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A B S T R A C T

An earthflow/mudflow of a few thousand cubic metres occurred at the toe of the Pont-Bourquin Landslide (PBL, Swiss Alps) in late August 2010. This event was
preceded by a drop of about 6% in surface wave velocity (dV/V) determined from ambient vibration records. A seismic monitoring system made of three pairs of
sensors was re-installed across the transportation and accumulation zones of the landslide in October 2011, allowing daily relative changes in seismic velocity to be
measured for a period of 4.5 years. No similar drop in dV/V was observed during this period, consistently with the lack of significant landslide acceleration or
earthflow/mudflow events. However, the three dV/V time series showed periodic and reversible variations in a range− 2% to 2%, suggesting a probable influence of
seasonal parameters. They were cross-correlated to daily environmental (temperature and rainfall) and surface displacement time series. In the long term (yearly
scale), dV/V variations are mainly driven by the temperature with short delays (30 to 50 days) indicating that the shallow layer (first 2m) controls the dV/V
variations. In the short term, the landslide response to precipitations exhibits a small decrease in dV/V with a delay of 2 to 5 days, in contrast with the displacement
rate that almost instantaneously responds to the rainfall. The continuous seismic monitoring of PBL using ambient vibrations has proved to be a robust method for
getting information at depth, with no data gap even during winters. The seasonal reversible seismic velocity variations turned out to be in a range lower than the drop
observed before the August 2010 earthflow/mudflow, highlighting the interest of incorporating the dV/V technique in monitoring systems.

1. Introduction

Some landslide types, like rockfalls or mudflows, are a serious threat
to the population, because of their suddenness which makes them dif-
ficult to predict. Except for their common suddenness, these two rapid
mass movements exhibit distinctive characteristics, both for the sliding
material (clay-rich formations for mudflows and rocks for rockfalls),
their mechanisms (ductile rheology in clays, brittle behaviour in rocks)
and their sensitivity to climatic conditions. In particular, the triggering
or reactivation of mudflows and earthflows is strongly controlled by the
hydro-meteorological conditions and water infiltration in the mass
(Picarelli et al., 2004; Malet et al., 2005; Hungr et al., 2014). The
forecast of these events and the search of precursors have been an active
research topic for the last two decades. Precursors were sought by
monitoring surface displacement and fissure opening and their evolu-
tion to rupture (Petley, 2004), or by using hydrological parameters,
such as rainfall, pore water pressure and water content, associated with
threshold values determined in an empirical or statistical way (Glade
et al., 2000; Guzzetti, 2000; von Ruette et al., 2011). The application of
these precursors, however, turned out to be very sensitive to the
landslide characteristics and provide limited insights into the landslide

dynamics. Physical models have then been developed to assess the ef-
fects of hydrological parameters on the triggering of rainfall-induced
landslides (among others, Iverson et al., 2000; Simoni et al., 2008; Lu
et al., 2010; Arnone et al., 2011). However, these models rarely con-
sidered the progressive deformation along the slope before landslide
triggering (Fan et al., 2015).

In recent years, it has been shown that mechanical damaging can be
monitored through the properties of ambient seismic noise that are an
alternative to classical geotechnical tests (Del Gaudio et al., 2014;
Larose et al., 2015). Indeed, the evolution with time of seismic noise
properties (spectral amplitudes, frequency signature, spectral ratio
amplitudes, and wave polarization) allows tracking variations of in-
ternal mass characteristics through different processing techniques. For
fractured rock slopes, seismic noise studies showed that the ground
motion is polarized and locally amplified at specific frequencies
(Burjánek et al., 2010; Lévy et al., 2010; Burjánek et al., 2012; Bottelin
et al., 2013a; Colombero et al., 2017; Valentin et al., 2017; Burjánek
et al., 2018). In particular, noise measurements on a prone-to-fall
column identified the resonance frequencies and showed the frequency
decrease with the progressive decoupling of the column from the rock
mass (Lévy et al., 2010). By contrast, reinforcement works on an
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unstable limestone column provoked an increase in resonance fre-
quencies resulting from the additional stiffness provided by the bolting
(Bottelin et al., 2017). All the long-term seismic noise recordings de-
tected significant reversible resonance frequency variations caused by
meteorological fluctuations (mainly temperature but also thaw-freeze
cycles), which have to be removed to characterize irreversible dama-
ging or reinforcing effects (Bottelin et al., 2013b; Bottelin et al., 2017).

In clayey landslides, such as the large Avignonet landslide affecting
a thick glacio-lacustrine layer in the Trièves areas (French Alps), it has
been observed that the superficial shear wave velocity (Vs) significantly
decreased with the material destructuration (Jongmans et al., 2009). As
the mechanism of resonance in clayey landslides can arise from Vs
contrasts resulting from landslide damaging or existing lithology (Méric
et al., 2007; Jongmans et al., 2009), it turned out that the landslide
effect is better tracked by changes in material seismic velocity (Renalier
et al., 2010a). In the past decade, passive seismic has emerged as a new
technique to retrieve the propagation characteristics between two re-
ceivers by cross-correlation of the time series (for a recent review, see
Snieder and Larose, 2013). Indeed, it has been demonstrated both
theoretically and experimentally that the cross-correlation of a diffuse
wavefield recorded at two distant receivers converges toward the
Green's function of the medium between these two receivers, assuming
that the seismic noise is random (Shapiro and Campillo, 2004). This
technique was first applied to the Avignonet landslide (French Alps) for
both imaging and monitoring purposes (Renalier et al., 2010a, 2010b).

The first significant irreversible change in Vs was observed in the
Pont Bourquin landslide (PBL; Swiss Alps; Fig. 1a,b) where a few
thousand cubic metres earthslide-earthflow was triggered in August
2010 and evolved to a mudflow. The surface wave velocity measured
over a 4-month period using seismic noise cross-correlations decreased
continuously and rapidly for several days prior to the failure with a
total relative drop dV/V of about 6% (Mainsant et al., 2012a). This drop
was interpreted as resulting from a decrease in Vs at the base of the

landslide (see the description of the landslide, Fig. 1c). This example
illustrates the ability of ambient seismic noise to detect rigidity varia-
tions before landslide triggering. Over a longer measuring period of
3 years, Larose et al. (2015) pointed out seasonal fluctuations dV/V of
+/− 2%, on the same site which they associated to meteorological
fluctuations. However, terrestrial laser scanner and point geodetic
measurements at the Pont-Bourquin landslide show continuous surface
velocity of about 1m/month (Mainsant et al., 2012b), raising the
question of the relation between environmental, kinematics and Vs
variations.

The objectives of the paper are twofold. The first objective is to put
the failure of August 2010 back in the context of the global kinematics
of the landslide and of the dV/V variations, which were recorded during
a quiet 4.5-year period. The second objective is to investigate and
quantify the relations between, one the one hand, the variations in dV/
V at three different elevations along the slope, and, on the other hand,
the geodetic data and the hydrometeorological parameters (tempera-
ture, rainfall and water table), benefiting from the continuous time
series available on the site after the failure.

2. The Pont-Bourquin landslide

The Pont-Bourquin Landslide (PBL) is located 20 km to the east of
Geneva Lake in the Swiss Prealps (Fig. 1a). It is approximately 240m
long and its width varies from 15m to 60m. The maximum depth is
around 20m and its average slope is around 25° facing south. The total
volume of the landslide was estimated to be around 40×103m3 but
the most active part is around 11× 103m3 (Jaboyedoff et al., 2009).
Numerous investigations have been carried out on PBL and only the
main landslide characteristics are summarized here before presenting
the conceptual mechanical model used for installing the monitoring
system.

Fig. 1. a) Location of the study site and of the instruments on the slope. Coordinates are metric and expressed in the Swiss Grid format. HS: main headscarp; MSS:
main secondary scarp. b) Simplified geological map with the location of springs and of the identified zones. EZ: erosion zone; TZ: transportation zone; AZ: accu-
mulation zone. c) Conceptual model of the evolution of PBL showing 3 stages: 1) stable state, 2) landslide in the EZ with transportation of material to the AZ, 3)
Triggering of a debris flow in the AZ after heavy rainfall. The Vs profile with the different interpreted units (L1 to L4) in the accumulation zone is shown (modified
from Mainsant et al., 2012a).
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2.1. Geology and hydrogeology of the PBL

The PBL crosses a complex geological zone made of five structural
units (Badoux et al., 1990) separated by tectonic thrusts dipping ap-
proximately 35° toward the North. From the bottom to the top of the
slope, the lithology is made of the following units (Jaboyedoff et al.,
2009; Fig. 1b): (U1) weathered Triassic gypsum actively dissolved, not
appearing on the map, (U2)> 50m of Triassic cargneule (vacuolar
dolomite) with a high permeability, (U3) approximatively 150m of
Flysch including thin beds of turbidites made of shale siltstone and few
conglomeratic beds, (U4) 70m-thick layer made of thin beds of Aale-
nian black shales, and (U5) another layer of cargneule. All these geo-
logical units are folded and faulted. Bedding measurements on units (3)
and (4) revealed a general 35° dipping toward the North. The upper-
most 3m of these two units are furthermore affected by flexural top-
pling. Finally, units (4) and (5) are covered by quaternary moraines.

From a morphological point of view, the headscarp HS approxi-
mately coincides with the limit between the black shales and the
cargneule. The landslide is affected by a main secondary scarp (MSS;
Fig. 1) that is located over the limit between the black shales and the
underlying flysch. In the upper part of the landslide (between HS and
MSS) the black shales are continuously eroded, generating prone-to-
move clayey material (Erosion Zone EZ). Below MSS, the material
moves down regularly (Transportation Zone TZ) and accumulates in the
lower part of the landslide (Accumulation Zone AZ).

This geological heterogeneity induces a complex hydrogeological
setting, with at least 3 distinct groundwater flow regimes (Brönnimann,
2011). The upper part, composed of permeable vacuolar dolomite
(cargneule) overlaid by low permeability moraines, is an aquifer where
excess pore water pressure can develop, generating springs at the
headscarp. The water of this aquifer can also percolate through the
fractured black shale and flysch layer, creating springs along the sec-
ondary scarp and in the lower part of the landslide. Potentially, some
inflow may also originate from the underlying bedrock. Finally, the
lower permeable vacuolar dolomite (geological unit U2) contributes to
drain the landslide. The presence of a perennial spring in the lower part
of the landslide also suggests that a deeper groundwater source and
path may exist in the slope, below the landslide.

The predisposing factors favouring the PBL are the following (see
Jaboyedoff et al., 2009; Mainsant et al., 2012a for more details): (1) the
weak bedrock such as black shales and flysches are prone to slope de-
formation; (2) the cargneule and gypsum units located at the toe of the
landslide, which are highly soluble and deformable rocks, have most
probably weakened the slope creating a lack of buttress at the toe; fi-
nally, (3) the chemical weathering and freeze-thaw cycles have con-
tributed to a high degree of fragmentation of the outcropping rocks. As
such, the PBL material is peculiar. It shows an evolution of its forming
materials, starting with rocks (by contrast with soil material) or stiff
clays and quickly evolving toward mud. The predominantly clayey
moving mass is then made of a mixture of 1) weathered debris from the
black shales transformed in mud, 2) morainic material and 3) flysch.
The landslide is mostly translational and exhibits a slight rotational
component at its top.

2.2. History of PBL

Orthophotos from 1995, 1997 and 2004 show a constant degrada-
tion caused by slope movements and erosion in the PBL area. Surface
movements have been studied more carefully since 2006 when a scarp
of 0.8m was observed at the top of the landslide. On July 5th, 2007 a
sudden earthflow of around 3–6×103m3 cut the road joining Les
Diablerets to Gstaad after 95mm of rain in 3 days (Jaboyedoff et al.,
2009; Mainsant et al., 2012a). In the following years, the landslide
permanently moved and showed progressive retrogression at HS of a
few metres per year. From 21 July to 23 August 2010, the landslide
suddenly accelerated with movements reaching locally 21m/month.

This fast motion of material created a bulge at the toe of the landslide.
In the meantime, sliding velocities at the head and the secondary scarps
were lower than 0.5 m/month. On August 19th, 2010 this accumulation
of material failed dramatically generating a mudflow that reached the
river downhill.

2.3. Geophysical measurements

The landslide geometry was determined using longitudinal and
transversal seismic and ERT (Electrical Resistivity Tomography) pro-
files (Mainsant et al., 2012a). The Vs profile measured by Mainsant
et al. (2012a) at the top of the accumulation zone is shown in Fig. 1c.
From top to bottom, three main seismic layers were found: (1) a 2m
thick shallow layer with a very low Vs of about 90m/s, (2) a 9m-thick
layer with Vs=360m/s, and (3) the bedrock with Vs around 640m/s,
where is located the rupture surface. It was shown (Mainsant et al.,
2012a) that dV/V variations in the frequency range 8–12 Hz could be
influenced both by Vs variations in the shallow layer and in the 2m
thick layer at the base of the landslide (10m in depth) where the
rupture occurred.

2.4. PBL mechanism

Fig. 1c shows the conceptual model of the landslide derived from
existing information and observation, and its evolution with time. In
stage 1 the motion is initiated at the headscarp HS located at the top of
the black shale layer. The sliding material is mainly made of the
weathered black shale layer but the landslide also includes the weath-
ered flysch layer. In stage 2, the main secondary scarp was created by
the faster motion in the central transportation zone, probably resulting
from the flow of water from below the landslide. The moving material
accumulates in a bulge at the lower part of the landslide, steepening the
slope and regularly generating mudflows or debris flows (stage 3). PBL
is then a complex and composite landslide combining different types of
movements (Hungr et al., 2014), which vary in space and time. In the
upper part (erosion zone), it shows a solid behaviour at the main scarps
where rotational sliding and toppling are observed. Most of the land-
slide is however translational in the transportation zone. Depending on
its fragmentation and water content, the heterogeneous clayey material
can behave mechanically in several ways, alternating superficial
earthflows, debris flows and mudflows. The study of the August 2010
earthflow/mudflow event (Mainsant et al., 2012a) has suggested that
the material obeyed a viscoplastic-type constitutive law (Herschel-
Bulkley Model).

3. Methods

Meteorological, kinematics and geophysical data were acquired
during the seismic monitoring period extending from October 2011 to
March 2016. The characteristics of the available time series are given in
Table 1.

3.1. Hydro-meteorological data

Environmental data were obtained from stations located on or
nearby the study site. Temperature time series were measured at a

Table 1
Time extent of the cross-correlated time series.

Parameter Start End Daily measurements available

Rainfall 01/10/11 15/04/16 1658
Temperature 25/10/11 15/10/15 1451
Extensometer 19/04/12 15/04/16 1248
Piezometer 05/07/10 29/05/14 432
Seismic velocity (dV/V) 25/10/11 15/03/16 1603
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weather station installed on the upper part of the landslide (location in
Fig. 1a). Hourly measurements were turned into daily values by cal-
culating the average of the 24 values. Technical issues did not allow to
use the rainfall data recorded at the weather station. Daily rainfall data
were then provided by a station operated by the Federal Office of
Meteorology and Climatology (MeteoSwiss) and located in the village
of Les Diablerets, 500m SW of the landslide. Piezometer data (location
in Fig. 1a) were obtained from permanent pressure cells installed in a
drilling at 4m depth (December 2011 to February 2012) and at 2.35m
depth (November 2012 to mid-March 2014). Pressure measurements
were compensated for atmospheric barometric pressure.

3.2. Landslide kinematics

An extensometer was installed to monitor surface displacements in
the accumulation zone (Fig. 1a). Several gaps are present within the
time series, which originate from the landslide activity, from snow and
from falling trees.

Nine to twelve prism targets were installed within the unstable area,
with one reference target installed on the stable zone. These targets
were surveyed using a Topcon GPT-9003M total station on a fixed base
located 650m south from the PBL, which provided the 3D positions of
the targets. During the survey period (2010–2016), several targets had
to be repositioned because they were damaged or displaced by the
landslide activity, snow pushing, and sheep bullying. This led to a loss
of continuity with a gap between Autumn 2012 and Spring 2013 when
the whole set of targets had to be removed.

Topographic changes were also monitored using terrestrial laser
scanner (TLS) surveys. The acquisitions were performed from the
summit of a small hill located 650m south of the PBL (same location as
the total station base), allowing a survey of the upper part of the
landslide. The TLS device was an Optech ILRIS-3D-ER using a laser with
a wavelength of 1500 nm and with a maximum acquisition distance
ranging from 800m to 1200m. Reduced acquisitions (2–3 scans) were
performed approximately every 2months during the snow-free seasons,
and a full acquisition (10–15 scans) was conducted once a year. The
point clouds were created by merging all the scans and a 4-step process
was applied to the data (Franz et al., 2016). First, raw point clouds are
manually filtered to remove dust, bugs, vegetation, etc., using the Pi-
fedit software (PolyWorks suite; www.innovmetric.com). Second, the
coeval scans are co-registered. Third, the co-registered point clouds
from different time series are aligned with each other, using vegetation-
free ground assumed as stable outside the sliding area. This is done
using the best-fit algorithm implemented in PolyWorks. Finally, the
batch of co-aligned point clouds is georeferenced on a High-Resolution
Digital Elevation Model (HRDEM) with a 0.3m resolution
(Rusinkiewicz and Levoy, 2001; Salvi et al., 2007) using CloudCompare
(http://www.danielgm.net/cc/). This allowed the 3D reconstruction of
georeferenced point clouds on the landslide whole surface and at dif-
ferent time steps. Using the shortest distance comparison method (im-
plemented in CloudCompare) between two point clouds, it is possible to
identify the morphological processes affecting the landslide.

3.3. Seismic monitoring

Three seismic sensors were installed on each stable flank of the slide
and defined three pairs across the PBL (Fig. 1a). The two upper pairs
(2a-2b and 3a-3b) are across the transportation zone while the lowest
one (1a-1b) investigates the accumulation zone. The seismic sensors
were vertical short period (2 Hz) velocimeters and ambient vibrations
were recorded with a sampling frequency of 250 Hz. The vertical
seismic noise field is mainly made of dispersive Rayleigh waves
(Bonnefoy-Claudet et al., 2006) and the relative changes in Rayleigh
wave velocity dV/V across the landslide were analysed using the am-
bient noise cross-correlation technique. Even if noise sources are not
homogeneously spread around the landslide, Mainsant et al. (2012a)

showed that daily cross-correlation allowed to reconstruct satisfyingly
the Green's function since the seismic sources were relatively stable in
time and space. The seismic noise primarily originates from the traffic
on the road at the foot of the slide, and the reproducibility was good
enough to guarantee stable daily correlograms (Hadziioannou et al.,
2009). As such, this led to work with daily values of dV/V and, con-
sequently, to further correlate them with daily values of environmental
and displacement data. Hourly seismograms were first standardized
(subtraction of the mean and normalization by the standard deviation
of the dataset) to get seismic time-series with a mean centred on zero
and with a variance of 1. Signals were then whitened between 4 and
25 Hz to give comparable statistical weight to each frequency. Data
were then cross-correlated and a daily correlogram was determined
between each couple of sensors (1a-1b, 2a-2b, and 3a-3b) by calculating
the average of the 24 hourly correlograms. A reference correlogram was
then set for each couple of sensors, corresponding to the mean of all
daily correlograms. Daily velocity changes, with reference to the mean
correlogram, were calculated using the stretching technique (Sens-
Schönfelder and Wegler, 2006; Hadziioannou et al., 2009). This tech-
nique resamples the correlograms in time and the relative velocity
change dV/V between a daily correlogram and the reference correlo-
gram is taken as the one corresponding to the time shift for which the
correlation coefficient cc is maximum.

Sensitivity tests (namely the calculation of the Power Spectral
Density; see Appendix A) conducted between 4 Hz and 20 Hz showed
that the highest correlation coefficients (above 0.9) were obtained be-
tween 8 Hz and 12 Hz. This confirms previous results by Mainsant et al.
(2012a) who showed that this frequency range is the most stable and is
adequate to monitor the landslide rigidity. Depth sensitivity kernels
computed for three frequencies (8 Hz, 11 Hz and 14 Hz) showed that,
for the Vs layering in the landslide, surface Rayleigh waves were sen-
sitive to changes in the first two metres, as well as to changes at the
bottom of the moving mass located at a depth of about 10m (Mainsant
et al., 2012a).

3.4. Cross-correlation between seismic, environmental and surface
displacement time series

The linear relationships between relative seismic velocity changes
and environmental data (air temperature and rainfall,) were further
studied using cross-correlation. This mathematical technique is classi-
cally applied in hydrogeology, notably to study the linear dependency
between rainfall and aquifer recharge (Larocque et al., 1998; Lee and
Lee, 2000; Lee et al., 2006; Okkonen and Klove, 2010), providing
quantitative information such as the correlation coefficient and the
time lag. In landslide study, this technique has however been little
applied. Helmstetter and Garambois (2010) used it on the Séchilienne
rockslide (French Alps) to correlate seismic catalogues and environ-
mental parameters (rainfall). They evidenced very short reaction times
(< 1 day) between rainfall and the initiation of rockfalls and of micro-
earthquakes within the landslide.

As for seismic data, time series were first standardized (all stan-
dardized time-series are presented in Appendix B) and were then cross-
correlated with each other. The correlation of two functions f(t) and g
(t) determines a lag t that is positive if g(t) leads f(t). The 95% con-
fidence interval r, in this case, depends only on the length of the dataset
(Diggle, 1990; Chatfield, 2003) and is classically of the form:

=r
n

2
(1)

where n is the length of the dataset. To further study the influence of
long-term (seasonal) or short-term events on dV/V series, dataset were
also high-pass and/or low-pass filtered prior to cross-correlating them,
using a second-order Butterworth filter.
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4. Results

4.1. Landslide kinematics

4.1.1. Total station – target tracking
The displacement rates measured by target tracking are shown on

the landslide map in Fig. 2a, while the displacement-time curves are
shown in Fig. 2b and c. For the reasons evoked in the method section, it
was not possible to have a continuous monitoring of the points (Pts) and
several curves are interrupted. Also, there was a total interruption
during the 2012–2013 winter. The figure then shows two distinct
campaigns of measurements (squares and circles in Fig. 2a) due to a
reset of the targets and reference locations. The first campaign (Fig. 2b)
started directly after the event of August 2010 and the second (Fig. 2c)
in May 2013. A first comparison of the two data sets shows that mean
velocities measured during the 2013–2016 period are on average lower
than during the 2010–2012 period (compare Fig. 2b and c). The velo-
city field (Fig. 2a) does not reveal significant spatial changes and the
two data sets are interpreted conjointly according to the zone activity.

A first group of 8 targets was installed in the erosion zone EZ (upper
part of the landslide; Fig. 2a): Pts 1 and 2 in the vicinity of the main
headscarp, Pt 3 in the centre of the upper part, Pt5 just over the main
secondary scarp (MSS) and Pts 8 to 11 on the eastern lateral spur. All
these points underwent weak motions with a velocity lower than 0.8m
per year (Fig. 2b and c). In contrast, the three targets installed just
below MSS (Pts 4, 6 and 7) exhibit higher mean velocities (> 1.5m/
year). This is particularly the case of Pt7, where mean and maximum
velocities reached 5 and 16m/year, respectively (Fig. 2a). These re-
sults, which reveal an activity higher at the secondary headscarp than
at the main one since 2010, differ from the observation prior to 2010
showing that the main headscarp was significantly more active
(Jaboyedoff et al., 2009). Below the MSS, Pt 13 (that replaced Pt 12)
and Pt 14 were installed in an active gullying sector (Fig. 2a), on small
crests between which the material was flowing superficially. The
measured mean velocities (between 1 and 2.6m/year) then give a
minimum value of the velocity. Further down the slope, the targets

located in the transportation zone TZ (Pts 15, 16, 18, 19, 20, 21, 22, 23
and 24; Fig. 2a) exhibit the highest average velocities, ranging from 2.3
to 7.2 m/year (Fig. 2b and c), with maxima reaching 8.3m/year
(Fig. 2a and c). TZ then appears to be the most active area in the
landslide at the time of the survey. No target was installed in the ac-
cumulation zone AZ and the activity in this area will be analysed using
TLS results (see next section).

To summarize, the landslide behaviour during the survey period
was characterized by a relatively high activity in the translational zone
with a mean velocity of about 3.5 m/year, and maximum velocities as
high as 12m/year. This zone is affected by superficial erosion and the
eroded materials are transported to feed the downhill accumulation
zone. In contrast, the erosion zone EZ above the main secondary scarp
appears now little active with a mean velocity lower than 0.8 m/year.

4.2. Terrestrial laser scanning

The TLS surveys provide an insight of the general behaviour of the
PBL and the results are presented in Fig. 3. The upper part (EZ) shows
little change between 2011 and 2016, except some small erosional
pattern. The main secondary scarp MSS shows positive differences
(+1m, yellow to orange colours in Fig. 3) which, in this case, is the
expression of a limited “toppling” of rock compartments due to the
opening of cracks at the crest. Directly below this latter, superficial
deposition occurs. In the main gully and on its side, the negative dif-
ference (−1m, light-blueish in Fig. 3) indicates erosional processes.
This is followed downward by extended negative change (−2 to
−2.5m) which indicates a loss in altitude in the transportation zone
TZ, where large local bulges are moving down. Finally, at the toe of the
landslide, a positive difference is observed (up to +2.5m, yellow to red
colours in Fig. 3). This corresponds to the accumulation zone AZ, where
materials originating from the transportation zone are stocked. The
aforementioned deformation behaviour, detected from both target
tracking and from differential TLS DEM analysis, is in good agreement
with movement patterns that developed before 2010 (Mainsant et al.,
2012a).

Fig. 2. Pont-Bourquin Landslide (PBL) kinematics. a)
Velocities obtained with Total Station Survey. The
squares represent the maximum velocities measured
between August 2010 and October 2012 while the
circles those between May 2013 and December 2016.
The arrows illustrate the average velocities during
the survey period of each point. The primary and the
secondary scarps (HS and MSS, respectively) show
moderate velocities whereas the central part (TZ)
displays very high velocities. Note that the lower
part (AZ) was not in the line of sight and thus does
not have displacement rate measurement. b) and c)
3D total displacement vectors for periods 2010–2012
(squares in Fig. 2a) and 2013–2016 (circles in
Fig. 2a), respectively. Same notations as in Fig. 1.
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4.3. Environmental and seismic monitoring

Correlograms of the three pairs of stations are presented in Fig. 4
along with their average (reference) correlogram, in white. Fig. 4a
depicts the seismic correlograms of pair 1a-1b between early March
2010 and mid-March 2016. Note that no data were recorded between
21 August 2010 and 25 October 2011. dV/V data from 2010 are from
Mainsant et al. (2012a) and were filtered in the frequency range
10–12 Hz. Data starting from late 2011 up to mid-March 2016 are
original and were band-pass filtered between 8 and 12 Hz. According to
Weaver et al. (2011), a wider frequency bandwidth (8–12 Hz) was used
to reduce dV/V measurement errors. Daily correlograms are slightly
asymmetric in the central part, which indicates that noise sources are
not homogeneously spread around the seismic sensors for these short
times. This confirms the predominant role of the traffic on the road at
the toe of the landslide as a source of energy. To avoid the instability of
the first arrivals due to slight changes in source occurrences, a time
window in the range -2 s to −0.2 s and+ 0.2 s to +2 s (indicated by
vertical dashed lines in Fig. 4) was used.

From these daily correlograms and the reference correlogram, daily
dV/V values were computed. Fig. 5a presents the temporal evolution of
dV/V for pair 1a-1b, along with the correlation coefficient cc between
the daily correlogram and the reference correlogram in Fig. 5b. The dV/
V (resp. cc) time-series exhibit variations between −2% and+2%
(resp. 0.6 and 0.95) over the recording period. The first key point in this
figure is that the only drop below −2% and down to around −6%
(cc < 0.6) is preliminary to the earthflow which occurred on 19 August
2010. Moreover, it can be observed that the drop in dV/V below −2%
started up to one week before the flow. A complete description and

analysis of this flow event in relation to the dV/V drop can be found in
Mainsant et al. (2012a).

The second key point in Fig. 5 is that, since 2010, no dV/V value
below −2% is observed. This is concomitant with the fact that no
catastrophic landslide acceleration occurred during this period.

Fig. 3. Comparison between TLS point clouds of April 2011 and May 2016
draped on HRDEM. The difference obtained by the closest point distance
method shows the general deformation of the Pont-Bourquin Landslide (PBL).
The scale is in metres and the positive values show an accumulation while the
negative one shows a subsidence. The most notable aspects are the loss of
material in the centre part (up to −2.5 m) and the bulging at the toe (up to
2m). HS: headscarp; MSS: main secondary scarp.

Fig. 4. a), b) and c) Temporal evolution of daily correlograms of pairs 1a-1b,
2a-2b and 3a-3b, respectively, between 25 October 2011 and 15 March 2016.
The colour scale refers to the amplitude of the cross-correlation. The white
wavelet corresponds to the average correlogram. Vertical dashed lines stand for
the time limits used for the computation of dV/V between [−2 s −0,2 s] and
[0.2 s 2 s].
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Concerning the observed variations in the range±2%, it is worth
noting that they are not scattered. On the contrary, they present pat-
terns marked by repetitive seasonal fluctuations (blue ellipses in
Fig. 5a), suggesting a control of dV/V time-series fluctuations by me-
teorological parameters. To further investigate this issue, seismic data
from the three pairs of sensors (1a-1b to 3a-3b) were cross-correlated
and dV/V time-series were derived from each pair in the frequency
range 8–12 Hz. As for pair 1a-1b, daily correlograms for pairs 2a-2b and
3a-3b are shown in Fig. 4b and c, respectively, along with their corre-
sponding average correlogram.

Fig. 6 shows the data used to study the relationship between seismic
velocity changes and environmental and displacement variables. The
computed dV/V values for the three pairs of sensors are presented in
Fig. 6a. The three seismic velocity curves exhibit the same trend. As for
pair 1a-1b, no relative velocity drop below −2% (or increase above
+2%) is observed for the other pairs during the monitored period. The
three time-series present gentle, relatively regular and parallel

variations. This suggests that, in first approach, dV/V between the three
pairs of sensors are globally sensitive to the same controlling factors
and react more or less similarly and simultaneously at the scale of the
landslide. Fig. 6a also presents extensometer data (see location in
Fig. 1a) under the form of daily and cumulative displacements. The
discontinuity of the curve indicates that no data were recorded at
several intervals, resulting in a total number of available daily mea-
surements of 1248 for a monitoring period of 1458 days. The curve
globally exhibits regular trends with average motions of 9mm/day in
2012, 12.5 mm/day in 2013, 2.5mm/day from late 2013 to July 2014
and 4mm/day from September 2014 to May 2016. Three main (but
limited) acceleration phases can be observed. The first occurred from
mid- to late-December 2012 with an average velocity of 52.5mm/day
and a peak velocity of 330mm/day on December 17. The second ac-
celeration is observed from mid-October 2013 to mid-November 2013
(average velocity of 60mm/day) and the third, with a lower average
motion (16mm/day), took place from mid-July 2014 to late August
2014. Environmental data are shown in Fig. 6b (temperature and water
table) and in Fig. 6c (daily and cumulated rainfall). The distribution of
rainfall appears relatively regular over the studied period, while the
water table (blue curve in Fig. 6b) was located between 2m and 0.5m
below the surface (location of the piezometer in Fig. 1a). Piezometric
data show rapid rises of several tens of cm after rainfall, followed by
slow decreases. The dataset is however truncated (432 days with data
over the 1458 days-long recording period) and does not provide a full
seasonal cycle. This dataset will not be used in the following cross-
correlation study.

Finally, the temperature dataset (red curve in Fig. 6b) exhibits a
classical main period of one year, with values between −10 °C
and+ 20 °C. Because temperatures are averaged over one day, the 24 h-
long cycles cannot be evidenced.

The relation between displacement rates (extensometer data) and
the environmental parameters (rainfall and air temperature) was first
studied by cross-correlating the time-series. The two cross-correlation
curves are shown in Fig. 7a, where the grey stripe represents the con-
fidence interval of 95% (Eq. (1)). The correlogram displacement rate/
rainfall (black curve) shows a positive correlation with a 2-day long
peak starting at a positive lag of about 1 day and a limited significance
(cc of around 0.15). This suggests that displacements measured by the
extensometer are initiated shortly (maximum of 1 day) after a rain
event. The further decrease of cc furthermore indicates that rainfall has
no more significant effect on surface displacements around two weeks
after rain events (cc values within the 95% confidence interval).
However, the daily time series do not allow to accurately determine the
reaction times and hourly measurements would be required to achieve
a better temporal resolution. A weak positive cross-correlation
(cc=0.24) was found between displacement rate and air temperature
(filtered to keep only periods higher than 300 days), with a lag of about

Fig. 5. a) Relative velocity changes dV/V for pair 1a-
1b between March 2010 and March 2016, for the
frequency range 8–12 Hz. The horizontal grey lines
represent the limit of dV/V between −2 and+ 2%.
b) The associated correlation coefficient. Data be-
tween 01 March 2010 and late August 2010 are from
Mainsant et al. (2012a).

Fig. 6. Seismic, kinematics and environmental time-series. a) Seismic velocity
(dots) derived from the three pairs of sensors (1a-1b, 2a-2b, and 3a-3b) and
extensometer data (black line and blue bars). The two blue stars denote the two
dV/V peaks that could result from icing effect during the main freezing periods
(blue rectangles) b) Water table (blue curve) and daily temperature (red curve).
c) Daily rainfall (grey bars) and cumulated rainfall (black curve). (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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60–90 days (Fig. 7a, red curve). Looking at the time series (Fig. 6), this
amazing result probably originates from the occurrence of two accel-
eration phases at almost the same periods (late autumn) in 2012 and
2013, but not in 2014. Our interpretation is that this coincidence over
two years generated this apparent correlation.

To study the dependency of seismic velocity changes to environ-
mental parameters, dV/V data were cross-correlated with air tempera-
ture for the three pairs of sensors (Fig. 7b). Time series were low-pass
filtered with a period of 300 days to highlight seasonal cycles. Positive
and significant peaks are observed at lags of around 30 days (3a-3b;
cc=0.64), 40 days (2a-2b; cc=0.32) and 50 days (1a-1b; cc=0.44).
The positive correlation of dV/V and temperature data indicates that an
increase (resp. a decrease) of temperature increases (resp. decreases)
the rigidity of the clayey material, probably due to drying and decrease
in soil moisture (Mainsant et al., 2012b). The different delays observed
in Fig. 7b suggest that dV/V variations are not synchronous at the scale
of the landslide. dV/V at the top of the slide (pair 3a-3b) reacts quicker
to temperature (around 30 days) than the two other pairs of sensors

(around 40 to 50 days). This could result from the presence of numerous
cracks observed in the zone below the main secondary scarp (Fig. 1c),
favouring the penetration of the heat front at depth. For the lowest
temperatures (in winter), dV/V tends to decrease or is close to its
minimum value (Fig. 6a). During freezing periods (blue rectangles in
Fig. 6), Vs could increase in the shallow layer, due to ice formation. This
effect could, however, be tempered by the presence of a thermally
isolating snow layer. Two small positive dV/V peaks (shown by stars in
Fig. 6a) are observed during freezing periods, suggesting a potential but
limited effect of icing.

The cross-correlation curves between seismic velocity variations
and rainfall for the three sensor pairs (Fig. 7c) have an irregular shape
and exhibit weak negative peaks (cc < 0.2) located at lags of 2 days
(2a-2b), 5 days (1a-1b) and around 7 days (3a-3b). This anti-correlation
suggests that rainfall, and subsequent water infiltration within the
ground, could induce a decrease in surface wave seismic velocity. Fol-
lowing the peaks, cc increases linearly and regularly up to a non-sig-
nificant level for lags over around 20 days. The cross-correlation be-
tween displacement rate (extensometer) and rainfall data (presented in
Fig. 7a) is superimposed on curves in Fig. 7c, with cc values multiplied
by −1 for comparison. Curves do match and show identical shapes,
with a slightly larger lag observed for the dV/V response (> 2 days)
compared to the displacement rate curve (about one day). The low cc
values, however, indicate that the rainfall effect on dV/V is not of prime
importance, in contrast to the temperature influence. The weak corre-
lation and the curve irregularity also make it difficult to draw firm
conclusions on the lag values.

5. Discussion

Surface displacements monitoring from point targets and TLS data
showed that the PBL can be divided into three main deformation units.
The upper part (EZ) shows moderate motion (between 0 and 1.5m/
year; Figs. 2 and 3). This zone is mainly affected by erosion, toppling
and fracture opening phenomena, which result in a loss of materials.
The central part located below the MSS exhibits higher motions (1.5 to
5m/year; Figs. 2 and 3) and consists principally in the transportation of
the upper eroded materials (TZ: Transportation Zone). Finally, the zone
located at the bottom of the PBL is the previously defined accumulation
zone AZ (Figs. 2 and 3) where a bulge is forming. The three pairs of
seismic sensors 1a-1b to 3a-3b are located to investigate the upper part
of the transportation zone (below the MSS), in the middle of the
transportation zone where the displacement rates are the highest, and
at the top of the accumulation zone.

5.1. Influence of environmental parameters on dV/V

The cross-correlation of the dV/V data with environmental data has
shown a significant influence of the temperature on the seismic velocity
variations in the 8–12 Hz range at the seasonal scale (Fig. 7b), with a
delay varying between about 30 to 50 days. These relatively low lag
values indicate an influence of the shallow layers on the dV/V varia-
tions. A simple computation was performed using a 1D heat conduction
equation, similar to that performed by Bottelin et al. (2013a), using a
thermal diffusivity D=5×10−7 m2. s−1 for the clayey material
(Krzeminska et al., 2012). Computations show that the heat front after
30 and 50 days is located at about 1.2 and 2m in depth, respectively.
Temperature would increase the ground rigidity through a decrease in
water content and subsequent shrink effects. This interpretation is
supported by controlled laboratory experiments on clays (Mainsant
et al., 2012b) that pointed out that a decrease (resp. increase) in
moisture results in a decrease (resp. increase) in Vs. The shorter delay
(30 days) observed for the sensor pair 3a-3b could be related to the
numerous cracks observed in the upper part of the transportation zone
below the MSS (Fig. 1c), favouring penetration of the heat wave. This
thermal effect on the dV/V variations in the superficial layers is in

Fig. 7. Cross-correlation results. The grey stripe stands for values within the
95% confidence interval. a) Cross-correlation between displacement rates (ex-
tensometer data) and rainfall (black curve) series, and between displacement
rates and air temperature series, filtered to keep periods higher than 300 days
(red curve). b) Cross-correlation between dV/V and air temperature time series
filtered for periods higher than 300 days. c) Cross-correlation between dV/V
and rainfall for the three pairs of sensors (1a-1b to 3a-3b). Time series are
filtered for periods lower than 90 days. The black curve corresponds to the
inverse cross-correlation of displacement rate with rainfall data (black curve in
Fig. 7a). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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agreement with depth sensitivity kernels conducted by Mainsant et al.
(2012a), who showed that the surface wave velocity in the frequency
range 8–12 Hz is affected both by superficial (in the first two metres)
and by deeper (around 10m depth) changes in Vs properties. The short
measured delay values clearly indicate that seasonal dV/V variations
are controlled by thermal induced changes in rigidity in the shallow
layer.

In the short term, our study also reveals that rainfall could have a
weak influence on the shallow rigidity variations, with a low negative
correlation (less significant than the one observed for temperature)
between rainfall and dV/V variations and delays varying between 2 and
7 days (Fig. 7c). Such low correlation is also observed between dis-
placement rate data (provided by the extensometer located in the
middle of the transportation zone) and rainfall data (Fig. 7a), with
however a shorter delay of about 1 day and in-phase variation. This
slight difference in delay could originate from the different sensing
depths of the measurements. While the extensometer measures super-
ficial deformation, dV/V calculated in the frequency range of 8–12 Hz is
sensitive to the first two metres, as mentioned before. The observed
differential lags might then be indicative of the delay corresponding to
the time needed for rainfall to infiltrate and influence the rigidity.

5.2. Slope response to environmental parameters and deformation
mechanism

The slope structure is sketched in Fig. 8a with the four layers L1 to
L4 identified from seismic prospecting (see Fig. 1c). The 2m-thick
upper layer (L1) is characterized by a very low rigidity (Vs=90m/s)
and a high degree of fracturing explaining the presence of a shallow
water table. The more rigid underlying layer L2 (Vs=360m/s) is about
9m thick and slides over the bedrock (L4; Vs=640m/s). During the
2010 earthflow, the 6% drop in dV/V was interpreted as a decrease in
Vs (from 360m/s to 200m/s) in a 2m thick layer at the base of the
landslide (L3 in Fig. 8a).

The cross-correlation analysis between the weak reversible dV/V
variations (−2%, +2%) and the environmental parameters showed

relatively short delays that suggest a predominant control and response
of the 2m thick upper layer. On the other hand, the medium to low
correlation coefficients obtained when cross-correlating dV/V with air
temperature (cc=0.5) and rainfall (cc=0.24) indicate the probable
influence of other factors on dV/V fluctuations. Indeed, this shallow
layer is strongly exposed to numerous phenomena likely to change Vs,
such as temperature and moisture fluctuations, water level changes, ice
formation and fissure opening and closing. The full understanding of
dV/V variations would require the acquisition of a long and complete
time series of the water table, snow thickness, and also soil temperature
and moisture at different depths.

Extensometer data (Fig. 7a) reveal a slight response time to rain-
fall < 24 h in the transportation zone, while cumulative rainfall (more
than two days) has little to no effect on the landslide kinematics. This
quick response in terms of slide velocity to rainfalls suggests the pre-
sence of a shallow rupture surface at the base of the shallow layer L1, in
addition to the main surface rupture already identified at the top of the
bedrock (Fig. 8a; Mainsant et al., 2012a). The mechanism of the land-
slide could then be illustrated by the hypothesized inclinometer profile
shown in Fig. 8b, where the displacement rate measured at the surface
is mainly partitioned in two zones located at about 2m and 10m depth.
The partitioning degree between the two rupture surfaces still remains
unknown because of the lack of data at depth and the difficulty to keep
a borehole in operation longer than a few weeks or months (Mainsant
et al., 2012a). In this respect, dV/V measurements could offer an al-
ternative in getting information on rigidity variations in the landslide
mass.

6. Conclusions

Following the occurrence of an earthflow/mudflow of a few thou-
sand cubic metres at the toe of the Pont-Bourquin Landslide (Swiss
Alps) in late August 2010 and the sharp drop of 6% in dV/V that was
measured up to seven days before that event, a seismic monitoring
system made of three pairs of sensors was installed across the trans-
portation and accumulation zones of the landslide. The seismic mon-
itoring system allowed daily relative changes in seismic velocity to be
measured for a period of 4.5 years between late October 2011 and mid-
March 2016. No dramatic drop of the seismic velocity was observed
during this period, consistently with the lack of significant landslide
acceleration or earthflow/mudflow events. Slow motion however oc-
curred, as shown by the geodetic target tracking (slide velocity of 1 to
5m/yr) and the elevation variations in the transportation and accu-
mulation zones, reaching −2.5 m and 2.5 m in 4.5 years, respectively.
During the quiet period after the August 2010 event, the seismic velo-
city time series show periodic and reversible variations in a range− 2%
to +2%, suggesting a probable influence of seasonal parameters.

The three seismic time series were cross-correlated with daily en-
vironmental data (rainfall, temperature). In the long term (yearly
scale), dV/V variations are mainly driven by the temperature with re-
latively short delays varying from 30 days below the main secondary
scarp (MSS) to 50 days at the top of the accumulation zone. These lag
values indicate that the shallow layer (2 m or less) controls the dV/V
variations, explaining the faster response in the fractured zone just
below the MSS. In the short term, the rigidity variations (measured by
the parameter dV/V) are weakly correlated to rainfall, exhibiting a
small decrease in dV/V with a delay of a few days.

Although no acceleration and fluid-like motion occurred during the
studied period, the continuous monitoring of dV/V has proved to be a
robust method for getting information at depth, with no data gap even
in snow conditions, in contrast to extensometer data. The seasonal re-
versible seismic velocity variations turned out to be in a range lower
than the drop observed before the August 2010 earthflow/mudflow,
highlighting the interest of incorporating the dV/V technique in mon-
itoring systems.

Fig. 8. Sketch showing the slope deformation mechanism. a) The soil column
with the 4 layers (L1 to L4) defined from seismic prospecting (see Fig. 1c) and
Vs values in each layer. b) the hypothesized cumulative displacement profile.
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