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Paleotopography in Quaternary sedimentary environments can be an important factor that controls landslide
movement. This study investigates the relation between paleotopography and landslide activity in two
adjacent landslides in glaciolacustrine sediments located in the Trièves area (French western Alps). Although
both are in slopes underlain by the same lacustrine deposits, the Avignonet and Harmalière landslides exhibit
major differences in morphology and displacement rates. Through a combination of geological mapping,
airborne light detection and ranging (LiDAR) data, aerial photographs, global positioning system (GPS), and
seismic noise measurements, a three-dimensional impression was made of both landslides. The analysis
reveals that the difference in kinematics between the two mass movements can be traced back to at least
50 years ago. The results show that the Harmalière slide, which failed catastrophically in 1981, is still much
more active than the Avignonet landslide. The fear was that the Avignonet landslidemight develop in a similar
catastrophic manner, threatening a number of houses constructed on the landslide. A geophysical survey
based on ambient noise measurements allowed us to map the base of the lacustrine clays, and the results
indicate 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 Harmalière landslide
andmakes a place to what can be interpreted as a NW–SE oriented paleovalley of the river Drac. We proposed
that the ridge acts as a buttress that could mechanically prevent the Avignonet landslide from evolving as fast
as the Harmalière. Furthermore, the NW–SE paleovalley located under the Harmalière landslide corresponds
to the motion direction of the slide. Therefore, the different behaviour of the two landslides is partly
controlled by the paleotopographic setting of Lake Trièves during the last Glacial Maximum extension. These
results suggest a major influence of the bedrock paleotopography on the kinematics of the landslides.
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1. Introduction

Landslide hazard assessment requires a thorough understanding of
the internal controlling factors (soil nature and characteristics,
fracturing, slope hydrology, vegetation) and of the triggering factors
(rainfalls, earthquakes, erosion, and anthropogenic influence). Land-
slides occurring in recent soft sediments have been regularly reported
to be controlled by tectonic features (Bozzano et al., 2008), lithological
variations like the presence of smectite-rich layers (Ambers, 2001;
Azanon et al., 2010), and hydrogeological drainage (Eilertsen et al.,
2008). In several depositional conditions, soft sediments can exhibit
significant variations in thickness in relation with an irregular
paleotopographic surface existing at the time of deposition. This may
be the case in volcanic environments where pre-eruption topography
can be buried by volcanic ash or pyroclastic flow materials (Van
Westen and Daag, 2005). In marine conditions, after the latest
glaciation in Scandinavia and Canada, clay layers were deposited
over an irregular surface made of a thin till layer on top of bedrock
(Rankka et al., 2005). These areas have been affected by isostatic uplift,
leaving the clay deposits located above sea level and subjected to salt
leaching. This process generated quick clays that have been involved in
numerous large clay slides (Lundström et al., 2009). Also, glaciolacus-
trine environments are famous for creating irregular clay deposits and
favorable conditions for landslides in previously glaciated areas such
as the Alps (Giraud et al., 1991; Jongmans et al., 2009) or the Baltic Sea
(Kohv et al., 2009). Inmountainous areas, intensive erosion by glaciers
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Fig. 1. Location of the area and paleogeographical map at the end of the Würm age
(adapted from Monjuvent, 1973). Coordinates are in kilometers using the French
system Lambert-93. The thick black box shows the location of the study area and the
extent of Fig. 2. 1: Laminated clay deposits in the Trièves area; 2: fluvioglacial deposits;
3: extension of the Isère Glacier at the end of the Würm age; 4: present-day
topography; L.T.: Lake Trièves; S.B.: La Salle-en Beaumont.
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or rivers has created numerous incisions in the topography, which has
regularly been covered by soft deposits. In the blackmarls outcropping
in the southwestern Alps (France), Flageollet et al. (2000) identified
the role of the buried topography (crests and gullies) on the dynamics
of the Super-Sauze earth flow. Recently, Coe et al. (2009), in the San
Juan Mountains (Colorado, USA), observed that the location of several
ponds in a huge fine-grained landslide, with displacement velocities
ranging between 0.1 m/y and 7 m/y, remained stationary for the last
50 years at least. They showed that the position of the ponds and the
surfacemorphology coincidedwith the presence of irregularities of the
basal topographic surface. The spatial variation in thickness of recent
clayey sediments and the relation with the topography that existed at
the time of deposition can then play an important role on landslide
dynamics. However, few publications are still investigating the effect
of such old erosional surfaces underneath recent soft deposits.

This study aims to investigate the importance of paleotopographic
control of landslides in an area covered by glaciolacustrine sediments
in the French Alps, and we attribute significant differences in
geometry and kinematics observed between two adjacent landslides
to variations in the erosional surface below the soft lake sediments. A
combination of geological mapping, airborne light detection and
ranging (LiDAR) data analysis, aerial photograph interpretation,
global positioning system (GPS) monitoring, and seismic noise
measurements were applied to characterize the landslidemorphology
and the thickness of the soft layer down to the underlying bedrock
and to relate this to the different behavior of the landslides. The
methods provide a three-dimensional view of the soft formations and
allow mapping of the paleotopography that plays a crucial role in
explaining the different behavior of the landslides.

2. Study area

Two adjacent landslides, called the Avignonet and Harmalière
landslides, were selected for this study. They are located in the Trièves
area, 40 km south of the city of Grenoble in the French western Alps
(Fig. 1). From the available data (Jongmans et al., 2009) and following
Cruden and Varnes (1996), the Avignonet and Harmallière landslides
can be classified as “active, very slow, wet, translational earthslide” and
“complex, active, slow earth slide-earth flow”, respectively. The region
with amaximumaltitudeof 800 mabove sea level (asl) corresponds to a
large depression of about 300 km2 drained by the Drac River and its
tributaries (Fig. 1). Geologically, this area is characterized by the
widespread occurrence of Quaternary glaciolacustrine clays, which are
highly prone to landslides (Lorier and Desvarreux, 2004). These clay
landslides can develop over several slip surfaces ranging from
superficial (5 to 15 m) to deep (N50 m) (Blanchet, 1988; Jongmans et
al., 2009). Slide velocities are generally low (a few cm/y) but can reach
severalmeters per year in certain places. In some cases, generally after a
long wet period accompanied by quick snowmelt, the slides can evolve
into mudflows and velocities can reach several meters per hour. This
leads to dramatic events such as the failures that occurred inHarmalière
in 1981 (Moulin and Robert, 2004) and in La-Salle-en-Beaumont in
1994 (Moulin and Chapeau, 2004; see location in Fig. 1). The
morphology of the Trièves area was controlled by several Quaternary
glacier fluctuations, which resulted in alternating deposition and
erosion phases. Fig. 2A presents a general view of the area, looking to
the west. The Quaternary deposits are underlain by early Jurassic
carbonate strata (Fig. 2B) thatwere folded and faulted during the Alpine
orogenesis. Ancient glacial (Riss) and interglacial phases (Riss–Würm)
carved the substratum and generated valleys partly filled with Riss–
Würm alluvial deposits (Fig. 2C). This led to an irregular shape of the
basement prior to the last glacial phase (Würm; −80 to −12 ky BP).
During the last glacial maximum extension, which occurred between
22,000 and 18,000 BP (Clark et al., 2009), the Isère glacier that came
from the North blocked the torrential flows from the Drac River and its
tributaries, generating a large ice-dammed lake (Monjuvent, 1973)
(Fig. 1). This lake was progressively filled during thousands of years by
rythmic alternations of clay and silt layers originating from nearby
Mesozoic marls and crystalline massifs (Huff, 1974). These laminated
clays (Fig. 2D) rest either on carbonate rocks or on locally cemented,
compact alluvial layers from the interglacial Riss–Würm period. The
irregular shape of the basement induces strong lateral thickness
variations of the paleolake infill, from 0 to more than 250 m (Fig. 3)
(Monjuvent, 1973; Antoine et al., 1981). The top of the clay is generally
found at an elevation of about 750 m asl (Antoine et al., 1981). Morainic
deposits, which cap the clays found as far as the south of the village of
Sinard, are evidence that theWürmian glacier has partly overridden the
lacustrinematerials (Figs. 1 and3). In the study area, the thickness of the
morainic deposits varies from50 maround Sinard to a fewmeters in the
east. At the end of the last glacial maximum, the Isère glacier withdrew,
allowing the rivers to cut deeply into the glaciolacustrine deposits. This
last erosion phase created the actual Drac River valley. This favoured the
conditions for landslide development in the clay with a general
eastward motion in the study area (Fig. 3) (Brocard et al., 2003;
Jongmans et al., 2009).

The geological map and the cross section of Fig. 3 show the
presence of two paleovalleys (v1 and v2) formed during pre-Würm
interglacial incision phases. Paleovalley v1 is the oldest (Monjuvent,
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Fig. 2. (A) General view of the Avignonet landslide from the opposite bank of Lake Monteynard (picture taken from location 2a in Fig. 3); (B) Jurassic bedrock overlain by compact,
locally cemented alluvial layers; present-day Drac River is at the forefront; (C) compact alluvial layers; (D) laminated clays. Location of the pictures is indicated in Fig. 3.
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1973; Brocard et al., 2003). Both paleovalleys are filled with locally
cemented alluvial layers. They have been recognized by field
observations and geophysical investigations conducted in the 1950′s
for the construction of the Monteynard dam (Crosnier-Leconte et al.,
1953). In the study area, these erosion and deposition phases resulted
in an irregularly shaped paleotopography (Fig. 3).

3. Methods

In order to compare the differences in geomorphological setting and
dynamics of the Avignonet and Harmalière landslides, three techniques
have been used: airborne light detection and ranging (LiDAR) data
analysis, aerial photograph interpretation, and global positioning
system (GPS) monitoring. The LiDAR data was collected in November
2006 using the Helimap® system (Vallet and Skaloud, 2004) with a
Riegl laser scanner mounted on a helicopter flying about 300 m above
the terrain, with an average density of 6 points/m2 and an accuracy of
10 cm in vertical and horizontal directions. In order to derive the bare
earthmodel excluding trees andhouses, thepoint cloudwasfilteredand
interpolated to a 2-m raster grid (final average point density 24 points/
pixel) with the software SCOP++® (Institute of Photogrammetry and
RemoteSensing (IPF), 2004) using the “hierarchical robust interpolation
method” (Briese et al., 2002). This method use a pyramidal approach
based on a iterative weighted least squares interpolation step taking
into account thedata covariance (Kraus and Pfeifer, 1998),which is very
similar to kriging, followed by afiltering step. The resulting shadedDEM
is shown in Fig. 4. Shaded representations with different light angles
were used for geomorphologic interpretation. The GPS campaign
measurements have been performed twice a year (in April and
November) since 1995 by RTM (Restauration des Terrains en
Montagne) at 25 locations on the Avignonet landslide (Fig. 4), relative
to three reference points located on nearby stable bedrock. The average
standard deviation for all measured points is 6 mm. No GPS measure-
ments have been performed inside the Harmalière landslide, as the
rapid movement made it difficult to install benchmarks over a longer
time period (Malet et al., 2002; Coe et al., 2003).

To analyze movements in the past, photogrammetric scans aerial
photographs from 1956, 1978, 1985, 1993, 2001, and 2003 were
obtained from IGN (Institut Géographique National, France) with
average resolution between 40 cm/pixel and 60 cm/pixel. The photos
were orthorectified with the software Geomatica® using a DEM (IGN
BD-ALTI DEMwith 50 m spatial resolution), the calibration certificates
of the utilized cameras and 56 ground control points measured in the
field with differential GPS (the root mean square residual of the
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Fig. 3. Geological map (location in Fig. 1) modified from Debelmas (1967); Lambert and
Montjuvent (1968) and cross section modified after Blanchet (1988). Black stars refer
to pictures in Fig. 2. Position of cross section AA' is indicated. A: Avignonet landslide;
H: Harmalière landslide; MD: Monteynard dam. Below: Geological cross section; v1: first
paleovalley (“Drac de Cros”); v2: second paleovalley (“Drac de Sinard”). Dashed line
within clays depicts the lower limit of the Avignonet landslide, deduced from inclinometer
data. See text for details.

Fig. 4. (A) Shaded LiDAR DEM (light direction is from NW, horizontal resolution of 2 m)
covering the Avignonet (north) and Harmalière (south) landslides. Dotted lines
indicate the landslide limits. The white circles show the position of the GPS points, and
the thin straight lines represent the 11-year average horizontal velocity measured by
GPS. A1-3 and H1-3 indicate the location of the elevation profiles. (B) Elevation profiles
through Avignonet and Harmalière with subdivisions in an upper and lower part.
Profiles are 2× vertically exaggerated.
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ground control points position after orthorectification is about 2 m).
The orthophotos, which have a spatial resolution about 0.5 m, were
analyzed to investigate the landslide activity through time from
texture changes (Hervas et al., 2003).

The objective of the geophysical investigation was to map the
thickness of the lacustrine materials in the two landslides. Recent
works (Jongmans et al., 2009) have shown the existence of a strong
shear wave (S-wave) velocity contrast (Vs) (N3 on average) between
the soft upper layers (clays and moraines; 250 m/sbVsb600 m/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, based on the horizontal to
vertical spectral ration technique (H/V technique), has been proven to
be one of the most robust and easy exploration tools 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., 2010). Measurements were made with a
single, three-component, 5-second sensor giving a flat response
between 0.2 and 50 Hz and connected to a light seismic acquisition
system (Chatelain et al., 2000). Seismic noise was recorded during
15 min with a 200 Hz sampling frequency. Data were processed with
the Sesarray package (Wathelet et al., 2004). Microtremor records
were cut into 30 s time windows, for which Fourier spectra were
computed and smoothed using the technique proposed by Konno and
Ohmachi (1998). The H/V spectral ratios were computed for all time
windows, and the mean H/V curve was determined with standard
deviations at each site.
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4. Results

4.1. Analyzing the difference in kinematic behavior

With the data sets described in the previous section, several
features can be analyzed to highlight the difference in kinematics
between the Avignonet and Harmalière landslides: the general
orientation of the landslide, surface velocity, denuded area, headscarp
evolution, and surface roughness.
Fig. 5. Top: Orthorectified aerial photos of the years 1956, 1985, and 2003. The scales of t
corresponding aerial photo showing the denuded areas related to landslide activity. White
Monteynard Lake shown in the photos from 1985 to 2003. Percentage of denuded area (d)
Image interpretation revealed areas with bare soil ranging in size
from 250 m2 to N50,000 m2 in Harmalière related to active erosion
and landslide activity. In the digital orthophotos, these zones appear
as very bright pixels (see Fig. 5, top), and they were classified digitally
using threshold values of brightness (Fig. 5, bottom) after manually
excluding objects like rivers, lakes, agricultural fields, roads, and
buildings identifiable by their characteristic geometric shapes. The
headscarps of Harmalière and Avignonet, mapped from the 1956
aerial photo (before the construction of the Monteynard Dam), show
he original photos are 1:25,000, 1:30,000, and 1:25,000. Bottom: Interpretation of the
areas are not covered by the images. In 1962 the Drac River was dammed, creating the
is indicated.
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Table 1
Root-mean-square deviations from the elevation profiles seen in Fig. 4B 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
Avignonet

A2–A3 lower
Avignonet

H1–H2
upper
Harmalière

H2–H3
lower
Harmalière

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

1.1 1.6 1.6 1

RMS deviation (m)
large scale (100 m)

4.4 4.4a 5.4 2

a This value is not reliable because of the short profile length.
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that the maximum distance between the headscarps and the Drac
valley is about 1.5 km in both cases. In Avignonet, the overall sliding
direction follows a fan-shape pattern as evidenced by the GPS velocity
vectors (Fig. 4) and by the slope directions of the main scarps. The
11-year average velocity vectors from GPS on the Avignonet landslide
are oriented from N. 70° E. to N. 130° E. (Fig. 4), with a mean N. 100°
E. motion.

However, in Harmalière, the most active areas of the landslide
developed along a NNW–SSE axis (Fig. 5) making a 30° angle with the
Avignonet global sliding direction. The percentage of denuded surface
is much larger in Harmalière than in Avignonet (13% vs. 5% in 1956,
20% vs. 3% in 1985, and 19% vs. 3% in 2003). Only a very small active
area in the south of Avignonet can be identified. The higher activity of
Harmalière certainly goes back, at least, to the end of the nineteenth
century (Moulin and Robert, 2004). At this date because of intense
gully erosion occurring on the NW part of the Harmalière slide a
significant reforestation work has been implemented by the state
authorities. Since the catastrophic Harmalière failure in 1981,
denuded areas are more concentrated in the eastern part of the
Harmalière landslide, and the activity has been retrogressive.
Morphological changes from the 1981 event can be seen in the
interpretation of the 1985 orthophotos (Fig. 5) forming a NNW–SSE
elongated flow mass without vegetation and also in Fig. 4 where a
roughness contrast with the surrounding terrain can be noticed. The
landslide body itself can be divided into a steeper upper part where
erosion dominates and a smoother lower part corresponding to an
accumulation zone, which has been conquered by trees again since
the 1981 event (Fig. 5). Notably that the recent upslope evolution is
not directed straight to the NW but has rotated clockwise to the NNE
toward the Avignonet landslide.

The main headscarp of Harmalière, which has developed since the
catastrophic event of March 1981, has been extended retrogressively
through several events, of which the main ones were in 1988, 1996,
and 2001 (Moulin and Robert, 2004). This evolution is traceable
from aerial photo analysis, providing a mean regression rate of about
10 m/y between 1981 and 2003. These values 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
Harmalière and Avignonet indicates mass displacement toward the
SW, which is consistent with a faster regression of the Harmalière
scarp toward the NE (Fig. 5) relative to Avignonet.

Surface roughness is also an indicator for landslide activity (Glenn
et al., 2006). Analysis of surface roughness from the shaded LiDAR
DEM (Fig. 4) shows differences between the Harmalière and
Avignonet landslides in terms of wavelengths and amplitudes along
the slope direction. In Harmalière, a characteristic small-scale
roughness with wavelengths of 5–15 m and amplitudes of 0.5–5 m
can be observed, as well as roughness at a larger scale with
wavelengths of 80–200 m and amplitudes of 5–20 m. Two represen-
tative elevation profiles along the slope direction are shown in Fig. 4B.
On these profiles, the roughness has been estimated using the root-
mean-square deviations, defined as the RMS difference in height
between points separated by a given step-size (Shepard et al., 2001).
Step sizes of 10 and 100 m along with the mean slope angles (see
Table 1) were chosen, corresponding to small-scale and large-scale
roughness at wavelengths of 10 m and 100 m, respectively. In
Avignonet, the roughness is higher at the toe (1.6 m) than in the
upper part (1.1 m) for the small-scale roughness, which can be
explained by the higher activity downslope and is supported by the
GPS measurements associated to a higher slope angle and maybe a
higher erosion rate. In Harmalière, the roughness is lower in the lower
part than in the upper part for both wavelengths. Indeed, since 1981,
Harmalière has shown intense activity in its upper part, including
collapsing at the headscarp and several minor scarps below that are
responsible for a higher large-scale roughness (5.4 m). The lower part
it evolves into a more fluent mudslide (large-scale roughness at 2 m)
related to the development of an accumulation zone that presents a
lower slope angle. Similar large-scale roughness values are found for
the upper parts of Avignonet and Harmalière. This observation
suggests that Avignonet and Harmalière have experienced similar
landslide processes in the past. Using roughness as an indicator of
landslide activity can however be biased by several factors. The
density of data points after filtering the LiDAR data when building the
digital surface model (DSM) can influence the roughness. The point
density of the terrain surface in forested areas can be too low,
resulting in lower roughness values. The effect of farming on altering
the surface roughness should also be considered. On a very small
scale, farming can decrease the surface roughness; but also large-scale
roughness could be reduced by farming over decades. On the other
hand, if the landslide activity is too high, fields will be abandoned and
the roughness will not be further affected. Therefore we can conclude
that farming amplifies the trend: smooth areas will bemore smoothed
and rough areas will stay rough above a certain threshold. In the case
of Harmalière, we see from the aerial photos that a lot of fields were
abandoned after the 1981 event. Today, farming is completely
stopped on Harmalière. Also, the active part in the south of Avignonet
was partly farmland in the past and has been abandoned recently.

Taking into account these limitations, the roughness comparison
between the Avignonet and Harmalière slides still suggests a
significant difference of the recent sliding activity: the Avignonet
slide does not showmajor recent active movements based on the GPS
data and aerial photographic analysis, in contrast to the Harmalière
slide. Only some areas in the lower part and in the south of Avignonet
exhibit small-scale roughness similar to Harmalière. This is consistent
with the location of unvegetated areas in the most recent aerial
photos, which are correlated to a higher landslide activity.

Regarding slide velocity, values measured by GPS on the Avignonet
landslide (Fig. 4) increase from b20 mm/y at the top to N130 mm/y in
themost active parts at the toe. The aerial photos shownomajor signs of
activity inAvignonet for the last 50 yearswithno significant evolutionof
the headscarp and very small denuded areas. In Harmalière, no GPS
measurements are available but, by tracking morphological features
through different dates in the aerial photos, one can get an 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.

The comparison of the two landslides using LiDAR data, GPS data,
and aerial photos shows that the recent landslide kinematics are
highly different. Harmalière seems to be much more active than
Avignonet during the past 50 years. A major controlling factor could
be the underlying bedrock topography. This possible influence
parameter is investigated in the following section.

4.2. Geophysical investigation

The H/Vmeasurementswere performed at 104 sites (Fig. 6), which
were located with a GPS with a horizontal accuracy ranging from one



Fig. 6. H/Vmeasurements. (A) H/V curves at points S1 and S2 (location on Fig. 6C). (B) Location of the 104 measurement points with the landslide limits (dashed line); A: Avignonet
landslide; H: Harmalière landslide. (C) Resonance frequency map.
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to a fewmeters under forest. Elevation values were extracted from the
LiDAR DEM. The H/V curves (spectral ratio versus frequency) at two
sites (S1 and S2) are presented in Fig. 6A. Both curves exhibit a peak
with amplitude N8 at 0.58 Hz for S1 and at 3.63 Hz for S2, cor-
responding 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 one-dimensional resonance
phenomenon, with well-individualized peaks and H/V amplitudes N2.
Only five measurements, located in the southeastern part of the
Harmalière landslide (location in Fig. 6B), exhibit a plateau-like shape
suggesting two- or three-dimensional effects. This point will be dis-
cussed below.

The frequency field was gridded with a kriging algorithm (Kitanidis,
1997) using an exponential variogrammodel with a N–S anisotropy for
the search radius. The gridded surfacefits the experimental datawith an
absolute error of 3%. The frequency distribution is presented in Fig. 6C.
To the west, this frequency map 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
eastward evolution of the resonance frequency is consistent with the
thinningof the clay layer and the corresponding rise of stiff layers shown
in previous works (Crosnier-Leconte et al., 1953; Lambert and
Montjuvent, 1968; Blanchet, 1988; Jongmans et al., 2009). Based on
the results, using a mean S-wave velocity of 600 m/s in the clay layer
(Méneroud et al., 1995), the clay thickness was calculated between
375 m to the west and 37 m to the east. These thickness 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 velocities,
density) within the different layers (from top to bottom: morainic
colluvium, moraine, disturbed clays, undisturbed clays, alluvium, and
bedrock)were obtained fromprevious seismic studies (Méneroud et al.,
1995; Renalier et al., 2007; Jongmans et al., 2009) and are presented in
Table 2. Thickness values in the layers were estimated at each station
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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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from theavailable geophysical andgeotechnical 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
Sesarray package (Wathelet et al., 2004). They have shown that the
clay thickness is the main parameter controlling the resonance
frequency. Using the parameters of Table 2, these tests also showed
that the impedance contrast 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. 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 another hand, they indicate that this technique might not be
suitable for detecting and mapping the slide itself (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 unconsolidated material thickness was computed at each
station by fitting the theoretical 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 correlation (Fig. 7A), corroborating
the determined velocities in the layers. The H/V deduced geometry of
the seismic bedrock top is compared to the section previously
established from a long refraction profile conducted for the study of
the Monteynard dam (Blanchet, 1988). This profile, labeled P1 in
Fig. 6C, depicts the top of the Jurassic bedrock. A generally good
agreement is observed between the two sections (Fig. 7B) in terms of
Fig. 7. Frequency to thickness calibration for H/V profile P1 (location on Fig. 5B and C). (A
frequency) for the 104 stations. Linear regression (black dashed line) gives a determination
(Blanchet, 1988) and the bottom of the laminated clays after H/V measurements along profil
deduced from inclinometer data.
the paleotopography (base of the clay). Detected discrepancies range
from a very few meters to the east to some 40 m to the west. Those
may come from changes in the clay layer velocity profile or from
uncertainties in the reference geological model established from the
refraction study. Other errors may also arise from two- and/or three-
dimensional effects as well as from varying cementation of the alluvial
layers, as observed at outcrop. This prevents the H/V mapping from
being exhaustive but allows the relative paleotopography to be
estimated and analyzed in terms of geometry.

The thickness values obtained over the whole area were then
interpolated using kriging with an exponential variogram model to
produce a thickness map of unconsolidated materials (moraines,
morainic colluvium, and clays) over the seismic substratum (alluvial
compact layers and Jurassic bedrock; Fig. 8A). 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 Fig. 5, showing a significant
westward increase of the clay thickness from 0m on the valley flank to
more than300 mbelow the village of Sinard. Thesevalues are consistent
with field observations and the outcropping of the alluvial layers to the
east (Fig. 2). This is also consistent with previous estimations
(Monjuvent, 1973; Antoine et al., 1981) that give a soft layer thickness
from 0 to 300 m on the west (moraines and clays; Table 2).

Thickness values were subtracted from elevation values given by
the LiDAR DEM at each measurement point. The relief of the
paleotopography prior to the deposition of the unconsolidated
materials is given in Fig. 8B. This palaetopography is very irregular,
with elevation variations of more than 150 m. Themajor feature is the
presence of a depression striking NNE–SSW, which is bordered to the
East by a N–S ridge culminating at an elevation of about 600 to 620 m
(cross section AB on Fig. 9). This depression probably coincides with
the pre-Würm valley v2 of the paleo Drac River, as suggested by the
presence of alluvial outcrops along the lake (Fig. 2) 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 alluvial layers and sporadically outcropping along the
lakeshore. To the south, this ridge disappears (cross sections AC and
AD; Fig. 9). Below the southern part of the Avignonet slide, on its
eastern side, the ridge of compact layers extends perpendicular to the
overall slide motion and has probably acted as a buttress, preventing
catastrophic failure. On the contrary, the Harmalière landslide clearly
developed over the lower elevation zone (Fig. 8B); and its motion can
be explained by its orientation, which changes from N–S to NW–SE in
the south.
) Computed thickness as a function of the measured resonance period (inverse of the
coefficient r2 of 0.95; (B) Comparison of the geometry of the top of the Jurassic bedrock
e P1 (location in Fig. 6C). Dashed line depicts the lower limit of the Avignonet landslide
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Fig. 8. (A) Thickness maps of the lacustrine deposits. The absolute error between computed and interpolated thicknesses is 5.29%. (B) Lake Trièves paleotopography in the study area.
The absolute error between computed and interpolated paleotopography is 0.98%. Dots refer to seismic measurements and crosses to field observations; dashed lines stand for
Avignonet and Harmalière landslide limits.
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5. Discussion and conclusions

The results show that geophysical investigation with ambient
noise measurements allows computing a frequencymap (Fig. 6C) that
can be converted into a sediment thickness map and a paleotopo-
graphy map (Fig. 8). Considering the thicknesses that have been
computed, one may argue that two- and/or three-dimensional effects
are present and that measured frequency values might be biased.
Considering the SESAME guideline (Koller et al., 2004), the presence
of non-one-dimensional cases has only been evinced in the south-
eastern part of the Harmalière landslide (Fig. 6C). Another problem
arising from calibrations is the eventual presence of lateral Vs
variations in the soft sediments. Consequently, the soft layer thickness
map computed from H/V data may contain uncertainties, which could
range from a few meters to the east (where the soft layer thickness is
of a few tens of meters) to some 40 m to the west (where the soft
layer reaches 300 m). The paleotopographic situation of the former
Trièves Lake (on which the glaciolacustrine laminated clays were
deposited) is irregularly shaped and shows strong lateral variations.

A N–S ridge to the east of the investigated area, culminates at
about 620 m, which disappears to the south. This analysis confirms
previous works done by other geophysical methods on Avignonet
(Crosnier-Leconte et al., 1953; Blanchet, 1988), and also extends
consistently the knowledge of the paleotopography to the south up to
Harmalière. 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 paleotopography marked by the
incision of at least two paleovalleys of the Drac, called “Drac de
Sinard” and “Drac de Cros”, filled with alluvium and running below
the laminated clay of the Sinard plateau, notably below Harmalière
and Avignonet (Lambert and Montjuvent, 1968; Monjuvent, 1973).

A comparison of the Harmalière and Avignonet landslide kinematics
was done based on GPS, aerial photos and LiDAR DEM analysis. The
results show that the orientation of the main sliding direction and the
level of sliding activity differ greatly for both landslides. TheNW–SE axis
of the Harmalière slide corresponds to the orientation of the “Drac de
Sinard” paleovalley, suggesting that the landslide is controlled by the
paleotopography. Regarding the level of sliding activity, a first
observation is that the northern part of the Harmalière headscarp is
retrogressing to the north and starting to erode the southernflank of the
Avignonet slide. The GPS measurements and analysis of digital
photographs since 1956 reveal that Harmalière's main slide body is far
more active thanAvignonet's. The headscarp retreats severalmeters per
year accompanied by a rapid evolution of the denuded area and sliding
velocity than can exceed 1 m/y. In the Avignonet landslide, the 11 years
of GPS data do not show velocities exceeding 15 cm/y. These
observations are consistent with the morphology of the landslides
(especially the roughness) shownby theLidarDEM,which reflectsmore
long-term activity. On a W–E profile along the Avignonet slide,
Jongmans et al. (2009) observed a negative correlation between the
sliding velocity and the Vs values of the first 5 m, suggesting a
downward increasing deformation state of this clay material. They
also found evidence for a slip surface at about 40-m depth within the
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Fig. 9. Cross sections of the paleolake basement (location in Fig. 8B).
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clay, confirming a previous hypothesis done from inclinometric data
(Blanchet, 1988; Lorier and Desvarreux, 2004). When comparing these
observations with the position of the ridge in the paleotopography, we
can evidence a paleotopographic control of the landslide kinematics.
The ridgeof hard layers along theeasternpart of theAvignonet landslide
acts as a buttress that could mechanically prevent the slide from rapid
evolution as observed in Harmalière (Fig. 5).

However, the hypothesis of a paleotopography control over the
landslide kinematics has to be discussed taking into account a longer
time interval than the last 50 years of observation onwhich it is based.
The question is whether the kinematics of the last 50 years are
representative for the long term evolution of the two landslides (i.e.,
over several thousands of years).

Considering (i) the present day topographic profile along the main
slope direction of the Avignonet slide, (ii) the position of the ridge at
about 700 m west to the Drac valley with the highest point at about
620 m, and (iii) the initial level of 800 m asl in which the Drac started
to incise, one can say that the possible effects of the paleotopography
on the landslide activity did not start at the beginning of the landslide
history and may be relatively recent. When the regressive deep slip
surfaces started to reach the clay basement, the development of new
deeper slip surfaces was obstructed by the ridge. Dating this
paleotopography influence is still a challenging question. In the
Harmalière slide, the larger depth of the lacustrine deposits was the
reason why deep slip surfaces have not yet reached the unconsoli-
dated materials at the base.

We conclude that paleotopography is a significant controlling
factor in landslide activity that can explain the different behavior of
two adjacent landslides with apparently similar conditions. Paleoto-
pography may also have another impact on landslide activity as it will
influence the hydrogeological conditions within the lacustrine
deposits and underlying alluvial deposits in the paleovalleys. This is
a topic for further investigation.
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