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The geometry of the bedrock, internal layers and shear surfaces/bands controls the deformation pattern and
the mechanisms of landslides. A challenge to progress in the forecast of landslide acceleration in terms of
early-warning is therefore to characterize the 3D geometry of the unstable mass at a high level of spatial res-
olution, both in the horizontal and vertical directions, by integrating information from different surveying
techniques. For such characterization, seismic investigations are potentially of a great interest. In the case
of complex structures, the measure and the processing of seismic data need to be performed in 3D. The ob-
jective of this work is to present the development of a 3D extension of a seismic refraction traveltime tomog-
raphy technique based on a Simultaneous Iterative Reconstruction Technique (SIRT). First the processing
algorithm is detailed and its performance is discussed, and second an application to the La Valette complex
landslide is presented. Inversion of first-arrival traveltimes produces a 3D tomogram that underlines the
presence of many areas characterized by low P-wave velocity of 500–1800 m.s−1. These low P-wave velocity
structures result from the presence of reworked blocks, surficial cracks and in-depth fracture zones. These
structures seem to extend to around 25 m in depth over a 80×130 m area. Based on borehole geotechnical
data and previous geophysical investigations, an interface corresponding to an internal slip surface can be
suspected near the isovalue of 1200 m.s−1 at a depth of −10 to −15 m. The stable substratum is character-
ized by higher values of P-wave velocity of 1800–3000 m.s−1. The features identified in the 3D tomogram
allow to better (1) delineate the boundary between the landslide and the surrounding stable slopes, and
(2) understand the morphological structures within the landslide at a hectometric scale. The integration of
the 3D seismic tomography interpretation to previous geophysical acquisitions using a geostatistical ap-
proach allows to construct a 3D geometrical model of the middle and lower part of the La Valette landslide,
and to estimate the volume of the unstable mass.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Unstable mountain slopes are a serious hazard in populated re-
gions of many countries and may cause important damages and nu-
merous fatalities in mountain and coastal regions (Crozier and
Glade, 2005). Rapid population growth observed in mountainous re-
gions coupled with the possible increase of extreme meteorologic
events are likely to increase the probability of slope failures (Buma
and Dehn, 2003). Comprehensive knowledge of such slopes (e.g. de-
tection and inventory of unstable areas, volumes of the affected
slope, displacement monitoring) is a pre-requisite for any quantita-
tive hazard assessment and for the design of effective remediation
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strategies. More precisely, defining at a high spatial resolution the ge-
ometry of the sliding mass and the main structures controlling the
mechanism represent a challenge to progress in landslide characteri-
zation (Travelletti and Malet, 2012). Landslides have mainly been in-
vestigated with standard 2D geophysical techniques (Hack, 2000;
Jongmans and Garambois, 2007; McCann and Forster, 1999). For in-
stance, in the last decade, numerous acquisitions of 2D seismic to-
mography were applied on landslides. They showed that S- and
P-wave velocity are parameters of a great interest to characterize in-
trinsic properties such as the geological layering, the material stiff-
ness or compaction, and the material porosity (presence of fissure;
Grandjean et al., 2006; Jongmans et al., 2009). The internal strain af-
fecting soft-rock landslides usually induces a velocity contrast be-
tween the unstable mass and the stable bedrock (Caris and van
Asch, 1991; Jongmans and Garambois, 2007; Méric et al., 2007).
Grandjean et al. (2006) showed that seismic velocities are much
more sensitive to the degree of fissuring than the apparent resistiv-
ities (acquired through electrical resistivity tomography techniques,
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-ERT) which makes that technique very adapted for structural anal-
yses of landslides.

To progress in seismic imaging technique applied to landslide inves-
tigation, a 3D seismic refraction traveltime tomographic techniques has
been implemented and tested for the determination of the P-wave ve-
locity field of a specific area in the medium part of the La Valette land-
slide. The landslide is located in the Ubaye Valley (South French Alps;
Fig. 1a) and represents a major risk for the inhabitants (Colas and
Locat, 1993). 3D tomographic techniques have already been applied to
investigate colluvial wedges along seismically active faults (Morey
and Schuster, 1999), fractured reservoirs (Martí et al., 2002), contami-
nated aquifers (Zelt et al., 2006) and soils of archaeological interest
(Polymenakos et al., 2004), and first applications to landslides devel-
oped in rock slopes have been proposed (Heincke et al., 2006, 2010).

The objective of this work is to present the development of a 3D
extension of the seismic refraction traveltime tomography technique
presented by Grandjean and Sage (2004). With the aim of, providing
a relevant contribution to a case study, the inversion technique is
then applied to characterize the complex geometry and internal
structure of the La Valette landslide. First, the main geomorphological
features of the landslide are presented. Second, the strategy to ac-
quire the seismic data in the field and the tomographic inversion
technique are presented. Third, the interpreted seismic data are
discussed and compared to existing knowledge. Important informa-
tion on the velocity structure within the landslide is provided by
the 3D velocity tomogram, as it provides a 3D block pattern of subsur-
face velocity and details at a high resolution the lateral and vertical
extent of the landslide. It reveals an area of low P-wave velocity prob-
ably defining a highly fractured zone in depth that correlates with the
Fig. 1. Geomorphological settings of the La Valette landslide on the South-facing slope of the
the studied area in the middle part of the landslide; (b): excerpt of the regional geologica
gullies are now covered by the unstable mass (adapted from BRGM, 1974).
boundary of the landslide. Finally, the interpretation of the 3D seismic
tomography is combined with previous geophysical investigations
using a geostatistical approach to propose a 3D geometrical and geo-
logical model of the middle and lower part of the landslide, which
constitute an incremental step in this case history.
2. The La Valette landslide

2.1. General characteristics

The La Valette landslide, triggered in March 1982, is one of themost
important large and complex slopemovement in the South FrenchAlps.
The landslide affects a hillslope located uphill of the municipality of
Saint-Pons in the Barcelonnette basin (Department of Alpes-de-
Haute-Provence, France) and is an important threat for around 170
community housings located downstream (Le Mignon and Cojean,
2002).

The La Valette landslide is a case of reactivation of an older landslide
(Travelletti et al., 2011) and is characterized with a succession of indi-
vidual slides as it is often observed in deep-seated landslides (Agliardi
et al., 2001). 3.5 106 m3 of material are mobilized over a length of
2 km for a variable width of 0.2 km in the lower and medium parts of
the landslide, to 0.5 km in the upper part (Fig. 1a). The mean slope gra-
dient is ca. 30° in the scarp area and ca. 20° in the accumulation area.
The maximum thickness varies from 35 m in the upper part (Le
Mignon, 2004) to 25 m in the medium and lower parts (Travelletti et
al., 2009). For the period 2005–2010, the observed average displace-
ment rate is comprised at 1 to 2 m.year−1.
Barcelonnette basin. (a): orthophotograph of the landslide in 2009, with indication of
l map at 1:50,000 scale with the pre-failure topography (before 1982). The torrential
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2.2. Geological and geomorphic settings

From a geological point of view, the La Valette landslide is located
at the tectonic contact between two major geological formations
outcropping in the tectonic window of the Barcelonnette basin
(Fig. 1b):

− An autochtonous formation represented by stratified Callovo-
Oxfordian black marls (e.g. “Terres Noires”) and characterized by
a typical landscape of badlands. This formation is essentially locat-
ed in the middle and the lower parts of the slope. The bedding
plane can easily be identified with a decametric distribution of
carbonate discontinuities within the marls;

− An allochtonous formation represented by two nappes in which
the upper part of the landslide has developed. The basal nappe is
a tectonic wedge belonging to the Pelat nappe and is composed
of highly fractured flysch and planctonic carbonates of the
Turonian and Paleocene Superior age (BRGM, 1974). This forma-
tion has a few dozen of meters of thickness at the location of the
main scarp. The Pelat nappe is overlaid by the upper Autapie
nappe composed of highly fractured Helminthoid flysch,
grauwakes, marls and schist. This formation is dated at the
Upper Cretaceous–Upper Eocene (BRGM, 1974).
Fig. 2. Location and characteristics of the investigated area within the La Valette landslide. (a
parts. The black box indicates the location of the 3D seismic survey. The 2D seismic profile
presenting the geometry of the seismic survey. Black triangles and red rectangles show the so
4 profiles for receivers (H1–H4), respectively perpendicular and parallel to the slope. Elevation
The tectonic thrust fault between the autochtonous and the
allochtonous constitutes a weak zone where many landslide source
areas are located in the region (Le Mignon, 2004). This zone is affected
by strong weathering processes (mechanical destructuration and
weathering due to water circulation in the fractures). These processes
lead to a reduction in shear strength of the rock which increases the
spatial occurrence of slope failures (Jaboyedoff et al., 2004; Lebourg et
al., 2011). Furthermore, the hydrological regime in that part of the land-
slide facilitates the development of pore water pressures and the satu-
ration of the terrains due to the presence of springs in the vicinity of
the tectonic thrust explained by the contrast of permeability between
the black marls and the flysch formations (Travelletti et al., 2011).

From a geomorphic point of view, the surface topography of the
landslide is extremely rugged with a general slope aspect to the
South-West. The area is covered by superficial slope debris (boulders,
fine sediments) affected by open cracks and characterized by a low
density of vegetation cover.
2.3. Landslide history

According to Hungr et al. (2001) and van Beek and van Asch
(1996), the la Valette landslide is considered as a flow-like landslide
): location of all the geophysical and geotechnical data acquired in the middle and lower
is presented in Travelletti et al., 2009 (b): orthophotograph of the investigation area
urce and receiver locations, which are arranged along 5 profiles for sources (V1–V5) and
contours are indicated in meters above sea level.

image of Fig.�2


Table 1
Acquisition parameters used for the 3D seismic survey.

Line length (m) Orientation Source spacing (m) Geophone spacing (m) Number of sources Number of geophones

Geophones lines
H1 118 SW–NE 30 5 2 inline 24
H2 118 SW–NE 30 5 2 inline 24
H3 118 SW–NE 30 5 2 inline 24
H4 118 SW–NE 30 5 2 inline 24
Total 96

Sources lines
V1 150 SE–NW 10 50 17 4 inline
V2 150 SE–NW 10 50 16 4 inline
V3 150 SE–NW 10 50 17 4 inline
V4 150 SE–NW 10 50 17 4 inline
V5 150 SE–NW 10 50 18
Total 85
Number of traces 8160
Number of picks 8160
Areal extent of the investigation area 118×150 m
Recording system Geometrics Stratavizor/Geode
Sampling rate 0.5 ms
Source type Dynamite loads
Charges 100–200 g

123K. Samyn et al. / Journal of Applied Geophysics 86 (2012) 120–132
characterized by a complex behaviour. The landslide associates two
styles of activity: a flow-type behavior with the development of a
flow tongue in the medium and lower part and a slide-type behavior
with the development of several rotational and planar slides of co-
herent blocks in the upper part (Fig. 1a, b). Uphill, the slides in the
crown area are included in a deeper wedge failure system con-
strained by pre-existing fractures (Travelletti et al., 2011). The failed
mass has progressively loaded the underlying black marls formation,
and the landslide has developed by a series of rapid mudflows trig-
gered in the marls such as in March 1982, April 1988, March 1989
and March 1992. The most important acceleration occurred in 1988
when a mudflow of 50,000 m3 propagated over a runout distance
Fig. 3. Representation of the illumination in the entire investigation area obtained by
tracing rays between sources and receivers locations. For clarity, only one out of four
rays is shown.
of ca. 500 m (Colas and Locat, 1993). Up to now, these mudflows
did not mobilize the complete failed mass. The consequence of the
accumulation of material in themiddle and lower parts is an increase
in slope gradient and in elevation of the topographic surface. This
storage of material is associated to the presence of a stable crest in
the lower part that forms a buttress to the progression of the materi-
al downhill.

2.4. Previous works

A general presentation and exploratory 1D modelling of the land-
slide were proposed by Colas and Locat in 1993. In order to decrease
the landslide activity, shallow drainage systems were installed in the
middle and lower parts of the landslide to impede runoff water to
infiltrate. Several benchmarks along profiles were installed in the
unstable and stable parts to monitor the displacements using differen-
tial single-frequencyGPS (Squarzoni et al., 2005). An early-warning sys-
tem composed of an optical and infra-red camera and debris height
detection sensors in the torrent located downstreamalso are operation-
al since 1991.
Fig. 4. Frequency spectrum for a typical raw shot gather.

image of Fig.�3
image of Fig.�4


Fig. 5. Examples of selected shot gathers for all the traces of the survey (the location of the selected shots are indicated by a green cross in Fig. 2a,b). Black triangles indicate the shot
locations on geophones lines H2 and H4. Black lines show the first-arrival picks. Elevations on the corresponding geophones lines are displayed above the seismic records.
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Geophysical (seismic refraction and electrical resistivity tomogra-
phies) and geotechnical investigationswere undertaken to get an insight
of the internal structure to better estimate the volume of the mobilized
material. The investigations were mainly concentrated in the upper
part (Travelletti et al., 2011) and along the crest in the lower part
where the material is accumulated over a maximum thickness of 25 m
(Evin, 1992; Travelletti et al., 2009; Fig. 2a). The investigation site is con-
centrated uphill of the crest at the transition among the middle and
lower parts at an elevation comprised between 1465 and 1520 m
(Fig. 1a).
Fig. 6. Synthetic velocity model with the topography used as initial model of the investigation
computed with frequencies of 50 Hz (c) and 100 Hz (d). Source and receiver for (b), (c) and
942700 m, Y=2443050 m, Z=1510 m).
3. Characteristics of the data acquisition

The seismic survey was designed to cover both the landslide and a
part of the surrounding stable slope (Fig. 2a, b). The layout comprised
four 118 m long lines of receivers (H1 to H4) in the downslope direc-
tion of the landslide and five 150 m long lines of sources (V1 to V5)
perpendicular to the downslope direction of the landslide. Each of
the receiver lines corresponds respectively to trace number 1–24,
25–48, 49–72 and 73–96. A destructive geotechnical sounding (B3)
equipped with an inclinometer casing) has been realized in 2008
area at the La Valette landslide (a), traveltimes volume (b) and two Fresnel wavepaths
(d) are, respectively, located at (X=942650 m, Y=242850 m, Z=1455 m) and (X=

image of Fig.�5
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Fig. 8. Comparison between the measured and computed traveltimes for the initial
(top) and final (bottom) velocity model. The RMS traveltime misfits for the initial
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and is located in the lower part of the seismic survey (Fig. 2a, b;
Fondasol, 2008). Because of the rapid shearing of the tube at about
15 m in depth, two additional destructive geotechnical soundings
were realised at the same place in 2011. Twenty four 10 Hz Mark
Products vertical geophones were deployed every 5 m along each re-
ceiver line (e.g. a total of 96 geophones for the acquisition) and
connected to 24 to 48 channels recording systems from Geometrics.
The seismic sources consisted in small shot of dynamite loads of
100–200 g installed every 10 m along each source line in the shallow
depth at 0.5–0.7 m drilled auger and crowbar holes according to the
terrain state. Acquisition parameters used for the seismic survey are
gathered in Table 1 and the acquisition geometry is represented in
Fig. 2b.

The signals generated by these shots were recorded by geophones
along all the profiles, thus providing a relatively high degree of 3D
coverage (Fig. 2b). Together, the uniform areal distribution of sources
and receivers over the survey area yielded a good and homogeneous
illumination of the subsurface (Fig. 3). Data acquisition was neverthe-
less complicated by the rugged topography of the terrain with eleva-
tions varying in a 10 to 70 m range along the profiles.

The data were recorded using a 0.5 ms sampling rate and contain
frequencies ranging from 25 to 200 Hz (Fig. 4). The raw data present
a limited dominant frequency of 45 Hz (Fig. 4) due to the use of dyna-
mite loads installed in the very shallow depth and to the frequency
filtering behaviour of the landslide reworked material. As indicated
on Fig. 5 which presents a selection of typical shots, the data quality
can be considered as good to very good in the sense that the high S/
N ratio allows a good distinction of first arrivals in the entire offsets
range on almost every seismic shot of the data set. Maximum offsets
at which first-arrival times were picked reach 205 m. In the selected
shot of Fig. 5, the changes in P-wave velocity near the offset 65 m is
an argument for significant depth variation in the physical properties
of the mass. This change is most likely caused by the presence in
depth of a P-wave velocity contrast along the slip surface. From the
total of 85 shots, 8160 first-arrival times were picked manually with
an accuracy of 1 to 4 ms.
and the final model are, respectively, 11.2 ms and 3.9 ms.

Fig. 7. Vertical structure of the landslide (a): Schematic representation of the material layering and inclinometric observations for which the reference date is 29/08/08 at the bore-
hole B3 (between 0 and 60 m depth; adapted from the geotechnical report by Fondasol, 2008). C1–C2 and S represent the two geotechnical units and the substratum respectively;
(b): 1D P-wave velocity model used as starting model. A 3D view of the initial model is also shown in Fig. 6a.

image of Fig.�8
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Fig. 9. An example of ray coverage representing the number of Fresnel volume that path through each model cell corresponding to a 1460 m elevation slice (top) and a X=942690 m
north–south cross-section (bottom).
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4. Characteristics of the 3D first arrivals traveltime
inversion technique

4.1. Presentation of the algorithmic scheme

The program used to invert first arrivals is a 3D extension of the 2D
seismic tomography software of Grandjean and Sage (2004). The core
program is mainly based on two algorithms, respectively dedicated to
the traveltime computation and to the velocity model reconstruction.
A second-order Fast Marching Method (FMM) is used to solve the
Eikonal equation over a highly discretized numerical grid, therefore en-
abling a fast and robust computation of seismic traveltimes between
sources and receivers. Wavepaths are computed using 3D Fresnel vol-
umes that enter in the regularization strategy and ensure a good con-
vergence. This approach accounts for complex velocity models and
has the advantage of considering the effects of the wave frequency in
the velocity model resolution (Husen and Kissling, 2001). The velocity
model reconstruction is based on a simultaneous iterative reconstruc-
tion technique (SIRT).

4.2. The Fresnel wavepath approach

Cerveny and Soares (1992) used a “paraxial ray theory” to define
Fresnel volumes. In a medium between source S and receiver R, the
Fig. 10. Spatial distribution of P-wave velocity through the final inverted 3D model at 10 m
landslide boundaries as outlined from geomorphologic observations. Areas which are not s
Fresnel volume is defined by the set of points P, where the waves
are delayed after the shortest traveltime tSR by less than half a period.

Considering the ray approximation, i.e. the infinite spectral bandwidth
assumption, the main issue of this approximation lies in the traveltime
computation taken as line integrals along the rays spreading over the
slowness model. Because the slowness values are only considered along
ray paths, the problem is often underdetermined and leads to numerical
instability (Baina, 1998). In practice, this difficulty is generally by-passed
using regularization operators to reduce the non-constrained part of the
model, and then, to reinforce the numerical stability. However, such reg-
ularization operators require the selection of appropriate parameters
(eigenvalue cutoff and especially the size and weights of the smoothing
operators). Husen and Kissling (2001) and Kissling et al. (2001) demon-
strated the dependency of these parameters on the resolution and the
quality of the final model in poor wavepath coverage areas. This is why
the use of a physically-based regularization operator such as Fresnel
volumes is preferable since they are based on non-subjective principles
completely defined by the problem.

The Fresnel wavepath approach considers the wave frequency in
the analysis, thus enabling the evaluation of the tomography resolu-
tion and reducing the sparseness of the ray distribution. Frequency
band-limited waves propagating in the ground are thus affected not
only by structures along the raypath, as assumed by the ray theory,
but also by structures located in the vicinity of the ray path. The 3D
elevation intervals below the altitude 1500 m. The black solid lines correspond to the
ampled by Fresnel volumes appear in white.

image of Fig.�9
image of Fig.�10


127K. Samyn et al. / Journal of Applied Geophysics 86 (2012) 120–132
formulation of an algorithmic scheme based on Fresnel wavepath
could then lead to perform relevant time-saving 3D seismic survey
with lower sources and receivers coverage than the one required by
the ray path formulation. For our algorithmic scheme, we used a 3D
extension of the algorithm for the calculation of Fresnel volumes pro-
posed by Watanabe et al. (1999).

As a demonstration, Fig. 6 shows a representation of a simple syn-
thetic acoustic model with the topography of the investigation area at
the La Valette landslide (a) and two Fresnel wavepaths are shown for
frequencies of 50 Hz (c) and 100 Hz (d). These examples illustrate
how the wave frequency determines the medium affecting the wave
propagation.
Fig. 11. From top to bottom, north–south P-wave velocity cross-sections through the final
inverted 3Dmodel at 30 m distance intervals to the east from the position X=942630 m.
The black dotted lines correspond to the isovalue 1800 m.s−1 of P-wave velocity and
indicated the sliding contact among the landslide mass and the stable bedrock. Areas
which are not sampled by Fresnel volumes appear in white.
4.3. Traveltime calculation

Solving the eikonal equation on a discrete lattice by a fast tracking
scheme was presented by Cao and Greenhalgh (1994). In the 3D
space, the FMM proposed by Sethian and Popovici (1999) uses an up-
wind scheme for resolving the following eikonal equation:

∇t x; y; zð Þ ¼ s x; y; zð Þj j ð1Þ

where t is the traveltime field and s is the slowness function. Applying
the upwind approximation to the gradient, the computing of the
traveltimes in Eq. (1) requires the solution of the equation:

max D−x
ijk t;0

� �2 þ min Dþx
ijk t;0

� �2 þ max D−y
ijk t;0

� �2

þmin Dþy
ijk t;0

� �2 þ max D−z
ijk t;0

� �2 þ min Dþz
ijk t;0

� �2 ¼ s2ijk
ð2Þ

where Dijk
−xt can be expressed as a backward x difference operator

(ti−1,j,k− ti,j,k/Δx) at cell (i, j, k) and Sijk is the slowness at the cell
(i, j, k). Numerically, this scheme consists in successively searching
to which grid point of the lattice the wavefront has to be propagated.
Starting from the source point, tagged FROZEN, we calculate the
traveltime at its neighbors. We store these four grid points, tagged
BAND, in a heap representing the wavefront. The grid point having
the smallest traveltime is then extracted from the heap.We calculate
its neighbor's traveltime and push them in the heap. This procedure,
which actually mimics a monotonously expanding wavefront, is re-
peated until the lattice, points tagged FAR, has completely been
scanned. Considering the topography, grid points having higher ele-
vation coordinate then the topographic elevation are set to FROZEN
so that no traveltime is calculated for those points. Fig. 6b shows a
representation of the wavefront function computed with the 3D for-
mulation of the FMM for the synthetic landslide model with the to-
pography shown in Fig. 6a.

4.4. The reconstruction algorithm

The velocity model reconstruction is based on a SIRT, originally
described by Dines and Lytle (1979) and reformulated to integrate
3D Fresnel wavepaths by using a probabilistic approach (Grandjean
and Sage, 2004). In the 3D space, the updating matrix of slowness S
can thus be expressed as:

Skþ1
j ¼ Skj 1þ 1

N

XN

i¼1

Δti
tCi

ωij

XM

j¼1

ωij

XM

j¼1

Sj

0
BBBBB@

1
CCCCCA
; j ¼ x; y; zð Þ: ð3Þ

That differs from the Grandjean and Sage (2004) SIRT equation for
which j=(x,z). In Eq. (3), indices i,j,k denote respectively the wavepath
number, the grid point and the iteration number; N and M refer respec-
tively to the number of wavepaths and to the number of grid points; ti
and ti

C are respectively the observed and computed traveltimes; ωij is
the Fresnel weight of the wavepath i at the grid point j. The 3D extended
SIRT reconstruction algorithm computes the average slowness update
value on cell j=(x,y,z). It assumes that every Fresnel wavepath having

the same total weight
XM

i¼1

ωij has an equal probability of explaining the

Δt between the observed and the calculated traveltimes.
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5. Application of the 3D tomography inversion to the La
Valette dataset

5.1. Construction of the initial model

The geotechnical model of the investigated area at the La Valette
landslide associates (1) a surface layer corresponding to the landslide
mass and composed essentially of blocks embedded in a silty–clayey
matrix of reworked black marls, and (2) a substratum corresponding
to the bedrock of black marls (e.g. “Terres Noires”). The inclinometric
observations in the borehole B3 locate the contact among the landslide
material and the substratum at a depth of−25 m (Fig. 7a). From previ-
ous 2D seismic surveys (Grandjean et al., 2009; Travelletti et al., 2009),
the true P-wave velocity field is expected to be highly variable and com-
plex both laterally and vertically, with average values of approximately
1000 and 2000 m.s−1 for, respectively, the landslide mass and the sub-
stratum (Fig. 2a).

Therefore, an initial 1D model with a 1000 m.s−1 velocity layer and
a 2000 m.s−1 velocity halfspace has been used to start the inversion
(Figs. 6a and 7b). For grid cells with higher elevation (Z) coordinates
than the topographic elevation, cells were set to FROZEN, meaning
that the velocity of these cells will keep the Vp value of the starting
model and will not change during the inversion. The 3D SIRT inversion
was performed at a mesh size of 5×5×5 m.

5.2. Analysis of the 3D tomographic inverted model

The inverted final model was determined after traveltime tomo-
graphic inversion using the initial model. The starting RMS traveltime
misfit is 11.2 ms and themisfit provided by thefinalmodel after twenty
iterations is 3.9 ms (Fig. 8). The results of the inversion indicate that our
source–receiver configuration is suitable for delineating large-scale
structures from the surface to a depth of 50 m.

Fig. 9 presents an example of ray coverage in the sense of Fresnel
zones for a 1460 m elevation slice and a X=942,690 m north–south
cross-section in the final 3D tomogram. Ray coverage is a rough indi-
cator of how well the model is constrained at each point of the mesh
grid. Ray coverage is maximum between 0 and 20 m depth, with the
deepest rays reaching nearly 55 m. Ray coverage is concentrated to-
ward the eastern side of the model between X values of 942,650
Fig. 12. Global 3D view from south-west of the final tomogram and observations. The black
the Serre road crossing the landslide. The red dotted lines correspond to the locations of n
dotted lines correspond to the isovalue 1800 m.s−1 of P-wave velocity and indicated the sl
and 942,800 m. To emphasize the resolved regions of the 3D tomo-
gram, areas which are not sampled by Fresnel volumes were masked
and appear white on Figs. 10–12. To highlight the most significant
variations in velocity, we limit the colorscale to 500–2000 m.s−1 for
these figures.

Spatial distribution of P-wave velocity at 10 m elevation intervals
below the elevation 1485 m are presented in Fig. 10. A low-velocity
anomaly dipping roughly in the direction northeast–southwest is iden-
tified in each slice and contrasts with edges of higher velocity values
(1800–3000 m.s−1). The anomaly reaches its lowest velocity value
of around 800 m.s−1 at the center of the model for the elevation
z=1465 m and covers almost the full width of the model. Those
low velocities likely result from the presence of fallen blocks, cracks,
fracture zones and faults on a wide variety of scales in the landslide
formation as the shape of the low-velocity anomaly is generally con-
sistent with the lateral boundaries of the landslide.

Fig. 11 shows a series of north–south cross sections at 30 m dis-
tance intervals through the final 3D model. The model is generally
smooth with a small outcropping dome-like structure almost cen-
tered on the position y=243,000 m and characterized by higher
P-wave velocity (1800–3000 m.s−1). The isovelocity surface takes
the form of a broad depression, roughly in agreement with the geome-
try and direction of the sliding surface. This is the prominent northeast–
southwest low velocity anomaly seen in Fig. 10. The boundaries of
the low-velocity anomaly are characterized by higher velocities
(1800–3000 m.s−1) on the north and south edges and are generally
consistent with landslide surface boundaries delineated on the aerial
ortho-photograph (Fig. 2b). However, lower confidence is given to
these edges areas where the ray coverage is lower (Fig. 9). A global
3D view from south-west of the final tomogram and observations
are presented in Fig. 12.

The P-wave velocity model is in agreement with isovelocity con-
tours obtained in previous 2D seismic refraction tomography sections
(Grandjean et al., 2009; Travelletti et al., 2009). The isovalue of
1200 m.s−1 corresponds to the location in depth of an internal slip
surface located between 10–15 m depth and identified on the incli-
nometer data (Fig. 7a-13). Therefore this isovalue may be interpreted
as the contact among two internal geotechnical units (C1, C2) of
reworked material above the stable substratum (S). The velocity con-
trast between the unconsolidated landslide mass (C1, C2) and the
solid lines correspond to the landslide boundaries. The white solid line corresponds to
orth–south and east–west cross-sections visible in the maximized window. The black
iding contact among the landslide mass and the stable bedrock.

image of Fig.�12


129K. Samyn et al. / Journal of Applied Geophysics 86 (2012) 120–132
substratum of black marls (S) allows to locate the sliding contact at
the 1800 m.s−1 P-wave velocity isovalue (Figs. 7a and 13).

Considering the strong heterogeneity of the landslidemass, it is feasi-
ble that the nature of seismic energy changes as it crosses some major
features such as intact blocks and highly fissured zones characterized
by high porosity values. For example, direct and refracted P-waves
absorbed at large open fissures may be multiple scattered and/or re-
placed at longer distances and at later times by P-waves generated as a
result of Rayleigh-wave to P-wave conversions. These effects are not
taken into account in the first-arrival traveltime tomography as no
abrupt lateral changes in the shot gathers has been observed. It is not
possible to account quantitatively for the influence of macroscopic
anisotropy and the effects of strong P-wave absorption and multiple
scattering. Nevertheless, the general distribution of the low P-wave ve-
locity presented in Figs. 10–12 is likely to be a reasonable first-order ap-
proximation of the actual configuration in the subsurface.
Fig. 13. View of the 3D geometrical model for the interfaces C1–C2 and C2-S interpolated for
3D seismic survey. The red box shows the data points in the center of the 3D seismic surve
agreement with the layering observed in the soundings and the previous 2D seismic tomog
5.3. Construction of a 3D geometrical model of the middle and lower part
of the landslide

The isocontours of P-wave velocity values 1200 m.s−1 and
1800 m.s−1 are discretized in 3D data points in order to be inte-
grated with the previous geophysical surveys in a 3D geometrical
model (Fig. 13); the discretization allows to define respectively
1165 and 1906 data points for the C1 and C2 units. In the 3D seismic
tomography, only the data points located in the central part of the
tomography (area delimited by highest ray coverage) are used. In
order to be coherent with the landslide geometry observed at the
surface, the interpolated interfaces are constrained to pass exactly
at the position of the mapped landslide boundary by introducing
additional data points along the limits.

A Universal Kriging algorithm is used to interpolate each interface.
Kriging interpolation techniques take into account the stochastic
the middle and lower parts of the landslide. The black box indicates the location of the
y used for the interpolation of the geometrical model. The geometric model is in good
raphy surveys (Grandjean et al., 2009; Travelletti et al., 2009).
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dependence among data (which may be the result of a geological pro-
cess such as sedimentation; Burgess et al., 1981; Marinoni, 2003;
Gundogdu and Guney, 2007). This interpolation technique has prov-
en to be very valuable for the interpolation of the geometry of a sim-
ilar landslide (e.g. Super-Sauze landslide) and for a similar data point
distribution (Travelletti and Malet, 2012). Universal Kriging is applied
where input data contain a local trend which is, in this study, the
mean slope of the investigated area. After removing the trend with
a planar regression the semi-variograms are computed on the residu-
al between the trend and the elevation values of the data point. The
experimental semi-variogram is modeled with a linear relationship
without nugget.

After interpolation of the interfaces in a 5-meter mesh grid, a post-
processing is applied to avoid interferences between the interfaces
(Caumon et al., 2009; Mallet, 2004; Travelletti and Malet, 2012). Fi-
nally, a moving average filter on the gridded interfaces is used to re-
duce the influence of small-scale variability.
Fig. 14. Maps of the interface depths C1–C2 and C
The geometrical model of themiddle and lower part of the landslide
is presented in Figs. 13–14. The spatial extension of the interface shows
the good coherency between the previous 2D seismic survey and the
borehole data (Grandjean et al., 2009; Travelletti et al., 2009). Some
parts of the model are very well constrained by the data points (e.g. in
the 3D seismic survey area) while other parts are more dependent on
the interpolation algorithm of the 3D data points derived from the 3D
and 2D seismic tomographies and the landslide boundary. The uncer-
tainty on the interface C1–C2 is particularly important since its presence
was essentially determined locally in the soundings without inducing a
strong contrast in P-wave velocity. The depth of the interfaces varies be-
tween 0 and 25 m for the contact C1–C2 and from0 to 35 m for the con-
tact C2-S (Fig. 14). The geological profiles from the uphill to the
downhill part of the landslide highlight the important changes in thick-
ness. The volume of the middle and lower part of the landslide is evalu-
ated at 2.2 106 m3 which represents approximately 60% of the total
estimated volume of the landslide.
2-S and the corresponding geological profiles.
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6. Discussion and conclusion

The algorithms used for traveltime computation are based on a
second-order FMM that appears to be fast and accurate enough to com-
pute the Fresnel wavepaths for each source–receiver pair. An extended
3D FMM and SIRT from Grandjean and Sage (2004) are proposed to ex-
tract the 3D velocity field. As an application case, we have recorded a 3D
seismic data set across an area that includes a part of the unstable
mountain slope in the medium part of the La Valette landslide. Let's
note that the area described by the seismic survey is limited within
thewhole extension of the landslide. However, larger 3D seismic survey
could easily be achieved in further studies. The study illuminates the 3D
seismic structure of the medium part of the La Valette landslide. Inver-
sion of first-arrival traveltimes picked from data recorded on the land-
slide provided a good fitting between observed and computed
traveltimes. The 3D tomogram revealed a broad zone of low seismic ve-
locities that extends inside the visible surface boundaries of the land-
slide. Low velocities b1800 m.s−1 were mapped throughout a volume
that extended over a 80×130 m area and a depth of ~25 m
(Figs. 10–12). Many surface fracture zones transected the broad
low-velocity region. An important part of the investigated volume is
probably air-filled void due to the presence of transported blocks.
Then, ubiquitous dry cracks, fracture zones, and deconsolidated mate-
rials of the landslide were the likely causes of the low velocities. Only
in the northeast and southwest edges of the investigation area evidence
of stable bedrock formation with velocities around 1800–3000 m.s−1

are observed. Estimated P-wave velocities and first order features are
in good agreement with previous investigations (borehole and 2D re-
fraction seismic tomography survey). The integration of the 3D seismic
tomography interpretation with previous geophysical investigations
using a geostatistical approach allows to interpolate an accurate
three-layer geological model of the middle and lower part of the land-
slide. The total volume of landslide material in these parts is evaluated
at 2.2 106 m3. However some areas in the geometrical model are still
not very well constrained by data. Moreover, a higher dominant fre-
quency in the data would have provided smaller Fresnel raypaths,
which in turn would have justified a closer fit to the data, increasing
the model resolution. Therefore the dense spatial resolution supplied
by complementary 3D velocity models and the use of higher dominant
frequency sources would be very helpful to the extent of the informa-
tion from the geotechnical and geomorphological analyses. The 3D seis-
mic survey answers the need for providing a valuable and continuous
representation of the 3D structure and geology of the landslide.
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