.

The 1450-m-long Harmaliére landslide (Fig. 1) affects an area of
around 1.8 x 10° m?, with an estimated volume of 25 x 10° m® and a
mean slope of 9° (Carriére et al. 2018). The current active area is a
central strip 400 m wide at the top, narrowing to 150 m at the toe.
Below the headscarp, the upper part exhibits numerous internal
scarps from a few m to 20 m high with a concave shape
(highlighted in light blue in Fig. 1), characteristic of a brittle
behavior. In contrast, the lower part of the landslide shows a
smoother morphology with the presence of a few m thick ridges.
These ridges have a convex shape (yellow lines in Fig. 1) and
highlight the presence of numerous slip surfaces daylighting at
the landslide toe, which suggest a flow-like mechanism, as de-
scribed by Hungr et al. (2014). The middle part of the landslide
shows a smooth morphology with a mix of concave and convex
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shapes, characterizing a transition zone from solid to flow-like
behavior. In this zone, a hydrographic system internal to the
landslide (thin blue lines) is fed by a mid-slope depression zone
accumulating water (shaded purple). According to the classifica-
tion proposed by Hungr et al. (2014), the Harmaliére landslide is a
clay compound slide in its upper part, exhibiting back-tilted
blocks (Fig. 2, photo from February 3, 2017) and horst-and-
graben structures, and an earthflow with smooth morphology
(Fig. 2, photo from April 28, 2018), and a flow-like pattern in its
lower part. The landslide toe reaches the Monteynard artificial lake
at an elevation of around 480 m. The lake results from the dam-
ming of the Drac River in 1963. As will be shown in section 3, the
Harmaliére landslide has retrogressed by several hundred meters
over the last 50 years. In March 1981, a major landslide induced a
retrogression of 500 m. It affected an area of 45 X 10* m* (Moulin
and Robert 2004) and generated a mudflow at the toe (Besson
1996). On June 27, 2016, after having undergone small retrogres-
sions (5 m in total) during 2 days, the headscarp suddenly
retrogressed by about 50 m with an estimated depleted volume
of more than 2 x 10° m? (Lacroix et al. 2018). This major reactiva-
tion was followed by two smaller events on January 29, 2017, and
January 13, 2018.

In contrast, the contiguous Avignonet landslide (Fig. 1), which
affects the same materials (quaternary glaciolacustrine clays) and
is subject to the same meteorological conditions, has moved little
over the same period (few centimeters). This difference in behav-
ior can be explained by the irregular topography of the bedrock
and the presence of a bulge at the toe of the Avignonet landslide,
preventing mass movement at depth (Biévre et al. 2011). The
absence of such a bulge below the Harmaliere landslide allows
the evacuation of the remolded clay into the lake and the observed
retrogressive mechanism. The lower part of the Harmaliére land-
slide is covered with dense and thorny vegetation, which makes
access and investigations in this area highly difficult (Fig. 2).

Contrary to the neighboring Avignonet landslide, no geo-
physical investigation was carried out prior to this study to
determine the depth of the slip surfaces for the Harmaliere
landslide. This can be explained by the very difficult access to
the landslide body and the absence of short- to mid-term risk
issues. Back analyses based on mechanical data suggested a
maximum depth of around 45 m for the deepest slip surface
(Al Hayari et al. 1990), which is in agreement with the geotech-
nical and geophysical prospecting made on other landslides in
the Triéves area (van Asch et al. 2009; Jongmans et al. 2009). In
particular, several shear-wave velocity (Vs) measurement
methods (S-wave refraction, analysis of surface waves, seismic
noise techniques) on the Avignonet landslide, calibrated with
boreholes, showed significant vertical vs contrasts at the level of
the detected slip surfaces (Jongmans et al. 2009; Renalier et al.
2010; Biévre et al. 2012).

Methods

A multi-technique approach was performed to establish the land-
slide history over the period 1948-2019. It comprises aerial photo
analysis, passive seismic investigation, correlation of optical satel-
lite images, global navigation satellite system (GNSS) measure-
ments, and light detection and ranging (LiDAR) acquisitions.
This approach was used to characterize the landslide structure,
study its morphological evolution, and quantify its kinematics.
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Fig. 1 Location and delineation of the Harmaliére landslide on the 2019 LiDAR hillshade. The whole landslide and the present-day active part are delineated by black and
green lines, respectively. The upper part is an earthslide characterized by internal scarps (> 5 m high) with a concave shape (light blue lines), while the lower part is mainly
an earthflow showing convex ridges (yellow lines). Successive headscarp positions after reactivations in June 2016, January 2017, and January 2018 are shown. The
location of the 100-m- and 20-m-diameter seismic arrays is indicated by black and red circles, respectively. Seismic stations HAR2 and AVM are indicated by red dots. GNSS
stations (G1 to G8) are indicated by brown dots, except for G2 which is at the same location as HAR2

Aerial photographs

The Harmaliére landslide activity over the last 70 years can be
deduced from aerial photographs and observations described in
the literature (Besson 1996; Moulin and Robert 2004; Fernandez
and Whitworth 2016). Although the acquisition of aerial photos is
discontinuous, they can be used to reconstruct the location of the
main scarps as a function of time. In this work, previous studies
are consolidated and supplemented with a longer time series. Five
pairs of scanned aerial photographs provided by the French Geo-
graphic Institute (IGN) were used to reconstruct the history of the
landslide from 1948 to 2003. The pictures have an average resolu-
tion of about 40-60 cm/px. They were orthorectified with the
Photoscan software (www.agisoft.com), using an average of 10

ground control points (GCP). Aerial photographs acquired during
the 2016 LiDAR flight (see below) with a resolution of 10 cm/px
were used to complete the series.

Seismic monitoring

Continuous records from two existing seismic stations were proc-
essed to detect landquakes produced by the nearby landslide
activity (Helmstetter and Garambois 2010). The first station
(AVM in Fig. 1) belongs to the French permanent observatory on
landslides OMIV (RESIF/OMIV 2006), while the second (HAR2 in
Fig. 1) was installed on July 22, 2016, at the rear of the headscarp.
Both stations acquire data with a 125 Hz sampling frequency. The
station AVM is also equipped with a meteorological station.
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Fig. 2 a Google Earth view of the Harmaliére landslide on 23 September 2018, with photographs of the headscarp and tilted block after the 2017 reactivation event
(upper right), and of the middle zone of the landslide (lower left). The sites where the photographs were shot are shown with eye-pictogram indicating the point of view.
b Time series of the GPS integrated in the seismic sensor (shown in the photograph on the top right) during January 29, 2017, reactivation

First, a detection method based on the amplitude of the signal
at one station was applied (Helmstetter and Garambois, 2010).
Then, events were grouped into clusters, and each cluster was
classified as either noise or landquakes, based on the frequency
content of the seismic signal and on daily fluctuations of the rate
of events. A template-matching method was used to detect
landquakes, using the average signal of each cluster as template.
The method consists of continuously scanning data to search for
signals that match a template signal with a correlation coefficient
larger than a given threshold (Gibbons and Ringdal 2006). This
technique has been successfully applied to detect microseismic
events on glaciers (Helmstetter et al. 2015) and landslides
(Yamada et al. 2016; Poli 2017). The process applied in this study
is detailed in Supplementary Information S-1.
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An ambient vibration technique using arrays of stations was
also carried out to get the 1D Vs profile below the array. A recent
guideline along with the description of the acquisition and pro-
cessing can be found in Foti et al. (2018). This technique offers the
advantage of not requiring energetic seismic sources to investigate
structures at depth. Two concentric circular arrays with diameters
of 20 m and 100 m were deployed to cover a wide range of
frequencies (see location in Fig. 1). Each network was composed
of 12 three-component velocimeters synchronized by the GPS time
of their acquisition station. Ambient vibrations were recorded
during 1 h for each array with a sampling frequency of 100 Hz.
Data were processed separately for the two arrays with the Ray-
leigh three-component beam forming technique (RTBF, Wathelet
et al. (2018)). Experimental dispersion curves of the fundamental



and first higher propagation modes were separated. For each
mode, the mean and the standard deviation were calculated for
all available frequencies. The curves from the two arrays were
jointly inverted with the neighborhood algorithm (Wathelet
2008), assuming a 3-layer parameterization based on the seismic
stratification of the Avignonet landslide (Jongmans et al. 2009;
Renalier et al. 2010). Misfit values between experimental and
forward-modeled dispersion curves were calculated for both
modes according to Eq. (1):

it = ¢ 3 ot )

with x,;the i™ experimental velocity, x,; the i modeled velocity, o;
the i™ standard deviation, and 7 the total number of experimental
points considered across all modes.

Optical satellite images

Thirty-three satellite images from Sentinel-2 acquired between
December 2015 and February 2019 were correlated in order to
quantify displacement fields through time. This technique has
been successfully applied on landslides (Delacourt et al. 2004;
Debella-Gilo and Kéddb 2012; Stumpf et al. 2014, 2017; Lacroix
et al. 2015) and is well adapted to measure displacements larger
than a fifth of a pixel size even in vegetated areas (Delacourt et al.
2004; Lazecky et al. 2015). The free Sentinel-2 optical images have a
short revisit time (5 days at the equator) and offer the possibility to
detect transient movements of landslides with a 1-2 m uncertainty
(Lacroix et al. 2018, 2020; Mulas et al. 2020), such as those that
affected the Harmaliére slope between 2016 and 2018. Lacroix et al.
(2018) performed a correlation analysis of Sentinel-2 images over 9
months during the major reactivation of June 2016 to quantify the
transient acceleration of the landslide. In this study, the period of
survey has been extended until 2019 over an area of 5 X 6 km* to
detect possible subsequent events. Similarly to Lacroix et al.
(2018), horizontal displacement fields between two images were
calculated using the sub-pixel correlation algorithm implemented
in Cosi-Corr (Leprince et al. 2007). The correlation was processed
in the spatial domain using a square window of 24 pixels and a
search radius of 500 m for all couples of images. Then, each
correlation map was filtered with the method described by Lacroix
et al. (2018), consisting in masking the points in each correlation
pair with low quality (low CC, where the threshold of CC is
adapted to each couple), or not in the slope direction. Also the
methodology used by Lacroix et al. (2018) was adapted in two
different ways to provide more robust results:

® First, all possible images were correlated together, and the
system of redundant information was inverted to extract the
displacement field at each date, following the methodology
described in Bontemps et al. (2018). This time series algorithm
was applied to the filtered correlations of the 14 images be-
tween September 2, 2016, and July 7, 2018, where enhanced
filtering of displacement fields is required due to the season of
their occurrence (rapid changes in surface conditions, snow,
and cloud cover, fog, etc.).

® Then, the green (B3), blue (B2), and red (B4) bands of Sentinel-
2 with 10 m resolution were processed. Finally, the three bands
were combined by masking any displacement already filtered
in one of the three bands. This process leads to uncertainty of
the displacement varying between 1.2 and 2.4 m as calculated
by the standard deviation of the EW and NS displacement
fields over a stable area (of about 1 X 10° m?).

LiDAR

The evolution of the landslide surface morphology was monitored
using three sets of airborne LiDAR data collected on March 30,
2009, July 27, 2016, and November 26, 2019. The data in 2009 (resp.
2016-2019) were acquired using a Riegl laser scanner mounted on
a helicopter flying at about 300 m (resp. about 600 m) above the
ground, with an average density of 3 points m™> (resp. 10 points
m™?) after classification. The altimetric and planimetric accuracies
in 2009 and 2016-2019 were of 14 cm and 10 cm and of 25 cm and
10 cm, respectively. In order to retrieve a digital elevation model
(DEM), the point clouds were filtered and interpolated on a raster
grid of 2 X 2m® (2009) with the software SCOP++®
(photo.geo.tuwien.ac.at/photo/software/scop/) and 1 x 1m* (2016-
2019) with the software TerraSolid (www.terrasolid.com). To mon-
itor changes in volume, the difference in elevation between two
acquisitions was calculated using the QGIS software
(www.qgis.org).

The two hillshaded LiDAR DEMs of 2016 and 2019 were also
correlated using the sub-pixel correlation algorithm implemented
in Cosi-Corr (Leprince et al. 2007) to obtain a horizontal velocity
field between these dates. The hillshade operator was applied with
a sun elevation of 45° and an azimuth of 315°. The azimuth of the
light source corresponds to the direction of the landslide (NNW-
SSE). The correlation was performed in the frequency domain
using a window size of 128 pixels (1 m resolution), and then the
same filtering processes as for optical images were applied. The
process was not possible with the 2009 DEM because of large
differences with other DEMs resulting from strong morphological
changes during the reactivation of June 2016. This process leads to
uncertainty of the displacement of about 1.3m as calculated by the
standard deviation of the EW and NS displacement fields over a
stable area (of about 1 X 10° m?).

GNSS monitoring

Three permanent Geomon “low-cost” GNSS receiver units
(www.infrasurvey.ch) have been installed about 10 m behind the
headscarp since October 2017 (G2 to G4), and 5 others have been
deployed along the landslide and in the stable zone since May 2018
(G1 and Gs to G8; see locations in Fig. 1). GNSS stations are
compact (size of around 0.2 x 0.1 x 0.05 m®) and connected to a
base station using a radio protocol. The Geomon system receives
GPS and GLONASS signals with the Li-band. The 3 stations at the
rear of the headscarp are powered with 100 W solar panels and
operate in a semi-permanent mode, acquiring 1-h-long records
every 2 h. The 5 stations in the landslide are equipped with smaller
20 W solar panels, allowing for one 1-h session per day. The GNSS
data were processed using the RTK-Lib software (Takasu et al.
2007). Positions are computed relatively to a reference station
(AVR) located 2 km away and operated by the OMIV observatory
(RESIF/OMLV, 2006). Results provided displacements with an
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uncertainty of 1.5 cm horizontally and 2.4 cm vertically, as calcu-
lated by the standard deviation of the measurements of the G1
GNSS installed on a stable area. The location of G7 and G8 (Fig. 1)
on the eastern side of the active earthflow (bottom part) area is
motivated by the low vegetation in this area, in contrast to the
central area of the bottom part of the landslide. Finally, it should
be noted that stations G2 to G4 have been placed on the top of a 3-
m-high tripod, resulting in a higher amplitude of displacements,
especially rotation. Illustrations of the stations are provided in
Supplementary Information S-2.

Results

Headscarp retrogression

Figure 3 a displays 6 aerial photos shot from 1948 to 2016, and Fig.
3 b shows the longitudinal topographic profiles in 1950 (extracted
from IGN topographic map) and 2019 (from LiDAR DEM) with the
evolution of the position of the headscarp between these two dates.
Between 1948 and 2019, the headscarp has retrogressed by more
than 700 m (Fig. 3a) with a major landslide that occurred in
March 1981 (retrogression of 500 m) following by several reactiva-
tion phases (Moulin and Robert 2004; Bievre et al. 2011, Table 1). In
70 years, the morphology of the slope has been considerably
modified by the landslide, with a general smoothing and a vertical
erosion of more than 50 m in the upper part, associated to a
deposit of up to 8o m in the lower part (Fig. 3b).

Table 1 shows the retrogression areas for the periods highlight-
ed in Fig. 3. Three characteristic sizes of events stand out: the main
event in March 1981 (28 ha), two major events in 1988 and 2016
(around 2 ha each), and several minor events (< 1 ha).

Seismic activity

The seismic template-matching processing provides a catalog
containing 6901 and 8223 landquakes at AVM and HAR2, re-
spectively. This difference is due to the proximity of the sensors
to the source and the slight different periods of acquisition. This
continuous monitoring of landquakes allows the identification
of four periods of intense activity: June 2016, November 2016,
January 2017, and January 2018 (Fig. 4). The first active period
started on June 25, 2016, and corresponds to a major reactiva-
tion of the Harmaliére landslide. The number of daily events
increased until June 28, 2016, and then decayed to the back-
ground level on July 7, 2016. Then, several peaks of seismic
activity occurred in November 2016 (up to around 100
landquakes per day) and are concomitant with small ruptures
at the headscarp (Fiolleau et al. 2020). The third major active
period started on January 27, 2017, reached a peak of 2600
events per day at HAR2 on January 30, 2017. The GPS of a
seismic sensor located on a large block prior to reactivation
indicates that the blocks show significant displacement (1om) at
the end of January 29, 2017 (during 13h30 from 13h3zo UTM, Fig.
2). Finally, the seismic activity decreased back to the back-
ground level 2 weeks later. This third reactivation is associated
with a rapid increase in average daily temperature from —3 °C to
6.8 °C between January 26 and January 27 (Fig. 4), causing
important and rapid snow melt. A last period of significant
seismic activity was detected between December 29, 2017, and
January 7, 2018, corresponding to the last known reactivation
event. For this period, HAR2 was out of order, and the event
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was only detected by AVM. As with the first event, precipitation
did not exceed the seasonal average rate prior to this increase in
seismic activity (Fig. 4).

Vs profile

The processing of the 1-h ambient vibrations records using the
RTBF method (Wathelet et al. 2018) led to the Rayleigh wave
dispersion maps (phase velocity as a function of the frequency)
presented in Fig. s5a (small array) and sb (large array). The layout
of the array makes it possible to define the wavelength limits A,
and A, (Fig. 5, Wathelet et al. 2008). Both figures highlight the
fundamental and the first higher mode. The frequency ranges for
these two modes are 3.1-18.3 Hz and 2.4-6.3 Hz, respectively.
Taking into account the corresponding phase velocity values and
the one-third wavelength rule for surface wave penetration
(Tokimatsu 1997), a depth of investigation between about 2.5 m
and 70 m can be expected.

Overall, the experimental and modeled values are in very good
agreement (Fig. 5¢). The corresponding 1D vs models are present-
ed in Fig. 5d and show 3 layers with sharp velocity contrasts (vs
values of about 150 m/s, 250 m/s, and 600 m/s) at 5-7 m and 30-35
m depth. These results are in agreement with the vs values and slip
surface depths found in previous studies on the nearby Avignonet
landslide (Jongmans et al. 2009; Renalier et al. 2010; Bievre et al.
2012).

Landslide displacement
Figure 6 a to d show the displacement fields computed from four
image pairs bounding the 2016 event. In June 2016, as shown by
Lacroix et al. 2018, a succession of two major displacement phases
can be observed: (1) the initiation of the reactivation at the
headscarp, with a maximum displacement of about 5 £ 1.2 m
between June 24 and 27 (Fig. 6a); (2) the largest movements took
place between June 27 and July 7, with displacements of up to
about 100 *+ 1.3 m (Fig. 6b). Subsequently, from July 7 to August 3,
a displacement of up to 62 + 1.5 m occurred at the bottom of the
landslide (Fig. 6c and d). Figure 6e shows the displacement field
recovered during the processing of the 14 satellite images delin-
eating the January 2017 reactivation. It was found that this event
affected exclusively the upper part of the landslide, with displace-
ments of up to 16 £ 2.4 m. The 2016-2019 DEM correlation
provides a displacement field (Fig. 6f) that encompass the end of
the 2016 reactivation, as well as the January 2017 and January 2018
reactivations (labelled A, B, and C, respectively). The displace-
ments detected at the bottom of the landslide (from 20 * 1.3 to
40 * 1.3 m, Fig. 6f) are in agreement with the Sentinel-2 measure-
ments (Fig. 6d) and show that the 2016 event ended in this area
after August 3, 2016. The reactivation of January 2017 is clearly
visible in the DEM correlation, with higher displacements (20 £ 1.3
to 30 £ 1.3 m) in the landslide upper part than those estimated with
Sentinel-2 (Fig. 6e, 16 + 0.3 m) but measured over a much longer
time period (40 months versus 2 months). Finally, the 2018 reac-
tivation, which was not detected by Sentinel-2 images correlation
probably because of the small surface involved (1700 m?), is just
detectable on the DEM correlation with displacements up to 20 +
1.3 m (Fig. 6f).

Continuous displacements measured at the 8 GNSS stations (G1
to G8) between April 2018 and April 2020 (i.e., after the last
observed major reactivation of January 2018) are presented in
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Table 1 Retrogression area deduced from aerial photos and related events

Period Retrogression area (ha) Major events
1948-1980 0 None

1981 28 March 7, 1981
1982-1988 22 January 28-29, 1988
1989-2015 1 January 1996, 2001, 2004

2016 2.5 June-July 2016
2017-2019 0.9 January 2017 and 2018

Fig. 7. At the headscarp, displacement rates are zero for stations G2
and G3, and about 5 cm/year towards SSE for G4. In the upper
mid-part of the landslide, stations G5 and G6 show continuous
(Fig. 7b) displacement rates of 3 and 5 cm/year towards SE and S,
respectively. At the toe of the slide, G7 and G8 show almost no
displacement. The displacement rates measured by these stations
(0.1 m/year maximum) are low compared to those obtained during
reactivations (several m/day), but they indicate continuous land-
slide activity. They also suggest that the deformation mainly takes
place in the upper-western and middle part of the landslide for the
monitored period.

Gs (Fig. 7b), as G4, shows seasonal variations of their velocity
with an amplitude of 3 cm/year and 8 cm/year, respectively. The
two stations were positioned on a soft clayey material at 1 m and 3
m height respectively. The difference in elevation between the two
stations results in the difference in amplitude variation (three
times higher). The swelling and shrinking of the clay is probably
the cause of this behavior.

Mass transfers

The overall mass depleted/accumulated over the 70 years of mon-
itoring was assessed. From top to bottom of the landslide, this
volume was estimated at about 6 x10® m?® (difference between the
DTM generated from the IGN topographic map of 1950 and the
LiDAR DEM of 2019).

Figure 8a and b show the differences in elevation computed for
the periods 2009-2016 and 2016-2019, respectively, and Fig. 8c
shows NW-SE profiles of the differences in elevation for the 2
computed differences. Between 2009 and 2016, an erosion of up
to 15-20 m (in red) at the two large upper scarps and lower
material losses (5 to 8 m) along two lower scarps is observed. At
the time of the second LiDAR acquisition (July 27, 2016), the lower
part of the landslide was covered by a continuous deposit over a
length of 800 m and with a maximum thickness of 16 m. A smaller
deposit (up to 3 m thick) is also visible in the middle of the slope
(Fig. 8a and c, between 250 and 400 m). Volume calculations
provide similar estimates of about 1 x 10° m? for the mass depleted
and accumulated.

Figure 8b shows differences in elevation computed for the
periods 2016-2019. A NW-SE profile is shown in Fig. 8c (orange).
A total depleted volume of about 2.5 X 10° m® was estimated, for an
accumulation of about 2 x 10° m?, with an estimated error of + 0.5
x 10° m>. At the toe of the landslide, a depletion of about 132 560
m? and an accumulation of about 80 0coo m> was estimated, with
an estimated error of + 20 x 10> m’. In the upper part, most of the
depletion and accumulation took place along a 200-m-wide and
400-m-long strip. Most of the displaced mass resulted from
headscarp retrogression, with maximum depletion and accumula-
tion thicknesses of 12 m and 5 m, respectively (Fig. 8c).
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Interpretation

Structure of the landslide

An interpretative cross section of the Harmaliére landslide was
built (Fig. 9), using the following data: (1) the detailed topography
of the slope provided by LiDAR imagery (2019) with the position
of the scarps, from which the main slip surfaces are assumed to
originate; (2) the depth of the two main slip surfaces indicated by

the Vs profile (Fig. 5d); and (3) the bedrock geometry provided by
the analysis of the seismic noise (Bi¢vre et al. 2011), geological
observations, and the 1950 topography, assuming that the bedrock
outcropped at the toe of the slide. In this cross section, the upper
part of the landslide is characterized by a slope of around 11° and
the presence of scarps with a rupture mechanism typical of a clay
compound slide. The lower part exhibits a gentler and smoother
slope (8°) and shows a flow-like morphology characteristic of an
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earthflow. A transition zone between these two mechanisms can be
identified between abscissa 450 and 1000 m along the section (Fig.
9). This transition zone is characterized by a bulge presumably
induced by the presence of the bedrock uplift at this location. As
shown in the cross section (Fig. 9), the two slip surfaces are
connected to explain both the local deformation and the long-
distance mass transfer. At the landslide toe, the earthflow behavior
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is associated with the presence of numerous accumulation lobes,
presumably indicative of secondary daylighting slip surfaces. The
volume of the whole Harmaliére landslide was calculated on the
basis of this section, extending the depth of the deeper slip surface
laterally (Jaboyedoff et al. 2020). An estimated landslide volume of
about 45 x 10° m? is obtained, which is significantly larger than the
previous assessment of 25 X 10° m® made by Carriére et al. (2018).



Reactivation types

The landslide history over the last 70 years highlighted a signifi-
cant headscarp retreat of about 700 m, characterized by sudden
strong retrogressive events such as those of March 1981 (28 ha),
January 1988 (2.1 ha), and June 2016 (2.5 ha). The increased
amount of data since 2009 (Sentinel-2 images, LiDAR
acquisitions, seismic data, GNSS) makes it possible to overcome
this lack of information and to interpret the various mechanisms
of the reactivation events.

Calculating the differences between the three LIDAR DEMs of
2009, 2016, and 2019 allowed to estimate and locate the depleted/
accumulated volumes during the reactivation events of June 2016
and January 2017/January 2018. As no significant changes in mor-
phology were observed in aerial photos between March 2009 and
June 2016, the differences in elevation between these dates (Fig. 8a)
are assumed to be entirely due to the event of June-July 2016. The
second LiDAR acquisition, which took place on July 27, 2016,
shows that, during this reactivation phase, most of the 1 x 10° m?
volume was transferred from the upper to the lower part within a
maximum of 1 month. This mass transfer, which was measured
thanks to Sentinel-2 correlation, occurred during the most active
phase (between July 7 and 17, 2016) with a displacement rate of up
to 10 m/day. Differences between the 2019 and 2016 DEMs include
the cumulative effect of the events of January 2017, January 2018,
and the end of the 2016 event for a total depleted volume of about
2.5 X 10° m> and an accumulated volume of about 2 X 10° m®.
However, the areas concerned by these three events were identified
using the displacement fields recovered from the correlation of the
Sentinel-2 images. The volume for each area was then calculated
by the difference of DEM (2019-2016). The mass movement in-
duced by the end of the 2016 event was observed at the toe of the
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Fig. 9 Interpretative cross section of the Harmaliére landslide from the topography
extracted from the LiDAR DEM acquired in November 2019. Red dots: bedrock roof
from H/V measurements refined from Biévre et al. (2011) results. Red part of the
bedrock corresponds to the 1950 topography. Red bars: constraints on the scarps
and shear surface deduced from the seismic network

landslide with a depletion of about 132,560 + 2 x 10* m® and an
accumulation of about 80,000 + 2 X 10* m?. The difference in
volume may have flown into the lake or resulted from the change
in lake level, which was 6 m higher in 2019 than in 2016. In the
upper part, the depletion induced by the event of January 2017
amounted to 112,340 * 3 X 10* m?, for an accumulation of about
113,800 * 3 X 10* m?, while the small reactivation in 2018 depleted
only 7067 * 1.4 X 10> m’ for an accumulation of about 8110 * 1.4 X
10° m>,

Considering the volume and surface area involved, the
Harmaliére landslide showed two types of reactivation. Major
events such as those of 1981 and 2016 reactivated the entire land-
slide involving a large volume of material (> 10° m?). On the other
hand, smaller events, such as those of 2017 and 2018 (< 1.2 X 10’
m?), affected only the upper part of the landslide, with the transi-
tion zone showing no displacement during these events. In order
to better understand the difference between these two types of
events, a focus is made on the reactivation mechanism of the 2016
and 2017 events.

Reactivation mechanisms

The two reactivation events of 2016 and 2017 both displayed
intense seismic activity and large displacements. Despite these
similarities, these two events also show prominent differences
regarding (i) the size and distribution of the mass transfer and
(ii) the season of occurrence (dry and wet), providing an oppor-
tunity to study the mass transfer mechanism along the landslide
with more details. Geodetic, kinematic, and seismic activity data
have all been combined to obtain a comprehensive view of the two
events. The smaller January 2017 event is analyzed first.

January 2017 event

Figure 10a shows the displacement field associated to this event, as
well as the depleted (red) and accumulated (green) volumes. An
interpretative NS section is displayed in Fig. 10b with the 2016 and
2019 topographies. The mechanism of this reactivation appears to
be a compound slide initiated at the headscarp along a listric
shallow slip surface, leading to a back-tilting of the upper bench.
This slip surface is divided into several active branches that gen-
erate convex accumulation lobes (Fig. 10a and b). Mass transfer
takes place over these multiple branches down to a distance of 350
m from the headscarp, as shown by optical image correlation (Fig.
6e). This large distance, and the formation of multiple lobes,
suggests that the two main slip surfaces of the landslide (bold
dotted lines, Fig. 10b) have been reactivated. The lack of material
accumulated in the central part, which is a consequence of the
previous 2016 event (see below), probably prevents the propaga-
tion of the mass transfer over the entire landslide area.

The seismic activity curve (Fig. 10c) shows a sudden increase, a
peak, and a slow decay, corresponding to the initiation (Fig. 2b),
the main rupture and the final accommodation of the reactivation.
Combined examination of the microseismicity and meteorological
conditions shows that the initial failure occurred during a phase of
warming (=3 to 7 °C in 1 day) and snow melt accompanied by a
gradual increase in the number of landquakes. The seismic activity
was maximum at the time of the reactivation (Fig. 2b) and then
decreased over a period of about 15 days (relaxation phase), show-
ing a significant activity during 10 days. This time period provides
an order of magnitude of the mass transfer time. Contrary to
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previous studies (Yamada et al. 2016; Poli 2017), no repeating
events, with highly similar waveforms, quasi periodic occurrence
times, and progressive changes in amplitude and recurrence times,
were observed. In contrast, seismic events are clustered in time
and display power-law distribution of peak amplitude and inter-
event times. This suggests that landquakes are not associated with
the repeated rupture of asperities during the progressive nucle-
ation of the main rupture, as proposed by Yamada et al. (2016) and
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Poli (2017). Landquakes at Harmaliére landslide may rather be
produced by the propagation of new slip surfaces.

June 2016 event

The June 2016 event is one of the three major reactivation events
that occurred in the Harmaliere landslide since it was activated
(Table 1). The amount of precipitation observed prior to this event
was not particularly high (< 10 mm after June 16, 2016). The five



Sentinel-2 images available over the 40 days of the reactivation
(between June 24 and August 8, 2016) were used to interpret the
different stages of the reactivation. The depleted/accumulated
volumes for each stage were estimated from the displacement
fields and the total depleted/accumulated volumes calculated from
the differences between the 2009 and 2016 DEMs. In the upper part
of the landslide, the difference in volume between DEMs is divided
between the two periods June 24-27 (Fig. 11a) and June 27-July 7
(Fig. 11b) showing horizontal displacements. From the transition
zone to the landslide toe, the depleted/accumulated volumes are
distributed between the three periods June 27-July 7, July 7-27,
and July 27-August 3 (Fig. 11 b, ¢, and d, respectively). Thus, an
estimation of the depleted/accumulated volumes for each period
was made according to the displacement rate of the period (a low
displacement rate gives a low volume). Figure 11a to d shows, at
these 4 different periods, the displacement field and the interpre-
tation of the mass transfers with the depleted and accumulated
volumes in red and green, respectively. The corresponding inter-
pretation is shown on longitudinal sections in Fig. 12, with the last
2 periods (July 7 to July 17, 2016, and July 17 to August 3, 2016)
grouped in Fig. 12c.

Regarding the seismic activity, the initiation phase occurred
between the 25 and 27 of June. During this initial phase, the main
movement consists of relatively superficial and low amplitude (5
m in horizontal displacement) sliding, affecting the two upper
scarps (Figs. 6a, 11a) and creating an accumulation at their foot
where slip surfaces daylight (between 200 and 350 m, Fig. 12a).
This initial destabilization mechanism appears to be relatively
similar to the 2017 reactivation with mass transfer occurring up
to 350 m from the headscarp. The abrupt increase in seismic
activity (Fig. 11e) seems to indicate that the onset of larger move-
ments (metric) occurs on June 25. On June 27, a large deep slide
with a horizontal surface displacement of 100 m detected by the
Sentinel-2 images is triggered (Figs. 11b and 12b). Seismic activity
peaks on June 28 and then decreases steadily (Fig. 11e). This second
phase shows a displacement from the headscarp to the end of the
transition zone, with a displaced volume of about 1 X 10° m>.
Multiple slip surfaces daylighting in the slope created a series of
lobes in the transition zone (Fig. 12b, between 800 and 1000 m).
The main mechanism during this phase is translational sliding
along slip surfaces, which is assumed to generate the seismic
activity.

After July 7, mass transfer exclusively took place from the
transition zone to the landslide toe, with a first active phase (Fig.
11¢) during which surface displacements are of the order of 60 m.
This phase is associated with a decrease in seismic activity between
July 7 and 13, which can be explained by (i) the onset of a flow-like
mechanism with less friction and (ii) the larger distance between
sensors and the active area. From July 13 to August 3 (Fig. 11d and
e), a last phase is observed with smaller surface displacements of
the order of 20 m and only weak and irregular seismic activity. The
overall mass transfer from the transition zone to the lower part of
the landslide between July 7 and August 3 is shown in cross section
in Fig. 12c. The main mechanism during these two phases appears
to be earthflow with a very large number of slip surfaces.

As previously indicated, the main mechanism in the transition
zone is translational slide, although some scarps and lobes may
also be due to very shallow sliding surfaces. This translational
mechanism is confirmed by the presence of blocks that retain a

similar morphology during movement and whose displacements
are deduced from the correlations of the Sentinel-2 images (Fig. 7
and Fig. 11). These blocks are shown (b1 and b2) in the profiles of
Fig. 12. Block b1 began its movement with a slight vertical displace-
ment of a few meters (Fig. 12a) during the initiation phase. Then,
during the main movement phase, blocks b1 and b2 slid along the
shallower slip surface, probably dragged by the deeper slip surface
as well, with a displacement of around 200 m for b1 and around
100 m for b2 (Fig. 12b). These interpretation shows that the dis-
placements detected by Sentinel-2 (up to 100m) are smaller than
the actual displacements. The difference in displacement between
the two blocks implies the presence of a sliding surface generating
lobes between the two blocks (Fig. 12b, at 500 m). Finally, during
the last phases from July 7 to August 3, the two blocks moved a
further 30 m and 100 m, respectively, remaining in the transition
zone (Fig. 11¢).

Transition zone influence

In terms of kinematics and rheology, the two events of 2016 and
2017 showed that motion in the upper part of the landslide is
characterized by a rigid-like behavior, with sliding along uneven
slip surfaces divided into several branches. Beyond the transition
zone, the mechanism becomes flow-like, as shown by the develop-
ment of a lobate morphology after the 2016 event. In this lower
part of the landslide, the material undergoes solid-viscous transi-
tion with the generation of a mudflow, as was the case in the 1981
event, or of an earthflow, as in the June 2016 event, presumably
depending on its water content. In contrast, for smaller reactiva-
tion events characterized by a tenfold smaller depleted volume in
2017/2018, the mass was only displaced to a maximum distance of
350 m. The mobilized volume was not sufficient to reach the
transition zone, suggesting a threshold volume value for long-
range mass transfer along the landslide. In addition, the 2016
event, which started similarly as the 2017 event, may have benefit-
ed from the cumulative accumulations of previous smaller events.
The accumulation of material in this transition zone allowed a fast
transfer speed (up to 10 m/day, during the most active phase; Fig.
6), which freed the space in front of the headscarp, and explains
the constant maintenance of a cliff at the top of the slide in the
most active zone. The mechanism of this zone is probably influ-
enced by the bulging of the bedrock (Fig. 9), allowing the clay
material to accumulate prior to earthflow. GNSS data acquired
after the 2017 event over a period of 2 years indicate that the slope
is subject to a permanent slow downward motion of up to 0.1
m/year.

These results show the key role of the transition zone in the
mass transfer mechanism within the Harmaliére landslide. The
material accumulates there during small reactivations as in 2017,
undergoing during its displacement a progressive degradation
preparing it for a flow-like behavior. A major event, such as that
of June 2016, reactivates the entire landslide and purges the tran-
sition zone, generating either an earthflow (June 2016) or a mud-
flow (March 1981), depending on whether the water supply is high
or low.

Conclusions

A morphological and kinematic study of the Harmaliére clayey
landslide was conducted over a 7o-year period. Results show that
the headscarp has retrogressed by 700 m, with a mass depleted/
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accumulated from the top to the bottom of the landslide of around
6 x 10° m>. Over the last 40 years, the average retrogression rate of
the landslide is on the order of 5 m/year. The sliding mechanism
regularly affects the headscarp that remains constantly steep and

to the earthslide, transition, and earthflow zones, respectively

unstable with a height of up to 30 m. During this 70-year period,
three major events happened (1981, 1982-1988, 2016), of which two
are documented (1981, 2016) and occurred in very different mete-
orological conditions. The main reactivation of March 1981 was

Landslides 18 = (2021) | 1997



| Original Paper

triggered after an episode of rain on a 0.4 m thick layer of snow. It
affected an area of around 45 ha and caused the headscarp to
suddenly regress by more than 500 m in 1 day. No data are
available on the volume displaced. The June 2016 event, triggered
in dry conditions, affected an area of 2.5 ha and contributed to the
transfer of 1 X 10° m? to the base of the landslide. The detailed
study of this last event established that the mass transfer was
achieved in the course of 5 weeks, with a slide mechanism at the
top and earthflow at the toe.

In terms of methodology, this study showed the complemen-
tarity between ground data (seismic, GNSS) and remote sensing
(optical satellite images, airborne LiDAR) monitoring techniques.
First, the correlation of Sentinel-2 images offers the possibility to
obtain surface displacement fields with a temporal resolution of a
few days to a few weeks (revisit time of 5 days for Sentinel-2) and a
spatial resolution of the order of 1 m. Then, the three LiDAR
acquisitions, carried out at intervals of several years, covered the
entire landslide and provided accurate data on 3D displacements
and depleted volumes over time periods containing one or two
reactivation episodes. This technique provides a detailed topo-
graphic information with a spatial resolution of o.1m and allowed
to monitor the mass transfers that occurred during the reactiva-
tion. Complementary seismic surveys allowed to locate slip sur-
faces at depth along with the depth to the bedrock that controls the
mass transfer. Seismic monitoring using template-matching filter-
ing allows a real-time, remote, and automatic detection of reacti-
vation phases. Additional sensors should be installed close to the
landslide in order to locate the seismic sources. Finally, low-cost
GNSS monitoring provides spatially punctual data with very high
temporal resolution (0.5 pt/h to 1 pt/day in this work) that allows
to track the 3D displacement between two reactivations. However,
an event such as the sudden reactivation of 2016 could have
interrupted the operation of the instruments installed on the
ground, or even destroyed them. In the future, the implementation
of low-cost GNSS sensors, the acquisition of cheaper and more
flexible LiDAR data by unmanned aerial vehicles, and the free
availability of higher spatial resolution satellite data (such as
Pléiades) open up both scientific and operational prospects for
improving the monitoring and understanding of such gravitation-
al movements.

Supplementary InformationThe online version contains
supplementary material available at https://doi.org/10.1007/510346-
021-01639-Z.
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