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Abstract

This paper presents a study combining remote sensing and seismic prospect-
ing for investigating two clayey landslides located in the Trieves area (West-
ern French Alps). Although affecting similar slopes made of similar clay layer
under the same meteorological conditions, the two adjacent Avignonet and
Harmaliere landslides exhibit, since the 1980s, major differences in morphol-
ogy, displacement rate magnitudes and motion directions. These observations
suggest the control of at least one additional internal factor on the landslide
characteristics. Combination of geological mapping, airborne Light Detection
and Ranging (LiDAR) data, aerial photographs, Global Positioning System

(GPS) and seismic noise measurements allows characterizing the landslide
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morphology and the thickness of the soft layer down to the seismic substra-
tum, providing a 3D view of the soft layer bottom. GPS measurements and
digital photographs reveal that the difference in kinematics between the two
earthslides can be tracked back to 60 years ago at least. The Avignonet
slide is mainly directed towards the East while Harmaliere is mainly oriented
towards SE. The LiDAR scan map illustrates this differential motion and
morphology between the two slides and highlights that the Harmaliere slide
is still presently much more active than the Avignonet one. A ground geo-
physical prospecting based on ambient noise measurements allowed to map
the base of the clays and indicates the presence of a N-S ridge of hard sedi-
ments (Jurassic bedrock and/or compact alluvial layers) on the eastern side
of the Avignonet landslide. This ridge disappears when approaching the Har-
maliere landslide and makes place to what can be interpreted like a NW-SE
oriented palaeovalley of the river Drac. It is proposed that the ridge could act
as a butress which could mechanically prevent the Avignonet landslide from
evolving as fast as the Harmaliere one. Furthermore the NW-SE palaeovalley
located under the Harmaliere landslide corresponds to the motion direction
of the slide. It is then finally proposed that the slides different behaviours
are partly controlled by the palaeotopographic setting of lake Trieves. These
results suggest a major influence of the bedrock palaeotopography on the

kinematics of the two landslides.
Keywords: Clay landslides, LIDAR, GPS, aerial photographs,

microtremors, differential kinematics, palaeotographic control
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1. Introduction

. This paper presents a study combining remote sensing and seismic prospect-
ing for investigating two clayey landslides (Avignonet and Harmaliere) lo-
cated in the Trieves area (Western Alps; Fig. 1). Although affecting similar
slopes made of similar clay layer under the same meteorological conditions,
these two adjacent landslides exhibit, since the 1980s, major differences in
morphology, displacement rate magnitudes and motion directions. These ob-
servations suggest the control of at least one additional internal factor on the
landslide characteristics. Such control by lithological variations, hydrogeolog-
ical drainage or structural features have been regularly depicted in clay slides
(Bonci et al., 2004; Lapenna et al., 2005; Eilertsen et al., 2008; Bozzano et al.,
2008). This study aims to explain the significant differences in geometry and
kinematics observed between the landslides of Avignonet and Harmaliere.
Combination of geological mapping, airborne Light Detection and Ranging
(LiDAR) data, aerial photographs, Global Positioning System (GPS) and
seismic noise measurements allows characterizing the landslide morphology
and the thickness of the soft layer down to the seismic substratum, providing
a 3D view of the soft layer bottom. This reveals the palacotopography upon
which settled the clays and helps to assess the geological control on the two

landslides behaviour.

. In the last two decades, remote sensing techniques and geophysical prospect-
ing methods have been increasingly used to image landslide structures at the
surface and at depth, respectively. Remote sensing techniques, such as radar
interferometry, high-resolution optical images correlation and multi-temporal

laser scanning, allow the surface displacement field to be measured, which

3
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is a key parameter to understand the landslide mechanics (for a review, see
Metternicht et al., 2005; Delacourt et al., 2007). In complement to conven-
tional ground-based geodetic techniques and GPS surveys that provide only a
limited number of discrete measurements, multi-temporal remote sensing im-
agery has the potential to measure nearly continuous displacement rate field
over landslides (among others, Fruneau et al., 1996; Rott et al., 1999; Kimura
and Yamaguchi, 2000; Squarzoni et al., 2003; Metternicht et al., 2005; Strozzi
et al., 2005; Corsini et al., 2007). Nonetheless, performances of the remote
sensing techniques strongly depend on the site conditions (slope steepness
and orientation, vegetation, size, slide velocity) and on weather conditions.
These techniques that can be borne on various platforms (space, aerial or
ground) and combined together, can achieve decimetric to centimetric res-
olution and accuracy in favorable conditions (Delacourt et al., 2007). In
the last few years, both airborne and ground LiDAR techniques have been
increasingly applied for mass movement studies, particularly in steep and
rugged terrain (e.g. Thoma et al., 2005; Abellan et al., 2006; Corsini et al.,
2007; Deparis et al., 2008; Oppikofer et al., 2008). Recently, airborne LiDAR
images were successfully used to map recent and historical landslides in gentle
slope areas (Schulz, 2007; Van den Eeckhaut et al., 2007). Major advantages
of LIDAR technique are the flexibility and the quickness of the acquisition as
well as the relatively simple data processing, allowing multi-temporal Digi-
tal Elevation Models (DEMs) to be generated (McKean and Roering, 2004;
Rosser et al., 2005; Thoma et al., 2005; Oppikofer et al., 2008).

In parallel, shallow geophysics has also considerably evolved with the

emergence of 2D and 3D spatial imaging, allowing the study of the spatial
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and temporal variations inside landslides (for a recent review, see Jongmans
and Garambois, 2007). Geophysical imaging has the major advantages to
give continuous information on the studied body and to be non-invasive.
However, resolution generally decreases with depth. Geophysical prospect-
ing applied to landslides encompasses a large number of techniques: seismic
reflection, seismic refraction, electrical resistivity tomography (ERT), seismic
noise measurements, spontaneous potentials, electromagnetic, Ground Pen-
etrating Radar (GPR) and gravimetry. Flexible and quick to deploy, these
techniques have been applied on various types of landslides for slope varying
from a few degrees (earth slide) to vertical (rock fall), with a penetration
depth of the surveys ranging from 3m to 400 m (Green et al., 2007; Heincke
et al., 2006; Jongmans and Garambois, 2007).

. Although remote sensing and geophysical techniques are complementary
for landslide imaging purposes, they have been rarely associated. Roch et al.
(2006) and Deparis et al. (2008) combined remote and ground imaging tech-
niques for determining the geometry and the 3D fracture pattern of poten-
tially unstable cliff sites. A dense digital surface model of the rock face
was measured from laser scanning (LiDAR) and/or photogrammetry, while
the GPR performed on the cliff allowed the discontinuity pattern inside rock
mass to be obtained. On low slope made of clay-rich sediments, Perrone et al.
(2006) presented a joint analysis of SAR interferometry and ERT surveys for
investigating and understanding complex ground deformation of different ori-
gin. Brickl et al. (2006) utilized photogrammetric, GPS and seismic data
to derive the kinematics of the Gradenbach deep-seated landslide (Austria)

affecting crystalline rocks.
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. In the following, the geological setting of the study area is first assessed.
Then, the use of LiDAR data, aerial photos and GPS measurements will
lead to better constrain the two landslides activity and extent as well as
their kinematics. The easy-to-deploy and fast H/V prospecting will allow to
estimate the soft layer thickness. The original combination and integration
of these techniques will help to build a 3D view of the soft layer and assess

a possible geological control on the landslides.

2. Geological structure and mapping

. The Trieves area is located 40 km south of the city of Grenoble in the ex-
ternal French Alps (Fig. 1). This plateau region with a maximum altitude of
800 m above sea level (asl) corresponds to a large depression of about 300 km?
drained by the Drac river and its tributaries. It is bordered, to the West and
to the South by the Vercors and Dévoluy carbonate massifs, respectively.
To the East, it is limited by the southern end of the crystalline Belledonne
range (Fig. 1). This area is the main outcrop of quaternary glaciolacustrine
clays. Many landslides affect this zone among which 15 % are supposed to
be sliding (Lorier and Desvarreux, 2004). These slides might affect surfaces
as large as 1km?2. They can develop over several slip surfaces ranging from
superficial (5m to 15m) to rather deep (down to 50 m; Blanchet, 1988; Jong-
mans et al., 2009). Slide velocities are generally low (a few cm/year) but can
reach several m/year in certain places. In some cases, generally after a long
wet period accompanied by quick snowmelt, the slides can evolve into a mud-
flow and velocities can reach several m/h. This lead to dramatic events in

Harmaliere in 1981 (Moulin and Robert, 2004) and in La-Salle-en-Beaumont
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in 1994 (Moulin and Chapeau, 2004). This important gravitational instabil-
ity is mainly related to the Quaternary geological history of the region. It
was controlled by several glacier fluctuations, which resulted in alternating
deposition and erosion phases. The particular geometrical setting and the

sediments recorded these major climatic fluctuations.

. The substratum on which rely the quaternary formations is made of early
Jurassic carbonate strata which were folded and faulted during the alpine oro-
genesis. Ancient glacial (Riss) and interglacial phases (Riss-Wiirm) carved
the substratum and generated valleys partly filled with Riss-Wiirm alluvial
deposits. This lead to an irregular shape of the basement prior to the last
glacial phase (Wiirm; -80 to -12ky BP). During the last glacial maximum
extension (LGM, Wiirm period, -22 to -18 ky BP; Clark et al., 2009), the
Isere glacier, coming from the North, blocked downstream the torrential flows
from the Drac river and its tributaries, generating an ice-dammed lake (lake
Trieves, Fig. 1; Monjuvent, 1973). This lake was progressively filled during
thousands of years mainly by millimetric to decimetric rythmic alternations
of clay and silt layers originating from nearby Mesozoic marls and crystalline
massifs (Huff, 1974). These laminated clays rest either on carbonate or al-
luvial, locally cemented, compact layers from the interglacial Riss-Wirm
period. The irregular shape of the basement induces strong lateral thickness
variations of the palaeolake infill, from 0 to more than 250 m (see Figs. 2 and
3; Monjuvent, 1973; Antoine et al., 1981). The top of the clay is generally
found at an elevation of about 750m asl (Antoine et al., 1981). Morainic
deposits which cap the clays are found as far as the south of the village

of Sinard, indicating the southward limit of the wiirmian glacier extension
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(Figs. 1 and 2). Also, these moraines are not present in the downslope parts
of landslides, where clays outcrop (Fig. 2). At the study site, their thickness
evolves, around Sinard, from 50 m to the West to a few meters to the East.
At the end of the LGM in Europe, the Isere glacier withdrew, allowing the
rivers to cut deeply into the formations. This last erosion phase created the
actual Drac river valley. This favoured the conditions for landslide develop-
ment in the clay with a general Eastward motion in the study area (Fig. 2;

Brocard et al., 2003; Jongmans et al., 2009).

. The geological map and the cross-section of figures 2 and 3, respectively,
show the geometrical arrangement of the geological formations in presence.
Two palaeovalleys, labelled v1 and v2 on figure 3, depict previous interglacial
incision phases. Palaecovalley v1 is the oldest one (Monjuvent, 1973; Brocard
et al., 2003). Both palaeovalleys are filled with locally cemented alluvial lay-
ers. They have been recognized by field observations and, under the clay
cover, by geophysical investigations conducted in the 1950s for the construc-
tion of the Monteynard dam (location in Fig. 2; Crosnier-Leconte et al., 1953;
Monjuvent, 1973). In the study area (Fig. 1), these erosion and deposition
phases resulted in an irregularly shaped substratum top (Fig. 3). The last
erosion phase, at the end of the LGM, resulted in the actual Drac river valley.
A general view from the opposite side of the lake is presented on figure 4a.
Jurassic bedrock, quaternary alluvial layers and laminated clays are shown

on outcroup pictures of figures 4b, 4c and 4d, respectively.



167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

184

185

186

187

188

189

190

3. Landslide geomorphology and history

3.1. Techniques

In this part we will focus on the comparison between the Avignonet and
Harmaliere landslides. Three techniques have been used to analyze and com-
pare the geomorphology and kinematics differences of these slides. To obtain
a DEM for geomorphological interpretation a LiDAR laser scan, covering the
two landslides, was performed. Aerial photographs and GPS measurements

were used to analyse the kinematics back to 1948.

. The LiDAR scan was performed in November 2006 using the handheld air-
borne mapping system Helimap® (Vallet and Skaloud, 2004) mounted on a
helicopter flying about 300 m above the terrain. The landscape is character-
ized by forest, agriculture and grassland. There are no artificial structures
on Harmaliere but a few small roads, 3 piles of an electric landline and 54
buildings on the Avignonet landslide. The time for the acquisition was cho-
sen to be in November, so that the leaf coverage has already decreased and
snowfall has not started yet. The system has recorded 36 million last pulses
of the surface reflection resulting in an average of 6 points per m? with an
accuracy of 10 cm in vertical and horizontal directions. In order to derive the
bare earth model excluding trees and houses the point cloud was filtered and
interpolated to a 2m raster grid with the software SCOP++® IPF (2004)
using the robust interpolation method (Briese et al., 2002). The number of
points classified as ground reflections and therefore used for the griding of
the DEM is 21 million, which is equivalent to an average of 3 points per m?2.

The resulting shaded DEM is shown in figure 5. Shaded representations with
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different light angles were used for geomorphologic interpretation.

. GPS campaign measurements have been performed biannually (April and
November) since 1995 by RTM (Restauration des Terrains en Montagne, a
french public survey) at 25 points on the Avignonet landslide (Fig. 5), rel-
atively to several reference points located on nearby stable bed-rock. The
average standard deviation for all measured points is 6 mm. No GPS mea-
surements have been done so far inside the Harmaliere landslide, because of
the quick surface evolution making benchmark installation difficult. Average
horizontal velocity vectors are shown in figure 5. No clear temporal pattern
of velocity changes emerges from the data certainly due to the low temporal

sampling.

. To analyze the kinematics further in the past, digital photogrammetric
scans of aerial photographs from IGN (Institut Géographique National, France)
of the years 1948, 1956, 1978, 1985, 1993, 2001 and 2003 at scales between
1:20 000 and 1:30 000 covering the two landslides have been used. The photos
were orthorectified with the software Geomatica® using the DEM BD-ALTI®
from IGN with a resolution of 50m (the LIDAR DEM was not covering a
large enough area to be used), the calibration certificates of the utilized cam-
eras and 56 ground control points measured on the field with differential
GPS. The ortho-photos have been analyzed to investigate the landslide ac-
tivity through time. The mapping of the denuded area and of the headscarps
was found to be useful indicators of landslide activity.

In the studied area, bare soil (mostly clays) can be observed in sev-
eral places, over significantly large surface (from about 250m? to more than

50000 m? in Harmaliere). Where field observation has been done, it turns out

10
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that these bare soil surfaces result from erosion and weathering processes in
relation to superficial landslide activities. In the following the term denuded
area is used to refer to these surfaces. To quantify the spatial and temporal
distribution of denuded area over the whole studied area, aerial photos have
been used.

When comparing field observations at Harmaliere and Avignonet land-
slides with ortho-photos, denuded area appears as very bright pixels in aerial
photography compared to the surrounding forested or agricultural landscape
except for some field crops, the river and some human constructions (road,
buildings) that can also be bright (see Fig. 6, top). Consequently, for each
ortho-photo, pixels have been classified as denuded area, using as reference
the level of brightness of areas where bare soil has been observed in the
field, and excluding the river (or the lac), bright fields, roads and buildings

identifiable by their characteristic geometric shapes (see Fig. 6, bottom).

3.2. Analysis

Using the three sets of data, as described in the previous section, several
features can be analyzed to highlight the difference in kinematics between the
Avignonet and Harmaliere landslides: the general orientation of the landslide,

surface velocity, denuded area, headscarp evolution and surface roughness.

. The clay area affected by sliding is larger on Avignonet (1.8 km?) than on
Harmaliere (1.2km?). The headscarps of Harmaliere and Avignonet mapped
from the 1956 aerial photo (before the construction of the Monteynard Dam),
show that the maximum distance between the headscarps and the Drac Valley

is about 1.5km in both cases. Both headscarps follow a curve that have a

11
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symetry axis oriented NNW-SSE, perpendicular to the Drac Valley, as it is
expected in a homogeneous clay mass deeply cutted by a valley (see Fig. 6 on
the bottom left). In Avignonet, the global sliding direction follows this axis
as expressed by the fan-shape pattern of the GPS velocity vectors and of the
slope directions of the main scarps. The 11-years average velocity vectors
from GPS on the Avignonet landslide are oriented from N70° E to N130 " E
(Fig. 5), with a global N 100 ° E movement.

However, in Harmaliere, according to the evolution of denuded area, the
most active areas of the landslide develop along a NNW-SSE axis (Fig. 6)
making a 30 " angle with the Avignonet global sliding direction. The percent-
age of denuded surface is much larger in Harmaliere than in Avignonet since
the first photos in 1948 (13 % versus 5% in 1948, 20 % versus 3% in 1984
and 19 % versus 3% in 2003). Only a very small active area in the south
of Avignonet can be identified. The higher activity of Harmaliere certainly
goes back, at least, to the end of the 19th century: at that time, according to
Moulin and Robert (2004), because of intense gully erosion occurring on the
NW part of the Harmaliere slide, a significant reforestation work has been im-
plemented by the state authorities. Since the catastrophic Harmaliére event
in 1981, denuded area are more concentrated in the eastern part of the Har-
maliere landslide and has grown up-slope since then. Morphological changes
due to the 1981 event can be seen in the 1985 sketch of figure 6 forming
a NNW-SSE elongated body of denuded areas and also in figure 5 where,
at the same place, a roughness contrast with the surroundin terrain can be
noticed. The body itself can be divided into a steeper upstream part where

erosion dominates and a smoother lower part corresponding to an accumu-
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lation zone, which has been conquered by trees again since the 1981 event
(Fig. 6 on the right). It is noteworthy that the recent up-slope evolution
is not directed straight to the NW, but has rotated clockwise to the N-NE
toward the Avignonet landslide.

The main headscarp of Harmaliere, which has developed since the catas-
trophic event of March 1981, has mainly regressed through several brutal
events (biggest events were in 1988, 1996 and 2001; Moulin and Robert,
2004). This evolution is traceable from aerial photos analysis, providing a
mean regression rate of about 10 m/year between 1981 and 2003. These val-
ues are in agreement with ground observations (Moulin and Robert, 2004).
Since 2001, the headscarp regression has started to affect the southern limit
of the Avignonet landslide. A GPS measurement on the crest between Har-
maliere and Avignonet indicates mass displacement towards the Southwest,
which is consistent with a faster regression of the Harmaliere scarp toward
the Northeast (Fig. 6) relative to Avignonet. To the North of Harmaliere
the limits with another landslide show a convexity toward the south (Fig. 5
and 6). On the LiDAR DEM, in the northern part of Avignonet slide, the
four uppermost major scarps (spaced by about one hundred of meter) seems
to be cut by the northern limit. This suggests that the northern landslide

has been the last to be the most active with respect to the Avignonet one.

. Surface roughness is also an indicator for landslide activity (Glenn et al.,
2006). Analysis of surface roughness from the shaded LIDAR DEM (Fig. 5)
shows differences between the Harmaliere and Avignonet landslides in terms
of wavelengths and amplitudes along the slope direction. In Harmaliere, a

characteristic small-scale roughness with wavelengths of 5-15m and ampli-
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tudes of 0.5-5m can be observed, as well as roughness at a larger scale with
wavelengths of 80-200m and amplitudes of 5-20m. Two representative el-
evation profiles along the slope direction are shown in Fig. 5b. They are
divided into an upper and a lower part according to the presence of signifi-
cant changes of slope angle and roughness. On these profiles, the roughness
has been estimated using the root-mean-square deviations as described by
Shepard et al. (2001) with step-sizes of 10 m and 100 m along with the mean
slope angles (see table 1) corresponding small-scale roughness and large-scale
roughness at the wavelengths of 10 m and 100 m respectively. In Avignonet
the roughness is higher at the toe (1.6m) than in the upper part (1.1m)
for the small-scale roughness, which can be explained by the higher activity
down-slope, as suggested by the GPS, associated to a higher slope angle and
may be a higher erosion rate. In Harmaliere, the roughness is lower in the
lower part than in the upper part for both wavelengths. Indeed, since 1981,
Harmaliere has shown intense activity in its upper part including collaps-
ing at the headscarp and several minor scarps below, that are responsible in
a higher large-scale roughness (5.4m). In the lower part, it evolves into a
more fluent mudslide (large-scale roughness at 2m) related to the develop-
ment of an accumulation zone which presents a lower slope angle. Similar
large-scale roughness values are found for the upper parts of Avignonet and
Harmaliere. Assuming that features related to large-scale roughness are more
robust through time that the small-scale one, this observation suggests that
Avignonet and Harmaliere have experienced similar landslide processes in
the past. It must be stated that using roughness as an indicator of land-

slide activity can be biased by several factors that should be discussed. First
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of all the density of data points after filtering when building the DEM can
influences the roughness. Data density decreased in forested area because
of the filtering and could lead into lower roughness. In figure 5, the con-
structed DEM is resampled at 2m resolution: beside a few exceptions and
after filtering the forest, the laser points were still dense enough to avoid
smoothing effects due to interpolation. For instance, the south-western part
of the Harmaliere landslide, which is largely forested, show a higher small-
scale roughness than the farming area of the Avignonet slide. On the other
hand the effect of farming altering the surface roughness should also be con-
sidered. On a very small scale farming can decrease the surface roughness
in a very short time, but also high scale roughness could be decreased by
farming over decades. On the other hand if the activity of the landslide and
with that the roughness is too high, the field will become abandoned and
the roughness will be not further decreased. Therefore it can be said that
farming amplifies the trend: smooth areas will be more smoothed and rough
areas will stay rough above a certain threshold. If there are other causes to
abandon a field then the landslide activity, the interpretation of roughness
can be misleading. In the case of Harmaliere, it can be observed from the
aerial photos that a lot of fields become abandoned after being affected by
the past 1981 events. Today farming is completely stopped on Harmaliere.
Also the active part in the south of Avignonet was partly farmland in the
past and become abandoned recently.

Taking into account these limitations, the roughness comparison between
the Avignonet and Harmaliere slide still suggests a significant difference of the

recent sliding activity: the Avignonet slide do not show major recent active
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movements in agreement with GPS data and aerial photographs analysis, in
contrast to the Harmaliere slide. Only some areas in the lower part and in
the South of Avignonet exhibit small-scale roughness similar to Harmaliere.
This is consistent with the location of denuded area in the most recent aerial

photos, which are correlated to a higher landslide activity.

. Regarding slide velocity, values measured by GPS at the surface of the
Avignonet landslide (Fig. 5) increase from less than 20 mm/year at the top
to more than 130 mm/year in the most active parts at the toe. The aerial
photos show no major signs of activity in Avignonet for the last 60 years with
no significant evolution of the headscarp and very small denuded areas. In
Harmaliere no GPS measurements are available but, by tracking morpholog-
ical features through different dates in the aerial photos, one can get a rough
estimate of the average velocity of several meters per year for some parts of

the main landslide body, which is significantly higher than in Avignonet.

. Comparison of the two landslides by LiDAR scan, GPS data and aerial
photos has shown that the recent and former landslide kinematics are highly
different for the two earth slides. Harmaliere seems to be much more active
than Avignonet, today and in the past 60 years. A major factor for this could
be the underlying bedrock topography. This possible influence parameter is

investigated in the following section.

4. Geophysical investigation

. The objective of the geophysical investigation is to map the thickness of

the soft layer over the two landslides. This thickness ranges from 0 to more
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than 250 m from the East to the West, respectively (Antoine et al., 1981).
The site to be characterized encompasses a surface of 5km?. Geological
investigations conducted in the 1950s for the study of the Monteynard dam
(location in Fig. 2) were limited to the Avignonet area. No information is
available about the geological setting of the Harmaliere area. Furthermore,
geophysical campaigns which aimed to characterize the geological setting
in the immediate vicinity of the dam were not published and only synthetic
data are available. This poses the problem of the reliability of the established
model of figure 3.

Recent works (Jongmans et al., 2009) have shown the existence of a strong
shear wave (S-wave) velocity contrast (more than 3 on average) between the
soft upper layers (clays and moraines; 250m/s < Vs < 600m/s) and the
substratum made of compact cemented alluvial layers (Vs = 1250 m/s) and
Jurassic limestone (Vs = 2000 m/s). With such characteristics, microtremor
processing (H/V technique) has been proven to be one of the most robust
and easy exploration tool for mapping the thickness of alluvial or lacustrine
sediments (Ibs-von Seht and Wohlenberg, 1999; Delgado et al., 2000; Guéguen
et al., 2007; Méric et al., 2007; Le Roux et al., 2008) including the Trieves

area (Jongmans et al., 2009).

4.1. Method

The H/V technique is a single station method consisting in calculating the
horizontal to vertical spectral ratios (H/V) of seismic noise records. For a sin-
gle homogeneous soft horizontal layer (1D geometry) overlying the bedrock,
the H/V curve exhibits a peak at a frequency fgy that is the shear-wave res-

onance frequency fy of the soft layer (Bard, 1998). This theoretical resonance
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frequency is given by (Haskell, 1960):

Vs
=T (1)

fo
where Vs is the soft layer S-wave velocity (in m/s) and T is the layer
thickness (in m). The resonance frequency decreases with a decrease of Vs
and an increase of thickness. If Vs is known, this equation allows the layer
thickness to be determined. For a layered medium overlying a halfspace, the
resonance frequency can be computed from the thickness and the dynamic
characteristics of each soil layer (Haskell, 1960) and the total thickness of
the soil layers can be deduced if the vertical velocity profile is known. When
the seismic impedance contrast Z between the soft layer and the bedrock is
high enough (Z > 4), the H/V peak was shown to result from a change in the
ellipticity of the fundamental mode of the Rayleigh waves (Bonnefoy-Claudet
et al., 2006). The corresponding ellipticity frequency f.; is then equal to the
resonance frequency fj.
Measurements were made with a single three-component 5 s sensor giving
a flat response between 0.2 and 50 Hz and connected to a light seismic ac-
quisition system (Chatelain et al., 2000). Seismic noise was recorded during
15 minutes with a 200 Hz sampling frequency. Data were processed with the
Sesarray package (wwww.geopsy.org; Wathelet et al., 2004). Microtremor
records were cut into 30s time windows, for which Fourier spectra were com-
puted and smoothed using the technique proposed by Konno and Ohmachi
(1998). H/V spectral ratios were computed for all time windows and the
mean H/V curve is given with standard deviations at each site.

The H/V method offers the advantages of being easy to deploy (one
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station-one people) and quick (about 10 sites per day), depending on field
conditions. Limits are weather conditions, likely to influence the H/V curve
(Koller et al., 2004), and the assumption of horizontally layered medium,
which cannot be valid in case of strong lateral seismic contrasts (Uebayashi,
2003). In the study site conditions, the 5km? area was covered within a two

weeks delay by a single operator.

4.2. H/V data

H/V measurements were performed at 104 sites (Fig. 7) and were located
with a GPS with a horizontal accuracy ranging from one to a few meters
under forest. Elevation values were extracted from the LiDAR DEM. H/V
curves (spectral ratio versus frequency) at two sites (S1 and S2) are presented
in figure 7a. Both curves exhibit a peak with amplitude over 8 at 0.58 Hz
for S1 and at a 3.63 Hz for S2, corresponding to the resonance frequency of
the site. At S2, a second peak appears at 20 Hz, which could correspond
to the resonance of a superficial layer or to a higher resonance mode. The
great majority of the 104 measured H/V curves fit the criteria proposed in
the SESAME guideline (Koller et al., 2004) for a 1D resonance phenomenon,
with well-individualized peaks and H/V amplitudes greater than 2. For some
measurements, located in the southeastern part of the Harmaliere landslide
(location in Fig. 7b), however, curves exhibit a plateau-like shape, suggesting

2D or 3D effects. This point will be discussed below.

. The frequency field was gridded with a kriging algorithm (Kitanidis, 1997),
using an exponential variogram model with a N-S anisotropy for the search

radius. The gridded surface fits the experimental data with an absolute error
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of 3%. The results are presented on figure 7c.

. To the West, the frequency map (Fig. 7c) reveals a NNE-SSW 500 m wide
elongated low-frequency zone, with values ranging from 0.4 to 1 Hz. To the
East, frequencies increase rapidly with distance, from 1 to 4 Hz. This east-
ward evolution of the resonance frequency is consistent with the thinning of
the clay layer and the corresponding rise of stiff layers shown in previous
works (Fig. 3; Crosnier-Leconte et al., 1953; Lambert and Montjuvent, 1968;
Blanchet, 1988; Jongmans et al., 2009). Applying equation 1 with a mean
S-wave velocity of 600m/s in the clay layer (Méneroud et al., 1995) yields a
clay thickness between 375 m to the west and 37m to the east. These thick-
ness values are however approximate, owing to the vertical S-wave velocity
variation in the clay layer. This results from the effects of compactness and
landslide activity. The dynamic characteristics (P-wave and S-wave veloci-
ties, density) within the different layers (from top to bottom: morainic col-
luvium, moraine, disturbed clays, undisturbed clays, alluvium and bedrock)
were obtained from previous seismic studies (Méneroud et al., 1995; Renalier
et al., 2007; Jongmans et al., 2009) and are presented in table 2. Thick-
ness values in the layers were estimated at each station from the available
geophysical and geotechnical data (Monjuvent, 1973; Antoine et al., 1981;
Blanchet, 1988; Lorier and Desvarreux, 2004; Jongmans et al., 2009). Then,
the only free parameter left is the thickness of the undisturbed clay layer.
Preliminary theoretical sensitivity tests were conducted using the Sesar-
ray package (Wathelet et al., 2004). They have shown that the clay thickness
is the main parameter controlling the resonance frequency. Furthermore,

these tests also showed that the impedance contrast, using the parameters
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of Table 2, between clays and cemented alluvial layers was sufficient enough
to generate a peak corresponding to the resonance frequency. It implies that
the measured frequency corresponds in each case to the base of the clays.
No change in the f; value has been found when passing the landslide head-
scarp (cf. Fig. 7c). Furthermore, within the slide, no high-frequency peak
that could sign a shear plane has been recorded nor computed. These results
support the use of resonance frequency measurements for determining the
base of the clays. On an other hand, they indicate that this technique might
not be suitable for detecting and mapping the slide itself (on the contrary of
Méric et al., 2007). This could be due to an insufficient seismic impedance
contrast between the disturbed clays and the undisturbed laminated clays
(cf. Table 2).

The soft layer thickness was computed at each station by fitting the the-
oretical resonance frequency to the measured one using a trial and error
method. The plot of computed thicknesses versus experimental resonance
periods (inverse of the frequency) for the whole data set shows a good cor-
relation (Fig. 8a), corroborating the determined velocities in the layers. The
H/V deduced geometry of the seismic bedrock top is compared to the sec-
tion previously established from a long refraction profile conducted for the
study of the Monteynard dam (profile P1, location in Fig. 7c; Blanchet, 1988)
which depicts the top of the Jurassic bedrock. A general good agreement is
observed between the two sections (Fig. 8b) in terms of relative way of the
palaeotopography. Observed discrepancies range from a very few m to the
East to some 40m to the West. These disparities may come from strong

changes in layer velocities which are not known. This also may come from
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the reference geological model, established from a refraction study and which
reliability is not known. This prevents this H/V mapping from being exhaus-
tive but allows the relative palaeotopography to be estimated and analyzed
in terms of geometry. Errors may also arise from 2D and/or 3D effects as well
as from varying cementation of the alluvial layers, as observed at outcrop.

These points will be discussed further.

. The thickness values obtained over the whole area were then kriged with
an exponential variogram model to produce a map depicting the distribution
of the thickness of the soft layer (moraines, morainic colluvium and clays)
over the seismic substratum (alluvial compact layers and Jurassic bedrock;
Fig. 9a). Outcrops of stiff alluvium and carbonate bedrock (0 m of soft cover
thickness) were added in order to better constrain the interpolation. The
thickness map is in agreement with the frequency map of Figure 7, showing a
significant westward increase of the clay thickness from 0 m on the valley flank
to more than 300 m below the village of Sinard. These values are consistent
with field observations and the outcropping of the alluvial layers to the East
(Fig. 3). This is also consistent with previous estimations (Monjuvent, 1973;
Antoine et al., 1981) that give a soft layer thickness from 0 to 300m on the

West (moraines and clays; see Table 2).

. Thickness values were subtracted from elevation values given by the LIDAR
DEM at each measurement point. These points were again spatially interpo-
lated using a kriging method with an exponential variogram model. The relief
of the bottom of the clay layer is given in Figure 9b. The palaeotopography
upon which clays have been deposited is very irregular, with elevation varia-

tions of more than 150 m. The major feature is the presence of a depression

22



510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

striking NNE-SSW, which is bordered to the East by a N-S ridge culminating
at an elevation of about 600 to 620m (cross-section AB on Fig. 10). This
depression probably coincides with palaeovalley v2 of the palaeodrac river, as
suggested by the presence of alluvial outcrops along the lake (Figs. 2 and 3)
and by previous works (Crosnier-Leconte et al., 1953; Monjuvent, 1973). The
N-S ridge appearing to the east and shown on cross-section AB corresponds
to the presence of carbonate bedrock irregularly covered with compact allu-
vial layers and sporadically outcropping along the lakeshore. To the South,
this ridge disappears (cross-sections AC and AD; Fig. 10). In figure 9 are
superimposed the limits of the landslides of Avignonet and Harmaliere. Be-
low the southern part of the Avignonet slide, on its eastern side, the ridge of
compact layers continuously extends perpendicularly to the global slide mo-
tion and could act as a buttress. On the contrary, the Harmaliere landslide
clearly developed over the lower elevation zone (Fig. 9b) and its motion can
be explained by its orientation which changes from N-S to NW-SE in the
South.

5. Discussion

. Geophysical investigation with ambient noise measurements allows to com-
pute a frequency map (Fig. 7c) that can be turned into a soft sediments
thickness map which is used to derive a paleotopography map (Fig. 9). Con-
sidering the thicknesses that have been computed, one may argue that 2D
and/or 3D effects are present and that measured fyy might be biased. The
presence of non-1D cases is highlighted by strong lateral variations observed

on the frequency map (Fig. 7a). Consequently, calibration based on the el-
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lipticity of the fundamental mode of Rayleigh waves may be irrelevant and
cannot provide the correct thickness for the soft layers. Some of these effects
have been noticed on the signals located in the southeastern part of the Har-
maliere landslide (Fig. 7b) by plateau-like signals. By picking the frequency
at the plateau cut-off, the resonance frequency tends to be overestimated
(Guillier et al., 2006). Similar side effects have already been reported by
studies conducted within small-apex valleys (Uebayashi, 2003; Koller et al.,
2004; Guéguen et al., 2007; Le Roux et al., 2008). This is illustrated on
cross-section AC of figure 9. Between abscissa 800 and 850m, a bulge of
substratum is visible. It corresponds to a zone with pleatau-like H/V curves.
This strong side effect tends to provide an overestimated measured fgy and,
thus, a lowered clay thickness. As a consequence, the observed bulge on
cross-section AC is likely to result from side effects and not to represent a
real structure.

Another problem arising from calibrations is the eventual presence of
lateral Vs variations in the soft sediments. Vertical and W-E variations are
known to be present within clays (Renalier et al., 2007; Jongmans et al., 2009)
and were taken into account for the frequency to thickness computations. On
an other hand, since the Wiirm glacier extension was limited to the village of
Sinard (Figs. 1 and 2), the presence of such an ice-cap and of the 50m thick
moraines may influence the compactness and, then, the S-wave velocity of the
clays across this boundary. Nevertheless, N-S velocity variations within the
soft layer have not been reported hitherto and were not eventually integrated
to this work.

As a consequence of these uncertainties, the soft layer thickness map com-
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puted from H/V data may contain more or less important error bars. These
errors are estimated to a few meters to the East (were soft layer thickness is
of a few tens of meters) to some 40 m to the West, were the soft layer reaches
300m. These uncertainties do not question the reliability of the first order
of observations since the aim of this work is to map the relative variations of
the seismic substratum. The basement of the former Trieves lake on which
were deposited the glaciolacustrine laminated clays is irregularly shaped and
shows strong lateral variations. At most, this introduces an uncertainty in

the exhaustive mapping of the clay thickness.

. There is a N-S ridge to the East of the investigated area, culminating at
about 620 m, which disappears to the south. Cross-sections AC and AD on
figure 10 illustrate the progressive vanishing of this hard ridge marking a
depression to the South at about 460 m, which continues toward the North-
East and then runs along the west side of the ridge. This depression allowed
the deposition of 300 m of clays and moraines over a seismic substratum lo-
cated at an elevation less than 520m asl. Over the ridge only a very few
tens of meters of clay remain because of a lower thickness of sediment and
of erosion. This analysis confirms previous works done by other geophysical
methods on Avignonet (Crosnier-Leconte et al., 1953; Blanchet, 1988), and
also extents consistently the knowledge of the palacotopography to the south
up to Harmaliere. The new map also confirms the geological observations and
interpretation inferring that several glacial and interglacial erosion phases,
that took place during the Quaternary (Monjuvent, 1973; Brocard et al.,
2003), created a palaeotopography marked by the incision of at least two
paleovalleys of the Drac, called ”Drac de Sinard” and ”Drac de Cros”, filled
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with alluvium and running below the laminated clay of the Sinard plateau,
notably below Harmaliere and Avignonet (Lambert and Montjuvent, 1968;
Monjuvent, 1973). However, Lambert and Montjuvent (1968) and Monju-
vent (1973) indicate that the top of the "Drac de Sinard” alluvium is at
about 500-520 m asl in the Harmaliere-Avignonet area, and that its bottom
is at about 410m asl, whereas our results show, west to the ridge, interme-
diate values ranging between 440 and 500 m asl. This could suggest that the
method used is not sensible to the contrast between alluvial deposits and
clay. Preliminary theoretical sensitivity tests revealed that the impendance
contrast between the clays and the compact, cemented, alluvial layers was
large enough to generate a resonance frequency peak. On an other hand,
field observations, along with previous works (e.g. Monjuvent, 1973) indicate
that these alluvial layers are only locally cemented. Where they are not,
their mechanical parameters, especially Vs, would dramatically decrease and
approach values within clays (for Vs values within alluvial sediments, see
for example, Pugin et al., 2009). In such cases, the measured resonance fre-
quency and, consequently, the base of the soft layer, would correspond to
the interface between the base of non-cemented alluvial layers and the top of
cemented alluvial layers and /or the Jurassic bedrock. Here again, this aspect
is pointless since the aim of this work is to map the seismic substratum. Fur-
thermore, it could partly explain the important discrepancies between the
computed thicknesses and the reference cross-section (Fig. 8).

The other palaeovalley, called "Drac de Cros”, recognized by geophysics
and geology (Crosnier-Leconte et al., 1953; Lambert and Montjuvent, 1968;
Monjuvent, 1973) is supposed to run east to the ridge, below the North-
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Eastern part of the Avignonet landslide. The top of its alluvial deposits is
expected to be at about 600m asl. The location of this palaeovalley is not
clear on our map. Geological observations suggest that this palaeovalley is
narrower with steeper flanks than the ”Drac de Sinard” one, which could ex-
plain the difficulty to see it. Here again, our estimations of the clay basement
give a substratum at 530-560 m asl at the location of the expected "Drac de
Cros”, that is lower that geological estimate (600 m). This bias could again
be explained by the fact that, the alluvial deposits are not always cemented
(Monjuvent, 1973), leading to a localization of the basement that is inter-
mediate between the top of the alluvial deposits and the top of the Jurassic
bedrock. One can also notice a small East-West depression across the ridge
in the middle of the Avignonet landslide that has not been reported before.
However, because of the possible uncertainties of the map mentioned here-
before, we do not try to interpret it as a paleomorphological feature. In the
following, we will retain only the robust features of our geophysical investi-
gations, that are the N-S ridge and the depression related to the palaeovalley
of the "Drac de Sinard”.

. Beside the geophysical maps of soft layer thickness and of palaeotopogra-
phy, a comparison of the Harmaliere and Avignonet landslides kinematics
has been done based on GPS, aerial photo and LiDAR DEM analysis. It
turns out that two main differences between the two landslides are observed
for the recent time: the orientation of the main sliding direction, and the
level of sliding activity. Regarding the orientation it has been shown in sec-
tion 3 that the Harmaliere landslide is developing since 1948 along a NW-SE
direction, which is significantly oblique with the expected NNW-SSE direc-
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tion toward the Drac valley (before the lake filling) that can be observed, for
instance, in Avignonet. The NW-SE axis also corresponds to the orientation
of the ”Drac de Sinard” palaeovalley below the Harmaliere slide, suggesting
that the orientation of the Harmaliere landslide might be controlled by the
palaeotopography. Regarding the level of sliding activity, a first observation
is that the northern part of the Harmaliere headscarp is moving to the North
starting to erode the southern flank of the Avignonet slide. Secondly, GPS
measurements and analysis of digital photographs, back to 1948, reveal that
Harmaliéres main slide body is far more active than the Avignonet one: there
are regression of the headscarp of several m per year being accompanied by
rapid evolution of the denuded area (that are not observed on Avignonet
since 60 years) and sliding velocity than can exceed 1 m/year, whereas, in
Avignonet, the 11 years GPS data do not show velocity exceeding 15cm /year.
These observations are consistent with the morphology of the landslides, es-
pecially the roughness, shown by the Lidar DEM which reflects more long-
term activity. In Avignonet there is a gradient of displacement from the
uppermost sliding clays, showing displacements of about 1-2cm/year, up to
the toe of the clay mass with 10-13cm/year where the clay thickness are less
than a few tens of meters (around 30m). Downward, outcrops of alluvial
layer or of Jurassic bedrock do not show sliding processes. On a W-E profile
along the Avignonet slide, Jongmans et al. (2009) have observed a negative
correlation between the sliding velocity and the Vs values of the first 5 m sug-
gesting a downward increasing deformation state of this clay material. They
also found evidence for a slip surface at about 40 m depth within the clay

confirming previous hypothesis done from inclinometric data (Blanchet, 1988;
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Lorier and Desvarreux, 2004). When comparing these observations with the
position of the ridge in the palaeotopography, one can be inclined to think
that, here also, there is a palaeotopographic control over the kinematics: the
ridge of hard layers along the eastern part of the Avignonet landslide acts as
a buttress that could mechanically prevent the slide from rapid evolution as

observed in Harmaliere (Fig. 5).

. However, the hypothesis of a palaeotopography control over the landslide
kinematics has to be discussed taking into account a longer time interval
than the last 60 years of observation on which it is based. This perspective
arises several questions: is the present-day kinematics, in progress since at
least 1948, representative of the long term evolution of the two landslides
(i.e. over several thousands of years)? If the palaeotopography controls the
kinematics, what is its long term impact on the landslide morphology? One
may argue that each landslide has its own evolution that consists in successive
phases of slow movement (like in Avignonet today), followed by rapid events
(like in Harmaliere today). In this case, the present-day situation could have
been the reverse at some periods in the past: an active Avignonet slide and a
quiet Harmaliere slide. Then, the supposed relationships between kinematics

and palaeotopography would be just a coincidence or negligible.

. To address this issue, morphological parameters can be considered that may
reflect the relative long term level of activity of the two landslides. The area
of the Avignonet landslide is larger than in Harmaliere. However, as noticed
in section 2, the maximum distance to the Drac river is similar. This suggests

a similar average speed of regression of the headscarps, if we do the reasonable
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hypothesis that erosion processes start at the same time for the two nearby
landslides, when the Drac started to incise into the glaciolacustrine deposits.

Note that, in this discussion, we will not try to use absolute time to
estimate incision or erosion rates, because the timing of the beginning of the
Drac incision is still debated. Some authors favor a last Wiirm maximum
at 50-40 Ka (Monjuvent, 1973; Nicoud et al., 2002) and others at 30-20 Ka
coincident with the LGM (Brocard, 2003; Brocard et al., 2003). The volume
of eroded clays can be also considered. As described in section 2, it can be
assumed that, at the end of the last Wiirm maximum, the glacio-lacustrine
clay material formed a flat plateau culminating at about 750 m asl on top
of which were deposited an additional 50 m of moraines as far as the south
of the village of Sinard (Figs. 1 and 2; Monjuvent, 1973; Antoine et al.,
1981). The eroded volume of material can be calculated by subtracting the
Lidar DEM from this 800 m asl surface over the area below which clay are
present for each landslide. This gives about 436 million of m? for Avignonet
and 340 million of m?® for Harmaliere (for comparison, during the 1981 main
Harmaliére mudflow, 250000 m?® went into the lake (Blanchet, 1988) but more
materials were mobilized that accumulated at the bottom of the slide above
the lake). If we divide theses values by the landslide area, it gives an average
of 157m of eroded clay material per m? for Avignonet and 195m per m? for
Harmaliere, suggesting a higher average long-term activity for Harmaliere.
However, one cannot say if, for instance, these values correspond to very
large events closely related in a short period of time (with the rest of the
time a lower activity of the slide) or, in contrast, if they are representative

of continuous evolution of the slides. The DEM morphology analysis has
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shown that there is a contrast in roughness between the two landslides that
suggests (with the mapping of the evolution of the denuded area) that the
Harmaliere slide is more active than the Avignonet one. However it can be
observed within the Harmaliere slide that a short term event like the 1981
mudflow and its subsequent events can change the small-scale roughness and
vegetation cover of the slopes: the 1981 active body shows a visible roughness
contrast with the surrounding areas of the slide. Regarding the Harmaliere
headscarp regression over the Avignonet slide, it seems to reflect only a recent
evolution because it does not significantly modify the regular headscarp curve
of the Avignonet slide. Furthermore, the observed speed of the Harmaliere’s
headscarp regression since 1981, at about 10m/year, is not sustainable over
the long term. In brief, all these morphological criteria do not seem very
reliable for reflecting significant differences in kinematics of the long term

(thousands of years) evolution of the slides.

. Physical mechanisms responsible of the laminated clays instability, has
also to be taken into account in the analysis. It has been shown by several
authors that, for the Trieves laminated clays, natural slope become instable
when exceeding 6 to 8" (Antoine et al., 1981, 1991; Giraud et al., 1991).
According to Antoine et al. (1981), three main types of sliding are frequently
observed: 1) sliding of the vegetative cover (thickness less than 0.5m) over
the clays; 2) creeping of a whole top clay layer (thickness 0-6 m) associated
with localized and superficial mudflow; 3) sliding of mass of clay over a
slip surface (thickness up to 50m), than can evolve into a mudflow like in

Harmalite in 1981 with velocities that can reach several m/h.
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. According to these processes, the palaeotopography should have an effect
onto landslide activity when the clays thickness is lower than 50 m except
if the material of the substratum has a significant impact on the hydrogeo-
logical conditions, for instance by draining water and influencing the water
table. In Avignonet, analysis of piezometric data done so far, do not provide
evidence of such an effect. Considering 1) the present day topographic profile
along the main slope direction of the Avignonet slide, 2) the position of the
ridge at about 700 m west to the Drac valley with a highest point at about
620m and 3) the initial level surface, at around 800m asl, in which the Drac
started to incise, one can say that the possible effects of the palaeotopog-
raphy on the landslide activity did not start at the beginning of the slide’s
life and may be relatively recent in the slide histories. That could explain
why there is no clear evidence of long term difference of activities between
the two landslides. When the deep slip surfaces started to reach the clay
basement, the development of new deeper slip surface has been influenced
because the basement prevents them to go deeper, as it has been expected
if no ridge were present. This certainly causes a slowing of their evolution.
In Avignonet, Blanchet (1988) and Jongmans et al. (2009) proposed several
hypotheses about the geometry of a deep slip surface at about 50m identified
from inclinometric data. These geometries are influenced by the basement
in their lowest part, suggesting that the Avignonet landslide activity may
have been recently slow down by the palaeotopography. The fact that the
GPS velocities are the highest in the lowest part near the ridge is interpreted
as being due to more intensive superficial creep at the toe of the slide. In

the Harmaliere slide, no inclinometric data are available. However, applying
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similar reasoning, one can say that the situation where the deep slip surfaces
reach the clay basement has not started on the NW-SE profiles along which
the slide is developing (Fig. 9). If, instead, we consider an E-W profile in
the middle of the Harmaliere slide, the situation looks more similar to the
Avignonet case. This could explain why the Harmaliere slide is developing
along an NW-SE direction and why it has recently shown a highest activity

than in Avignonet.

. Consequently, we propose that palaeotopography is a significant control-
ling factor of the Harmaliere and Avignonet landslide evolutions, acting as a
mechanical buttress against the development of slip surfaces in the clays. Pa-
leotopography may also have another impact (not investigated in this study),
that is an influence on the drainage condition of the two landslides because
paleotopography is responsible of large permeability heterogeneities due to

the presence of alluvial deposits in the palacovalleys.

6. Conclusion

. The two adjacent landslides of Avignonet and Harmaliere have been studied
following an original multidisciplinary approach based on geodetic (GPS, dig-
ital photographs), remote sensing (LiDAR), and ground geophysics (ambient
noise measurements). The aim was to understand the differential kinematics,
motion directions and morphology that characterize these landslides located
in the same geotechnical setting.

GPS measurements and digital photographs reveal that the difference in
kinematics between the two earthslides can be tracked back to 60 years ago

at least. The Avignonet slide is mainly directed towards the East (N 100 * E)
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while Harmaliere is mainly oriented towards SE. The LiDAR scan map il-
lustrates this differential motion and morphology between the two slides and
highlights that the Harmaliere slide is still presently much more active than
the Avignonet one.

A ground geophysical prospecting based on ambient noise measurements
allowed to record the resonance frequencies at different locations. These mea-
sured resonance frequencies where turned into soft sediments thicknesses. Fi-
nally, a map depicting the base of the clays was computed. It indicates that
the basement is very irregularly shaped with strong lateral E-W variations
over 150 m. This map confirms previous field and geophysical observations
that revealed a westward thickening of the clays. This map also reveals the
presence of a N-S ridge of hard sediments (Jurassic bedrock and/or compact
alluvial layers) on the eastern side of the Avignonet landslide. This ridge
disappears when approaching the Harmaliere landslide and makes place to
what can be interpreted like a NW-SE oriented palaeovalley of the river Drac.
It is proposed that the ridge could act as a butress which could mechanically
prevent the Avignonet landslide from evolving as fast as the Harmaliére one.
Furthermore the NW-SE palaeovalley located under the Harmaliere landslide
corresponds to the motion direction of the slide. It is then finally proposed
that the slides different behaviours are partly controlled by the palaeotopo-
graphic setting of lake Trieves.

This approach reveals to be a quick and relatively low-cost way to charac-
terize the geomorphological setting of this sedimentary basin over an impor-
tant area of 5 km? by building a geometrical framework for lansdlide charac-

terization within fine-grained soft-sediments.
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Table 1: Root-mean-square deviations from the elevation profiles seen in Figure 5b for 2
different wavelengths (step sizes) representing the roughness at different scales. See text

for details. * This value is not reliable due to the short profile length.

A1-A2 upper A2-A3 lower H1-H2 upper H2-H3 lower
Avignonet Avignonet  Harmaliére  Harmaliére

Profile length (m) 577 247 874 624
Mean slope angle (°) 9.8 16.3 11.6 6.9
RMS deviation (m) small 11 16 16 1
scale (10 m)

RMS deviation (m) large 44 4.4* 54 2

scale (100 m)

Table 2: Dynamic characteristics (compressional wave velocity Vp, shear wave velocity Vs

and density) used for the calculation of the theoretical resonance frequency. See text for

details.

Geological unit Thickness (m) Vp (m/s) Vs (m/s) Density
Morainic colluvium 5 500 250 1.9
Moraines 0-50 1850 150-450 2
Disturbed clays 0-45 1850 150-450 2
Unidisturbed clays 0-250 1850 600-650 2
Compact alluvium 0-100 2350 1250 2
Carbonate bedrock  Halfspace 3000 2000 2.6
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Figure 1: Location of the area and palaeogeographical map at the end of the Wiirm age
(adapted from Monjuvent, 1973). Coordinates are kilometric and expressd in the French
system Lambert-93. The black thick box shows the location of the study area and the
extent of Fig. 2. 1: Laminated clay deposits in the Trieves area; 2: glaciofluvial deposits;
3: extension of the Isere Glacier at the end of the Wiirm age; 4: present-day topography;
L.T.: lake Trieves.
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Figure 2: Geological map (location in Fig. 1) modified from Debelmas (1967) and Lambert
and Montjuvent (1968). Screes and morainic colluvium have not been reported. Black
stars refer to pictures in figure 4. Position of cross-section AA’ of figure 3 is indicated. A:

Avignonet landslide. H: Harmaliere landslide. MD : Monteynard dam.
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Figure 3: Geological cross section (location in Fig. 3). Screes and morainic colluvium have
not been reported. vl1: first palaeovalley (”Drac de Cros”). v2: second palaeovalley (”Drac
de Sinard”). Initial level of laminated clays has been reported (750 m asl). Dashed line

within clays depicts the lower limit of the Avignonet landslide, deduced from inclinometer

data. See text for details.
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Figure 4: Outcrop pictures. a) General view of the Avignonet landslide from the opposite
bank of lake Monteynard (picture taken from location 4a in Fig. 2); b) Jurassic bedrock
overlain by compact, locally cemented alluvial layers constituted by hetermetric and het-
erogenic gravels. Present-day Drac river is at the forefront; ¢) Compact alluvial layers; d)

laminated clays. Location of the pictures is detailed on Fig. 2

50



91.0'0 91.0'5

100 mm/y F
@él mmly GPS

mmly

911.0
1

911.5
1

6432.0

6431.5

6431.0

6430.5

6429.5 6430.0

6429.0

I 6428.5

o~
a oX

[22]
=]

Elevation (m)

Harmaliére

o
a

H3

3]
=]

0 200 400 600 800 1000 1200 1400

Profile distance (m)

Figure 5: LidAR DEM and elevation profiles of the study area. a) Shaded LiDAR DEM
(light direction is from NW, horizontal resolution of 2m) covering the Avignonet (North)
and Harmaliere (South) landslides. Dotted lines indicate the landslide limits. White
areas indicate data holes in the LiDAR coverage. The white circles show the position
of the GPS points, and the thin straight lines represent the 11-years average horizontal
velocity measured by GPS. A1-3 and H1-3 indicate the location of the elevation profiles.
b) Elevation profiles through Avignonet and Harmaliere with subdivisions in an upper

and lower part. Profiles are 2 times verticabl?y1 exaggerated.
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Figure 6: Top: Orthorectified aerial photos of the years 1956, 1985 and 2003. The scales
of the original photos are 1:25000, 1:30000 and 1:25000. Bottom: Interpretation of the
corresponding aerial photo showing the denuded areas related to landslide activity. White
areas are not covered by the images. In 1962 the Drac River was damed up creating the

lake Monteynard shown in the photos from 1985 and 2003.
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Figure 7: H/V measurements. a) H/V curves at points S1 and S2 (location on Fig. 7c).
b) Location of the 104 measurement points with the landslides limits (dashed line); A:

Avignonet landslide; H: Harmaliére landslide. ¢) Resonance frequency map.
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Figure 8: Frequency to thickness calibration for H/V profile P1 (location on Figs. 7b and
7c). a) Computed thickness as a function of the measured resonance period (inverse of the
frequency) for the 104 stations. Linear regression (black dashed line) gives a determination
coefficient r? equals to 0.95. b) Comparison of the geometry of the top of the Jurassic
bedrock (Blanchet, 1988) and the bottom of the laminated clays after H/V measurements
along profile P1 (location in Fig. 7c). Dashed line depicts the lower limit of the Avignonet

landslide deduced from inclinometer data.
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Figure 9: Soft layer thickness maps. a) Soft layer thickness map. The absolute error be-
tween computed and interpolated thicknesses is 5.29 %. b) Lake Trieves palaecotopography
in the study area. The absolute error between computed and interpolated palaeotopogra-

phy is 0.98 %. Dots refer to seismic measurements and crosses to field observations; dashed

lines stand for Avignonet and Harmaliere landslides limits.
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Figure 10: Cross-sections of the paleolake basement (location in Fig. 9b).
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