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Abstract. – The macroscopic deformation of rocks, at scales ranging from laboratory samples (cm) to rock hillslopes
and earth crust (hm to km), is associated with local irreversible processes (cracks/faults propagation and shearing).
These movements involve propagation of acoustic waves, which can be observed by remote sensing. Seismic monitoring
during strain progression can help our understanding of rock behaviour and lead to the recognition of failure precursors.
Although of significant potential, this observational tool has had only limited application in the study of gravitational
instabilities such as landslides. This paper presents seismic monitoring data acquired on a mudslide located in the South
French Alps. Results show that recordable seismicity exists in the frequency range of 0.01 Hz to 10 Hz associated with
landslide deformation. Acceleration of landslide movement is controlled by rainfall and appears to be well correlated
with seismic activity. The origin of the seismicity is attributed to shearing of the moving mass at the interface with the
in-situ stable bedrock. Spectral analysis of the seismic wave reveals that the range 0.1-1 Hz is the most sensitive to the
variations in landslide velocity. The results emphasize the strong potential of seismic monitoring for improving our un-
derstanding of mechanisms controlling rock mass deformation and gravitational instability. The determination of opera-
tional failure precursors based on seismic monitoring has yet to be achieved but remains a major target of future
research.

Apport de la surveillance sismique à la connaissance de mécanismes de glissements de
terrain argileux. Application au glissement-coulée de Super-Sauze (Sud-Est des Alpes

françaises)

Mots clés. – Instabilité gravitaire, Surveillance sismique, Vitesse de déformation, Sud-Est des Alpes françaises

Résumé. – La déformation des roches, de l’échelle de l’échantillon de laboratoire (cm) à celle de versants rocheux ou de
la croûte terrestre (hm– km) est associée à des processus irréversibles locaux (propagation et cisaillement de fis-
sure/faille). Ces mouvements induisent la propagation d’une onde acoustique qui peut être observée par des capteurs
distants de la source. La surveillance sismique au cours de la déformation peut permettre de mieux comprendre le com-
portement des roches et conduire ainsi à l’identification de précurseur de la rupture. Malgré son fort potentiel, cette
technique a jusqu’ici été peu utilisée pour l’étude et la compréhension des instabilités de versants de cette technique. Le
travail exposé ici présente des données acquises sur un glissement de terrain argileux situé dans le Sud des Alpes fran-
çaises. Les résultats montrent qu’une sismicité enregistrable existe dans la gamme de fréquence de 0.01 Hz à 10 Hz et
qu’elle est associée à la déformation du versant. Les variations de la vitesse de déformation du versant sont contrôlées
par la pluviométrie et sont bien corrélées à l’activité sismique. L’origine de cette sismicité peut être attribuée au cisaille-
ment de la masse en mouvement sur le substratum rocheux stable. L’analyse spectrale des ondes sismiques montre que
la gamme de fréquence 0.1-1 Hz est la plus sensible aux variations de vitesse du glissement. Ces résultats montrent le
fort potentiel de la surveillance sismique pour l’amélioration de la compréhension des mécanismes de déformation et de
rupture des instabilités gravitaires. La détermination de précurseurs de la rupture opérationnels basés sur la surveillance
sismique n’est pas réalisable pour l’instant mais reste un objectif majeur pour de futures recherches.

INTRODUCTION: STATE OF THE ART AND
SCIENTIFIC ISSUES

To understand the failure processes and to search for pre-
cursory patterns to failure, the microseismicity tool has

been extensively used at laboratory rock sample scale (acous-
tic emission- AE) [Lockner, 1993] and at an intermediate
scale between the laboratory scale and the large tectonic
earthquake for studies of seismicity and rockburst in mines or
tunnels [Obert, 1977; Nicholson, 1992]. A few application of
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micro-seismic monitoring for slope stability are related ei-
ther to open mines, quarries or volcano flanks [Hardy and
Kimble, 1991; Kennedy and Niermeyer, 1971]. Concerning
natural slope instabilities, some rare experiments have been
carried out mainly in rocky cliffs [Kolesnikov et al., 2003,
Amitrano et al., 2004; Willenberg et al., 2004; Eberhardt et
al., 2004; Amitrano et al., 2005]. The seismic sources are
generated by the crack propagation and shearing within the
rock mass. Thus the seismic activity may be related to the
an-elastic deformation of the rock mass. These last studies
have shown that seismic monitoring is able to give interes-
ting insight on gravitational instability and in some case to
provide failure precursory patterns [Amitrano et al., 2005]
useful for failure forecasting and hazard assessment. To our
knowledge, this technique has never been used for investi-
gating the behaviour of instabilities developed in soft mu-
drocks.

The micro-seismic monitoring technics has also been
used for the monitoring and the warning of debris flows
[Arattano, 1999; Itakura et al., 2005]. In last case, the ampli-
tude of seismic noise appears to be correlated to the volume
and velocity of the debris flow and can be used to trigger an
alarm or a video recording [Lavigne et al., 2000]. For slope
instabilities developed in soft materials and deforming slo-
wly (such as mudslides), the high attenuation of the material
generally avoids the use of micro-seismic monitoring. Some
authors have surpassed this difficulty by using passive or ac-
tive waveguides [Dixon et al., 1996; Kousteni et al., 1999;
Dixon et al., 2003]. The passive waveguide is used to provide
a shorter path for transmitting the elastic waves directly to
the sensor, whereas the active waveguide generates AE signal
by deforming itself within the moving masse (as the principle
of inclinometers).

The objective of this paper is to present first results of
an experiment of broadband seismic monitoring at the “Su-
per-Sauze” mudslide. The experiment was initially designed
to define the best suitable monitoring method able to detect
landslide displacement in a frequency range overlapping the
low frequency measurements already performed by GPS,
geodetic and strain instruments. A multi-parameters dataset
has been acquired on the site by installing a sensitive broad-
band seismometer in complex and difficult field conditions;
the data acquisition system and its configuration were desi-
gned to identify the seismic signatures of both the trigge-
ring of failures (rock block slides) in the stable mudrock
hillslopes and the friction of the active mudslide on shear
surfaces. Unfortunately, an anonymous visitor manipulation
of the seismometer broke two of its components 14 days af-
ter the start of the experiment. Thus compared to the dataset
expected, only partial results are shown hereafter.

THE “SUPER-SAUZE” MUDSLIDE:
GEOMORPHOLOGY, GEOTECHNICS AND
KINEMATICS

The studied landslide is the continuously active mudslide of
“Super-Sauze” developed in the black marls of the South
French Alps. This mudslide was selected for the study for
its representativeness of slope instabilities observed in Cal-
lovian-Oxfordian black marls, and because it has been mo-
nitored for nearly 10 years [Malet and Maquaire, 2003].

The landslide is the result of a large failure in which se-
veral structural rock block slides transform into a slow-mo-
ving mudslide progressing downslope in a stream channel.
Upslope, the main scarp, inclined at approximately 70o, is
cut in moraine deposits and in-situ black marls (fig. 1a).
Once failed the rock blocks are progressively disintegrated
by weathering; a tongue-like morphology develops. A termi-
nal lobe dominates the lowermost part of the mudslide (fig.
1a), which is bordered by two lateral streams. The mudslide
extents over a horizontal distance of 850 m and occurs bet-
ween an elevation of 2105 m and 1740 m with an average 25o

slope. The total volume is estimated at 750,000 m3.
The mudslide dynamics may result from sliding and flo-

wing, either singly or in combination [Malet et al., 2005] and
is influenced by bedrock geometry, rock mass fabric, and hy-
drology [Malet and Maquaire, 2003]. Morphological features
induced by the sliding and flowing mode of the mudslide are
easily recognisable. The contact between the active mudslide
and the stable hillslopes comprises a shearing zone of a few
meters width characterized by tension cracks (fig. 1b). Shear
surfaces show scratches in the direction of the movement
(fig. 1c) as can be observed on an in-situ and stable crest in
the central part of the mudslide. Finally, compression levees
are locally distinguishable (fig. 1d).

Geotechnical investigations and geophysical prospec-
ting [Maquaire et al., 2001; Grandjean et al., 2006; 2007;
Méric et al., 2007] indicate that the mudslide buries a topo-
graphy of several parallel crests and gullies, as can for ins-
tance be observed on cross-section B in the most active part
(fig. 2). The mudslide comprises two vertical units. From a
hydrological viewpoint, the first unit (which may be subdi-
vided in layer C1a and layer C1b according to geotechnical
and hydrological characteristics) is a semi-permeable mate-
rial of 5 to 10 m thick, while the second unit (C2, with a
maximum thickness of 10 m) is a stiff and impervious mate-
rial [Malet and Maquaire, 2003]. Both materials involve low
plasticity intensely fissured reworked marl with a sandy-silt
texture (clay content ranging between 16 and 26%; plastici-
ty index ranging between 11 and 19%). Peak strength para-
meters determined on ‘undisturbed samples’ show cohesion
values ranging from to 16 to 37 kPa and friction angle va-
lues from 32 to 36o [Malet, 2003]. The residual shear
strength was measured by ring shear tests on reconstituted
specimens providing a residual friction angle of 19 to 21o

[Malet, 2003; Maquaire et al., 2003]. This value is in accor-
dance with the operative friction angle calculated along a
longitudinal cross-section with the limit equilibrium me-
thod and the Janbu slope stability model (�’mob = 18o). In
the range of shear rates (approx. 10-10 s-1) and volumetric
water contents (15-35%) observed on the site, both mate-
rials are characterized by elasto-plastic strains.

On average, the mudslide velocities lie in the range
from 0.002 to 0.03 m.day-1 for the period 1996-2004
(fig. 3a, fig. 3b). But landslide crises with velocities up to
0.4 m.day-1 may be observed each year in the spring season
(fig. 4a). Displacements along the mudslide correspond
mainly to the line of greatest slope. The general direction of
the displacements is facing N010o on cross-sections A, B, C
and E and N-340o on cross-section D, emphasizing the in-
fluence of the bedrock geometry on the dynamics of the
mudslide (fig. 3a). Several years (1997-2005) of continuous
displacements and pore water pressure monitoring have de-
monstrated that the mudslide accelerations are controlled by
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the hydro-climatic conditions and are generally the result of
the undrained reactivation of the reworked material [Malet
et al., 2005]; the induced displacements being characterised
by a highly variable rate (fig. 3b).

Figure 4 shows some examples of the ‘pore water pres-
sure – displacement’ relationships at both the annual
(fig. 4a) and event scales (fig. 4b) at several locations. The
kinematics exhibit a marked seasonal trend with two accele-
ration periods (spring and autumn) and two deceleration pe-
riods in summer and in winter when snow covers the
mudslide (fig. 4a). The variations in landslide velocity cor-
relate with the hydrological behaviour at both the annual
(fig. 4a) and event scales (fig. 4b). Groundwater fluctua-
tions exhibit the same trend throughout the landslide howe-
ver the relative position of the water level is dependent on
local conditions; the highest pore water pressures being ob-
served in the upper part (cross-section B) and decreasing

downslope. Consequently, displacement rates are also va-
riable and decrease from the upper to the lower part of the
mudslide. One of the most interesting points is the correla-
tion between pore pressures and velocities observed in pe-
riods of high (Spring) or low (Autumn) pore water pressures
(fig. 4b).

It appears therefore that hydrology is the main control-
ling factor of the mudslide mobility. The long-term dynamic
is characterized by continuous movements with a seasonal
trend; the mudslide may be active for decades or more as is
justified by the very low safety factor of the landslide body
(mean �’r = 20o, mean slope angle � = 25o). Once a thres-
hold in pore pressure distribution is attained, the rate of mo-
vement increases. During a pore pressure decrease the
landslide velocity decreases, however cessation of the mo-
vement is not observed. Two pore water pressure thresholds
trigger the acceleration of the movement; above these the
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FIG. 1. – Geomorphologic features of the
“Super-Sauze” mudslide. a) Orthophoto-
graph of the mudslide in 2000 and location
of cross-section B of figure 2. b) Tension
cracks observed on the western part of the
mudslide. c) Striations indicating landslide
movement on the flank of a stable in-situ
crest (central part of the mudslide, B
cross-section). d) Compression levees obser-
ved in the lower part of the mudslide.
FIG. 1. – Caractéristiques géomorphologi-
ques du glissement argileux de “Super-
Sauze”. a) Ortho-photographie du glissement
en juillet 2000 et localisation du profil B de
la figure 2. b) Fissures de tension observées
sur la partie ouest de la coulée. c) Stries indi-
quant le mouvement du glissement sur le
flanc d’une crête stable (partie centrale de la
coulée, profil B). d) Bourrelets de compres-
sion observés sur la partie aval de la coulée.



velocity increases non-linearly. On average, the ‘Spring mo-
vements’ are initiated as soon as the pore pressures reach
30 kPa while the ‘Autumn movements’ are triggered by a
higher threshold value of around 32 kPa. This higher level
is probably explained by shear strength recovery due to an
increase in undrained cohesion through consolidation in
summer [Salt, 1988; Malet, 2003].

INSTALLATION OF THE SEISMIC MONITORING
STATION

The seismic sensor was implemented in the most active part
of the mudslide, e.g. representing the highest displacement
and highest sensitivity to pore pressure (near piezometer
BV16; fig. 3). The occurrence of events exhibiting sudden
velocity increases was considered as a potential cause of va-
riations in the recorded seismic noise. The presence of a
stable in-situ crest in this part of the moving mass was an ad-
vantage for installation of the sensor being located both in
stable conditions and near to the active part of the landslide.

A broadband Streckeisen STS2 seismometer with a
peak-to-peak transduction factor of 1500 V.m.s-1, was ins-
talled in a small vault excavated within the lower part of the
stable crest (fig. 5). The vault was constructed using a trun-
cated oilcan sealed into a concrete basement and buried ap-
proximately 70 cm below the surface. This configuration
was initially designed to protect sensor from rock falls and
animal disturbance. The diurnal temperature variation was
attenuated using a double layer of polystyrene and concrete
slab above the whole device. Ground velocity measured in
the frequency range (1/120-50 Hz), was recorded using a
Titan Agecodagis 24 bits digitizer with a sampling frequen-
cy of 80 Hz. Energy was supplied by five 50 Ah batteries
connected to two 30 W solar panels. Orographic shade and
the northward orientation of the mudslide made difficult to
accomplish a sufficiently fast battery loading during the
daily available few hours of direct sunlight. Such a configu-
ration will be re-evaluated for future installations.

SEISMIC DATA AND SIGNAL PROCESSING

Despite the high degree of protection of the sensor, an ano-
nymous manipulation of the seismometer broke two of its

components 14 days after the start of the experiment. Thus
compared to the dataset expected, only partial results are
shown hereafter. During these 13 days of available records,
mainly seismic noise and some local earthquakes were re-
corded. Thus our analysis concerns essentially the temporal
and spectral characterization of the seismic noise.

The analysis of the temporal evolution of the seismic
noise consists in estimating the signal strength by calcula-
ting the root means squared (RMS) for successive temporal
windows of one hour. We distinguished vertical (RMSV)
and horizontal (RMSH) components (Eq. 1):
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=
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where n is the number of points included in the tempo-
ral window; Z is the signal amplitude of vertical compo-
nent; N and E are the signal amplitude corresponding to the
horizontal components in North and East directions respec-
tively; �t is the sampling period.

To assess the frequency sensitivity of the RMS, this pa-
rameter was calculated for three frequency bands
(0.01-0.1 Hz; 0.1-1 Hz; 1-10 Hz). The RMS was calculated
on the signal after pass-band filtering in each frequency
band (2nd order Butterworth filter). For convenience hereaf-
ter, LF represents the low-frequency band (0.01-01 Hz), MF
represents the middle frequency band (0.1-1 Hz) and HF re-
presents the high frequency band (1-10 Hz).

CORRELATION BETWEEN SEISMIC ACTIVITY,
WEATHERING AND THE OBSERVED
DISPLACEMENT RATE

Figure 6 presents the cumulated rainfall, the observed dis-
placement of the mudslide recorded with the extensometer,
and the cumulative RMS for the three frequency bands and
for the horizontal and vertical components during the
13 days of recorded seismic noise. The displacement rate
shows a strong dependence to the rainfall input. Hence du-
ring this period, each of the three rain events promoted an
increase in the displacement velocity, which continues for
some time after the rain stopped. The rapid response of the
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FIG. 2. – Geometry and structure of the mudslide on cross-section B.
FIG. 2. – Géométrie et structure de la coulée sur le profil B.



mudslide to the rainfall input is observed each Spring time
(April, May, June) when the groundwater table within the
landslide is near the ground surface, and so that the material
is nearly completely saturated; and the pore water pressures
are high [Malet and Maquaire, 2003]. The delay in observa-
tion of a decrease in the velocity depends on both the ampli-
tude of the rain event and the pore water pressures.

The seismic noise greatly varies with time. In order to
enable the comparison between the three frequency bands,
the cumulative RMS was normalized by its maximum value.

There is no significant difference between the vertical and
horizontal component for MF and HF, whereas this diffe-
rence is notable for the LF band. Each frequency band exhi-
bits variations, which are well correlated with the mudslide
displacement, the amplitude of this variation being depen-
dent on the frequency band.

Spectral analysis was performed for successive win-
dows of 1-hour duration in order to check if the frequency
content varies with time and if these changes are correlated
with the displacements. The horizontal and vertical spectra

Bull. Soc. géol. Fr., 2007, no 2

UNDERSTANDING MUDSLIDES THROUGH MICRO-SEISMIC MONITORING 153

FIG. 3. – Kinematics and displacement field of the “Super-Sauze” mudslide. a) Total displacements observed during the period 1996-2004 by using a net-
work of approx. 50 benchmarks by topometry. b) Average velocity field observed during the period 1996-2004.
FIG. 3. – Champ de déplacement et cinématique du glissement de “Super-Sauze”. a) Déplacements totaux observés durant la période 1996-2004 obtenus
par topographie à partir d’un réseau d’environ 50 points. b) Champ de vitesse moyen observé pendant la période 1996-2004.



were calculated using a Fast Fourier Transform algorithm
(FFT) (Eq. 3a, 3b):
S v FFT Z tV( ) ( ( ))= (Eq. 3a)

S v FFT N t E tH( ) ( ) ( )= +





2 2 (Eq. 3b)

with v: the frequency, Z(t), N(t) and E(t), the signal ampli-
tude in respectively the vertical, North and East directions.

The ratio of the horizontal and vertical amplitude spectra,
HVR was also calculated (Eq. 4):

HVR v
S v

S v
H

V

( )
( )

( )
= (Eq. 4)

Figure 7 shows the normalized mean spectra for the ver-
tical and horizontal components. It was obtained by
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FIG. 4. – Examples of ‘pore water pressure – displacement’ relationships observed on the mudslide at several locations. a) Annual scale (period
1997-2001). b) Event scale (two periods in 1999)
FIG. 4. – Exemples de relation entre pression d’eau et déplacement à divers lieux. a) Observations à l’échelle annuelle (période 1997-2001). b) Observa-
tions à l’échelle de l’événement (deux périodes en 1999).



calculating the mean of all the spectra’s calculated for each
period of 1-hour. The HVR spectra averaged over all the pe-
riods, reveals peaks of amplitude at different frequencies
(0.01 Hz, 3 Hz, 15 Hz, 20 Hz). When calculating the HVR
for successive time windows of 1 hour, different shapes of
spectrum were identified that corresponds to the peaks pre-
sented in figure 8. Figure 9 shows the HVR spectra obser-
ved at different times with a low frequency peak (< 0.1 Hz),
middle frequency peak (0.1-10 Hz) and high frequency peak
(> 10 Hz). Some periods are characterized by peaks on
these 3 bands (mixed type). The highest peak in amplitude
is about 20 and corresponds to low frequencies.

The changes in HVR peaks may be related to changes in
the sources of seismic noise at distance from the landslide
(wind, tide), to changes in the properties of the material
(due to damage or weathering) or to the deformation of the
material (shear of the mudslide material along the bedrock).
Further investigations are needed to understand the causes
of this behaviour.

DISCUSSION AND CONCLUSION

A broadband seismic monitoring experiment of an active
mudslide has been presented. Despite the short duration of
this monitoring (13 days), a few events of displacement ac-
celeration were observed and recorded. These accelerations
seem to be well correlated with the seismic noise calculated
in three different frequency bands. The band (0.1-1 Hz) ap-
pears to be the more sensitive and provides the best correla-
tion.

As the displacement rate is correlated to the rainfall in-
put, a bias related to the noise of the rain shocking the
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FIG. 5. – In-situ stable crest of the “Super-Sauze” mudslide equipped with a seismic station installed in a seismic cave, an extensometer, a raingauge and a
piezometer.
FIG. 5. – Crête stable du glissement de “Super-Sauze”, sur laquelle a été installée la station sismique dans une cave sismique, un extensomètre, un pluvio-
mètre et un piézomètre.

FIG. 6. – Correlation between rainfall, landslide displacement and normali-
zed RMS. a) Cumulated rainfall and displacements observed at the monito-
ring site. b) Normalized RMS for three frequency bands and for the
horizontal and the vertical components.
FIG. 6. – Corrélation entre pluviométrie, déplacement du glissement et
RMS normalisée. a) Pluviométrie cumulée et déplacements observés sur le
site. b) RMS normalisée pour trois bandes de fréquence et en distinguant la
composante horizontale et verticale.

FIG. 7. – Amplitude spectra of horizontal and vertical components avera-
ged over the entire monitoring period (13 days).
FIG. 7. – Spectre d’amplitude des composantes horizontale et verticale
pour l’ensemble de la période d’observation (13 jours).



ground surface near the seismic sensor may be suspected.
As the seismometer was located at 0.7 m depth this effect
should be low but could exist. The rainfall events have a
very short duration compared to the duration of the RMS in-
crease. So this potential bias effect of the water-fall can be
rejected. A secondary bias could be related to the water
flow on the ground surface, which can be noisy. In this case
we did not observe any surface streams as the water quickly
infiltrates into the soil. This bias could be also rejected.

The observed correlation between displacement rate and
seismic noise can be attributed to changes in the material

mechanical properties during the acceleration phase. The
shearing of the moving mass on the stable crest located wi-
thin a few meters of the seismic sensor may explain this cor-
relation. This effect is visible on all the frequency ranges and
is enhanced in the range (0.1-1 Hz), which displays the best
correlation. An interesting observation is the changes in the
frequency peaks observed on the HVR spectrum. Additional
investigations are needed to clarify this point.

Finally, this case study demonstrates the potential of
broadband seismic monitoring in the investigation of the be-
haviour of slow landslides, including mudslides such as the
one investigated in the present work. Extending the frequen-
cy range of investigation possibilities and complementing by
the low frequency measurements already carried out on

landslides (GPS, geodetic and strain measurements) will al-
low significant improvement in our understanding of land-
slide failure mechanisms.

Acknowledgements. – Support of this work was provided by the French Natio-
nal Institute for Universe Sciences (INSU) in the framework of the ‘ACI –
Prévention des Catastrophes Naturelles’ Program (Project SAMOA). The
digitizer and STS2 sensor used for this work was provided by the Mobile
Brodband Network (RLBM, Strasbourg, France) of INSU. The authors are
grateful to two anonymous reviewers for their improvements of the manus-
cript.

Bull. Soc. géol. Fr., 2007, no 2

156 AMITRANO D. et al.

FIG. 8. – Amplitude spectrum of horizontal over vertical ratio HVR, avera-
ged over the entire monitoring period (13 days).
FIG. 8. – Spectre d’amplitude du rapport de la composante horizontale sur la
composante verticale pour l’ensemble de la période d’observation (13 days).

FIG. 9. – HRV spectrum observed at different time with peaks at different frequencies. a) Low frequency peaks (< 0.1 Hz); b) middle frequency peaks
(0.1-10 Hz); c): high frequency peaks (> 10 Hz); d) spectrum with several peaks (mixed type).
FIG. 9. – Spectres HRV observés à différentes périodes et présentant des pics à différentes fréquences. a) Pics basse fréquence (< 0.1 Hz) ; b) pics
moyenne fréquence (0.1-10 Hz) ; c) pics haute fréquence (> 10 Hz); d) pics à plusieurs fréquences (type mixte).
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