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Abstract. We monitored the displacement and seismic ac-1 Introduction

tivity of an unstable vertical rock slice in a natural limestone

cliff of the southeast Vercors massif, southeast France, durinstability and rupture of rock masses along natural slopes
ing the months preceding its collapse. Displacement meaare well known, but poorly understood processes which need
surements showed an average acceleration of the movemett be investigated and characterized from various points of
of its top, with clear increases in the displacement velocityview. Understanding the origin and evolution of such in-
and in the discrete seismic event production rate during pestabilities implies the continuous monitoring of the various
riods where temperature falls, with more activity when rain- parameters characterizing the deformation process and its
fall or frost occurs. Crises of discrete seismic events produceenvironment. Studies of rock slope stability often involve
high amplitudes in periodograms, but do not change the highhe monitoring of displacements (e.g., Kennedy and Nier-
frequency base noise level rate. We infer that these crises exneyer, 1970; Bhandari, 1988; Brunner et al., 2000; Mayer
press the critical crack growth induced by water weakeninget al., 2000; Zvelebil and Moser, 2001) or morphological
(from water vapor condensation or rain) of the rock strengthchanges (Mikos et al., 2005; Dewez et al., 2007; Collins
rather than to a rapid change in applied stresses. Seismignd Sitar, 2008) and less frequently the seismic monitor-
noise analysis showed a steady increase in the high frequendyig, which was performed earlier for unstable slopes in open
base noise level and the emergence of spectral modes in thaines (Kennedy and Niermeyer, 1970; Hardy and Kimble,
signal recorded by the sensor installed on the unstable rock991) and more recently for natural slopes or cliffs (Willen-
slice during the weeks preceding the collapse. High fre-perg et al., 2002; Senfaute et al., 2003; Kolesnikov et al.,
guency seismic noise base level seems to represent subcri?003; Eberhardt et al., 2004; Amitrano et al., 2005; Roth et
cal crack growth. It is a smooth and robust parameter whosal., 2005; Biickl and Mertl, 2006; Spillmann et al., 2007;
variations are related to generalized changes in the rupturgvillenberg et al., 2008; Senfaute et al., 2009). Most of these
process. Drop of the seismic noise amplitude was concomistudies were devoted to the monitoring and study of discrete
tant with the emergence of spectral modes — that are compaseismic events. Amitrano et al. (2005) evidenced the simulta-
ible with high-order eigenmodes of the unstable rock slice —-neous power-law increase and b-value decrease of the high-
during the later stages of its instability. Seismic noise analy-frequency seismicity recorded by a seismic sensor located
sis, especially high frequency base noise level analysis magt ~5m of the rupture surface during the 2h preceding a
complement that of inverse displacement velocity in early-~103 m3 collapse in the Mesnil-Val chalk cliff, Normandie,
warning approaches when strong displacement fluctuationgrance.

occur. Inferring the dynamics of an unstable rock mass from pas-
sive seismic experiments, as the geodynamics was deduced
from the earthquake distribution at global scale, is a recurrent
question. One specificity of the study of the discrete seismic
events recorded in unstable rock slopes is that the low magni-
tude of the events, their dominant frequency and the medium
attenuation make the recording of discrete events by multiple

Correspondence tal.-L. Got sensors difficult (see e.g., Senfaute et al., 2003; Amitrano et
BY (llgot@univ-savoie.fr) al., 2005; Spillmann et al., 2007). Seismic networks should
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Fig. 1. (a) Geographic location and photographic northward view of the experimental site, showing the stable massif and the unstable rock
slice. S1: three-component, S2, S3, S4: vertical geophones; E1, E2: extensometers. S1, E1, E2 operated from 1 August, and S2, S3, S
operated from 11 October; both stopped 10 November, some days before the collapse of the unstable rii)R/elitieal cross-section of

the investigated rock slope, showing the stable massif and the unstable rock slice. Thick dashed lines represent areas where rock bridges al
likely to exist.

be simultaneously very dense and extended at the surface amstituted by lower Barremian bioclastic, porous, limestones,
at depth, to allow the location of such very small earthquakesvhose top is formed by the superposition of subhorizontal
and the characterization of the state of stress and deformadecimetric beds, subject to weathering and fragmentation at
tion in a significant volume. Field maintenance of such net-the surface. The top of the cliff is subhorizontal and consti-
works is often a difficult task, which makes them unrealis- tutes the eastern border of the Vercors plateau; it reaches the
tic for long durations and poorly accessible unstable rockaltitude of 1850 m. The cliff delaminates recurrently along
masses. Although studying well-recorded discrete seismicvNS vertical planes as rock slices whose thickness is a few
events has proven to be a powerful tool for characterizingmeters only, whereas the two other dimensions may reach 50
large crustal or lithospheric volumes, other approaches mighto 100 m long. During mid-July 2007 an approximately 5-
be attempted to take profit of the information brought by them wide, 40-m long and 50-m high unstable rock slice was
seismic energy radiation when recorded by a small numbeidentified along this cliff. A small autonomous extensomet-
of sensors. Seismic noise analysis may be one of these apic and mobile seismological network was rapidly installed
proaches. Seismic noise correlation has been used at largé August) on and around the top of this unstable volume
scale (e.g., Shapiro et al., 2005) to infer lithospheric struc-(Fig. 1). Two GEFRAN cable extensometers were installed
tures. Other methods, including the determination of spectrahorizontally, normal to the walls at the top of the vertical
or horizontal-to-vertical (H/V) ratio modes, have been usedfissure which separated the unstable rock slice from the sta-
at smaller scales for resonance studies of buildings, site efble massif. The northern extensometer was installed in the
fect estimation and engineering seismology (see e.grjdM largest part of the crack and had a measurement extent of
et al., 2007). Such analyses might be used to infer tempo375mm, whereas the southern extensometer measurement
ral variations in elastic properties of unstable rock masses -extent was 100 mm. Thermal variation of the mechanical
as it has been already used to infer temporal variations orand electrical transduction induces a biast@® 2 (resp. 0.1)
volcanoes (Brenguier et al., 2008) — or eventually in spectramm for the N (resp. S) extensometer, forzd0°C tem-
modes, from a limited number of seismic sensors. perature variation. One vertical 4.5-Hz GS-11D (coil resis-
In this study we will investigate the rupture process of atance 400@, 18 200 shunt damping, intrinsic sensitivity

vertical and sharp rock slice in a natural limestone cliff by 80 V/m/s) Geospace seismometer was installed at the top of
using both environmental and displacement data, and seighe unstable rock slice (S3, Fig. 1), whereas two other ver-
mic noise measurements to infer rock fracture parametergical and one 4.5-Hz Geospace three-component seismome-
and identify new seismic parameters necessary to characteters were installed on the stable part of the rock mass. One
ize the time evolution of the fracture process. of them was close to the southern end of the rock slice (S2,

Fig. 1). Transfer functions of the seismometers are flat from

10 to 1000 Hz. 16-bit data were continuously recorded at a 1-
2 Data kHz sampling rate on a 120-Gb hard disk. Spacing between

seismic sensors was chosen to be about 10 m. Extensomet-
Data were collected at and near the summit of the naturatic data were sampled at 1 kHz, then averaged over 5-min
cliff of Chamousset, Chichilianne, South-East Vercors, in theintervals, so that high-frequency random noise is negligible
French Alps (Fig. 1). The cliff is about 250 m high. Itis con-

Nat. Hazards Earth Syst. Sci., 10, 8829, 2010 www.nat-hazards-earth-syst-sci.net/10/819/2010/



J.-L. Got et al.: Pre-failure behaviour of unstable limestone cliff 821

if‘ these measurements. The network operated with ir]temeTable 1. Synthesis of the installation and maintenance operations.
tions and changes (Table 1) from 1 to 21 August and from

11 October to 10 November, less than one week before the
collapse of the unstable rock slice. The date of the collapse is
necessarily comprised between 10 November (when the ac- 1Aug 2007  Installation S1 (3C seismic sensor).
quisition system stopped) and 17 November (date of the visit Installation E1, E2 (extensometers).

during which it was visually established that the rock slice 11 Oct 2007 Installation S2, S3, S4 (vertical seismic sensors).
was collapsed) Change regulator — replace disk.

Operation

5 Nov 2007 Add solar pannel — remove snow.
Replace disk.

3 Results of extensometric measurements and
continuous seismic recording

At the beginning of the experiment, the unstable rock slice
was already partly detached from the stable massif (Fig. 1)the propagation medium. In order to reduce, as far as possi-
as the crack width reached about 1 m at its northern endPle, the variance brought by the external random noise and
No vertical offset was observed between the stable and unt© evidence the eventual information beared by the seismic
stable compartments at that time, nor later. Extensometrid'0ise, itis necessary to perform averaging over long time se-
data show a genera] increase of the rock slice — massif dis[ies, aSSUming that the seismic noise has Stationary prOpertieS
tance from August to October (Fig. 2). Displacement rateOver a sufficient duration. To represent most of the informa-
increased from an average of 0.7 mm/day in August to an avtion contained in the signal in a compact form, we chose to
erage of 3mm/day in October—November. Second-order discompute the averaged smoothed periodogram of each hour
placement variation may be first characterized by an averag@f record (the “periodogram” is the module of the Fourier
acceleration of 0.0155 mm/dayluring the whole time pe- Transform; see, e.g., Jenkins and Watts, 1968). We first com-
fiod. These data were approximately fitted by a time powerPuted the smoothed periodogram df*2ample time win-
law 1% wherea~2. A striking second-order feature of the dows (16.384s of signal sampled at 1kHz, tapered with a
displacement variations is the increase, by a factor of 3 to 5high-dynamic Nuttal window; the time-tapering of the seis-
in displacement rate occurring during rain, frost or merely Mic data induces a frequency smoothing). Frequency sam-
cold time periods, which correlates with an increase in seis-Pling rate of the resulting spectrum is therefore 0.06 Hz, the
micity rate. A thorough inspection of the respective tim- effective resolution of the Nuttal-smoothed periodogram be-
ing of displacement, seismicity, temperature and rainfall datd"d 0-5Hz. Periodograms were then averaged (“stacked”)
shows that deformation systematically occurs when temper®Ver one-hour records using 330 50%-overlapping 16.384 s-
ature falls, and not only when rain or frost occurs, even iflong time windows. By this process the spectral random
these later conditions are related with increased deformation10ise level is reduced by a factor of 10 to 15, and determinis-
Interestingly the inverse velocity mimics the average tem-tic components —which may be lower than the random noise
perature variations (Fig. 2), and seismicity begins to increaséecorded in a short time window — may be more easily identi-
when average temperature begins to decrease, before rain Bgd. Periodograms were corrected (in the frequency domain)
frost occurs. Discrete seismicity (Fig. 2¢) was detected in théfom the sensor transfer function. Below 4 Hz the averag-
continuous records using a STA (short term average)/LTAING process evidences mainly the low-frequency noise of the
(long term average) algorithm (Allen, 1982), the Strom‘:]estrecording chain (therefore the periodogram is interpretable
seismic crises being controlled manually. Given the geome@nly above~4Hz). Averaged smoothed periodograms were
try of the moving rock slice, a relatively weak proportion of computed during 560h from 11 October to 10 November
the seismic energy excitated the S3 vertical sensor, leading007. for every seismic channel.
to recording less seismic events. Detailed results of the study Results computed for the S2 sensor (Fig. 3) show that
of the discrete seismicity will be presented and discussed irmost of the recorded seismic energy was concentrated in
a specific article. the first 120-Hz spectral band, and occur during intermittent
One of the aim of this experiment was to investigate thecrises, where dominant frequencies are close to 25Hz and
content of the seismic noise recorded by short-period seis40-50 Hz. Maximum spectral amplitudes recorded on the
mometers, especially at relatively high frequency, to determi-top of the unstable rock slice were 2 to 5times lower than
nate if seismic noise may provide a mean to monitor unstathose recorded on the stable massif. Average amplitudes are
ble rock slopes. In that aim, continuous seismic records werdiigh when seismic events are numerous, displacement rate
analyzed both in the time and frequency domains. Recordeds high and temperatures are low (Figs. 2-3). Correlation
noise may be partitioned in a random part caused by varibetween the seismic energy recorded on the stable and un-
ous external causes, and a seismic part bearing evenutalstable parts of the massif is poor. We computed the base
some deterministic information on the rupture process or omoise level (Vila et al., 2006) by finding the minimum value,
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Fig. 2. Top: plot of displacement data (blue line: displacement measured by E1 extensometer, red line: log of inverse velocity); center:
cumulated number of seismic detections (red crosses: vertical component of S1 geophone; blue crosses, S2 vertical geophone; green crosse
S3 vertical geophone); bottom: temperature (blue line) and rainfall (red (@gfrom 1 to 21 August{b) from 11 October to 10 November.

Red vertical dashed and horizontal thick lines represent the time periods during which average temperature drops, seismicity and displacemer
increase(c) Plot of a typical seismic event occurring during a seismic crisis.

for each frequency sample of the periodogram, over a timeof frequency (Fig. 4) for various time intervals, chosen out-
series of 330 50%-overlapping 16.384 s-long windows (one-side periods of high-amplitude seismic signal from 11 Octo-
hour record). Remarkably, the base noise level slowly butber to 10 November. Spectral modes at 5, 8, 10, and 12 Hz
steadily increases with time (Fig. 3), especially at high fre-are present since 11 October; they amplify with time. New
quency. This increase is stronger at low frequency and fomodes appear above 15Hz, up to 50 Hz, just before the fi-
the S3 sensor, installed at the top of the unstable rock slicenal rock slice collapse. They are more sharply individual-
measurements reveals an amplitude relative variation of 26%zed on the unstable rock slice than on the stable massif,
and 14% respectively at low and high frequency on the staalthough the amplitude of the noise is higher on the mas-
ble massif (S2 sensor), whereas it is 33% and 17% (resp. aif than on the rock slice at frequencies higher than 10 Hz.
low and high frequency) on the unstable rock slice (S3 sen-Noise level clearly increases with time between 11 October
sor). Rate of the periodograms and base noise level at higand 10 November, below 10 Hz by a factor of 30 to 50, above
frequency is remarkably stable between seismic crises. Th&0 Hz by a factor of~20 on the stable massif, and a factor of
amplitude of periodograms and base noise level tend to de--3 on the unstable rock slice. Modes are strikingly strongly
crease at the end of the recording period, even at high freamplified and sharper above 10 Hz on the unstable rock slice
quency. We represented the amplitude of the noise (seismithan on the stable massif, just before the final rupture.

signal recorded between high-amplitude crises) as a function
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4 Discussion SC1 SC2 SC3

@)
Due to the specific geometry and deformation mode of the
unstable rock mass, deformation data may be used to infer
macroscopic mechanical characteristics of the rupture that
are rarely computed, that will be useful for further modelling.
Both observations (displacement, seismicity, seismic noise
levels) need to be compared with environmental measure-
ments (temperature and rain) to understand the origin and
evolution of the deformation process, and eventually iden-
tify parameters which may be useful for early-warning ap-
proaches.

Amplitude
s inum/s/Hz

10

s

(b)

4.1 Analysis of extensometric data
4.1.1 Low-level acceleration and rock slice equilibrium

From the low acceleration during at least three months we
deduce that the unstable rock slice was very close to the limit
equilibrium during several months before its final failure. As
most of the displacement of the rock slice was horizontal, we
can hypothesize that the movement was a rotation (a hinged
toppling movement) around a horizontal axis, which coin- e
cidates with the lower end of the vertical crack observed,
rather than sliding along the crack wall. The volume of the ¢
moving rock slice being-10* md, its density 2.518kg/m?,

its heigthh equal to 25-50 m leads to compute a moment

of inertia J~101°N/m/s’. Taking the linear acceleration
equal to Z10-1®m/s at the top of the rock slice, we find

that the algebraic sum of the driving momeWt and the
resistant momend, is SM = My — M; = J6~10"6N/m,
whered is the angular acceleration. Driving and resistant
moments are therefore extremely close, which explains why
rain and temperature may contribute to displacement rate. In
the hypothesis where the weight of the rock slice is the driv- N I e
ing force of the movement, taking a summit horizontal dis- 18Tth z;Eh LWI i
placement of~1 m, would lead to find/Zg~10° N/m, that is, T

%wlO‘14 — and therefore a safety factor extremely close
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tol. Fig. 3. (a) Spectrogram built from the juxtaposition of the pe-
Voight (1989) proposed to use the inverse of the displaceriodograms computed (see text for details) from 11 October to
ment rate as a measure of the dynamics of the unstabled November for the S2 seismometer records, stable mésygénd
system, providing a tool for an eventual prediction of the (c): averaged smoothed periodograms (blue lines) and base noise
time to failure. Figure 2a—b (top) shows that the inverse oflevel (red lines) as a function of time from 11 October to 10 Novem-
the displacement rate decreases, in average;lasits loga- ~ ber, for two frequency bands: 4-10 Hz (solid line) and 120-500 Hz
rithm exhibits a first order linear trend. However, second or-(dashed line): (b) stable massif, S2 seismometer, (c) unstable rock
der variations due to unstability and weather conditions are®c€: S3 seismometer. ND: no data; SC: seismic crisis. Red vertical
so strong that this approach can not be used easily, in thigashed and horizontal thick lines represent the time periods during

t0 inf liabl timate of th tual ti to fail which average temperature drops, seismicity and displacement in-
case, o Inier a reliable estimate of tne actual ime 1o fallure. ..o ,qe - geismic crises induce high amplitudes in the periodograms.

4.1.2 Estimation of rock fracture parameters

is intermediate between earthquakes and laboratory experi-
Measurements made during the progressive rupture processents. Most of the surface displacement occurring during
of the rock mass allow us to infer the order of magnitude of several months being horizontal and normal to the fracture
some quantities that are rarely estimated at that scale, whictvalls, the rupture mechanism may be hypothesized to be
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Fig. 4. Averaged seismic noise amplitude as a function of fre-
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ble massif, S2 seismometéh) unstable rock slice, S3 seismome-
ter.

Mode I. In that case the fracture energy releaseGaewrit-
ten:

aw.
G— s

=3 (1)

whered Ws is the work used while creating the new fracture
surfacedS

J.-

whole rupture surface.

L. Got et al.: Pre-failure behaviour of unstable limestone cliff

under the effect of its own weight, the work done after the
initiation of the rupture is

0
. h
szfmgsmoezda
0

)

whered, expected to be small, is the angular abscissa at the
rupture of the rock slice (that is, at the end of its quasi-static
displacement), ang is the gravity acceleration intensity.

For small values o, W, becomes

1 2

In the case the work yield by the weight is used to create the
new fracture surface,
G~ %pgeh@z 4)
for small 6, ¢ being the thickness of the rock slice, or
G~ %pg%uz, where i is the height, and: the average
summit horizontal displacement of the rock slice. Taking
p~2500kg/n?, g~10ms 2, e~5m, G varies between 300
and 3000 J/rhfor i varying between 25 and 50 m, and aver-
aged values of with distance along the surface crack vary-
ing between~0.75 and~1.5m. This order of magnitude
falls between those found from laboratory experiments and
those found from earthquake source studies (e.g., Scholz,
2002; Ohnaka, 2003; Chambon et al., 2006), and scales well
with the size of the rupture process.

The limit tensional stress; which may be resisted by a
rock mass of macroscopic Young modulHs containing a
fracture of height: is (e.g., Lawn, 1993)

()

Using Eq. (4) and considering that= %p sz for a Poisson
ratio of 0.25 {/,: seismic P-wave velocity), a macroscopic
may be expressed directly from the measured quantities:

1

Ot = —

EG
wh

®)

ge

(3

1
: —) 2 pVill (6)

We find an order of magnitude for the macroscopic tensional
rock strengthsi~100 kPa forV,~1000 m/s 0~2500 kg/n3,
g~10ms2, e~5m, and an average~0.02; o, remains
lower than 500 kPa for higher values of the average P-wave
velocity.

To validate these orders of magnitude, we computed the
order of magnitude of the characteristic weakening displace-
mentu¢ for which the rock mass strength is relaxed on the
It may be defined as the average

G may be expressed as a function of parameters observedisplacement needed to create the fracture surface and con-

on the field, which allows us to estimate an order of mag-
nitude for G in that context. Hypothesizing that the rock
slice (mass: and angular abscissg moves subhorizontally

Nat. Hazards Earth Syst. Sci., 10, 8829, 2010

sume the fracture energy when relaxing completely the rock
mass strength. When the rock mass ruptures totally, the rock
mass strength drops from the macroscepito nearly zero.
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G may be expressed, from this strength degpas the en- away from equilibrium. In the case where some fractures
ergy required to fracture the total rupture surface (Palmer andvould be saturated by water or ice at the confining pressure,
Rice, 1973; Rice, 1980) the pressure inside the fractures may eventually contribute to
exceed rock strength and confining pressure and create new
fracture surface, if permeability is sufficiently low.

Uc

G= /otdu (7)
0 4.2 Analysis of the continuous seismic records
Therefore, considering a constantduring the movement,

G
te™ ot (8) Two main features may be extracted from the analysis of the

continuous seismic records: (1) the presence of modes in the

) noise spectrum, whose amplitude is increasing on the unsta-
uc. Values OfG. cor_nprlsed.between 300 and 30003/and ble rock slice before the final rupture, and (2) the progres-
uc~1-10 mm fit quite well in the fracture energy release rate

o . . . . ive increase with time in seismic noise amplitude. Seismic
— characteristic weakening displacement relationship foun : )
. modes from noise records on the unstable rock slice probably
by numerous authors (see e.g. Fig. 5 of Chambon et al.

2006). Systematic estimation 6fando; could be performed feveal eigenmodes of the rock slice. Eigenfrequencies of the

o . . flexion modseij of a plate m Xpr from Blevin
in similar contexts to infer reliable values for these parame—zgo(lj) odej of a plate may be expressed as (fro evins,

ters, which are needed to evaluate how such rock masses may
e

be close to failure. 2 N
fo=Te (L) +(1) _E )
4.1.3 Action of fluids and frost Y72 \\a b 120(1—v?)

The computed orders of magnitude show that the rockwherei and j are the numbers of vibration antinodes (or
strength near the fracture tip is low-{00kPa), as is the half-wavelengths) following respectively the dimensians
horizontal confining stress, caused by the weight of the sliceand b, ¢ the thicknessE the Young modulusy the Pois-

at that depth{300 kPa). Extensometric data show that the son ratio ando the density of the plate. Let, = ¢ and
rock slice is extremely close to the limit equilibrium, and ), = 2 be the characteristic length of the antinodes follow-
that significant changes in displacement rates and seismici'%
rates are realized during limited time periods, correspond-_ i b
ing to drops in average temperature (Fig. 2). It is remarkabldi@l and plate thickness. Therefog; increases for shorter
thatincreased deformations seems to be correlated more withntinodes. An order of magnitude for the fundamental eigen-
temperature drops than with passing through a given tempefréquency {= j = 1) for a = b~50m, E~10 GPay~0.25,
ature threshold. Warm air contains quantities of water vaporp~2500 kg/n?, e~5m is 4 Hz. Frequencies 010, 20, 25,

and lowering the temperature induces water condensation30: 37, and 50 Hz may correspond respectivelyig fis,
Wetness and water saturation can decrease the value of th@3 f14, /24, and fa4. A frequency of 50 Hz corresponds to
rock strength of porous limestones near the fracture tip by2n antinode length o+15m.

20 to 70% (e.g., Rutter, 1972; Parate, 1973; Vutukuri, 1974; The fact that the amplitude and number of higher fre-
Atkinson, 1979; Atkinson and Meredith, 1987: Homand and dUency eigenmodes increases with time close to the failure
Shao, 2000; Rhett and Lord, 2001; Gueguen and &yt therefore might indicate an increase in the amplitude and
2004; Risnes et al., 2005; Ghabezloo and Pouya, 2006§1umber of antinodes induced by the progressive separation
especially at low temperatures (0-X0). Strength of porous of the rock slice from the stable massif. In that case rock
limestones may decrease by almost 50% when their degreldreaks, creating discontinuities and rock bridges that are vi-
of saturation reaches only 10%, and their tensile strengtiPration nodes. No second order eigenfrequency variation
may be as low as 500kPa at the sample scale (Ghabezld@rger than the uncertainty, analog to frequency sliding, was
and Pouya, 2006). This process is often described as watdletected. Most of the spectral variations arise from changes
weakening, that is, stress corrosion due to physico-chemicdl €igenmode amplitudes. The amplitude of the eigenmodes
reactions — reduction of the calcite surface energy by the po©f @ damped linear elastic system with one degree of freedom
lar electrical interaction between water and calcite grains, dnay be written (e.g. Snowdon, 1968; Jones, 2001):

process which leads to subcritical crack growth. Together S

with the tensile state of stress, it may also contribute tox ~ 0
increase the local micro-rupture process in the rock (e.g., « %

Lawn, 1993), and may explain the concomitance of the be-

ginning of the increase in seismicity rate with the lowering of whereSp is the amplitude of the excitatior, is the damp-
temperature: reduction of rock strength moves the rock sliceng coefficient,E is the Young’s modulus and is the mass

4.2.1 Emergence of eigenmodes in noise spectrum

which gives 1-10mm as a typical range of magnitude for

g the dimensiona andb, f;; ~ -5 + 712 for a given mate-
a 7

(10)
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of the elastic system. As no increase in the amplitude is reincrease more at low (4—10 Hz) than at high (120-500 Hz)
vealed around the higher eigenmode frequencies on the stdrequency (Fig. 3). In that case, this variation could be an
ble massif (Fig. 4a), we may assume that the input seismi@arly evidence of the mode shape finally found (Fig. 4b). It
noise is relatively stationary with frequency at that time. Theis less likely to occur at high (120-500 Hz) frequency where
increase in amplitude on the unstable rock slice may thereno mode is evidenced.

fore be related to the decrease in Young’s modulus and more Concerning the seismic noise production, the remarkable
probably in damping. Damping is indeed due to the con-invariance of the increase rate of the base noise level be-
tact between the rock slice and the stable massif, involvingween periods of seismic crises shows that two processes
friction and energy loss which progressively decreases whermre at work for producing seismic energy. The first process
the rock slice moves away from the stable massif. Thereforecauses the steady-state energy release; as it does not gener-
the increase in modal amplitude at high frequency is coherate recordable discrete seismic events, it may be performed at
ent with the progressive and heterogeneous decoupling of thsubcritical energy release rate, revealing the long-term, low-
unstable rock slice from the stable massif interface. power, quasi-static growth of fractures close to the equilib-
rium between the elastic tensional stresses accumulated at
the tip of the cracks and the rock strength. The second pro-
cess causes the high seismic power release constituted by the
occurrence of discrete events when the critical energy release

L ) i , L . rateG. is reached; it reveals that the system becomes out-of-
Variations in continuous recordings of seismic amplitudesgqjjibrium. Rain or low temperature periods (leading to in-

(.., RSAM measurements) have been widely used to Mongeased wetness, condensation or frost) may induce the loss
itor the eruptive activity of yolcanoes (e.g., Endo and Mur- ¢ roci strength, the rupture of equilibrium and the local ac-
ray, 1991; Cornelius and Voight, 1994). These measurementge|eration of the process which may explain some correlation
however concern both signal and noise amplitudes. TeMyqyeen deformation and rainfall/temperature. The fact that
poral variations in noise records related to eruptions Wergne pase noise level remains steadily increasing between pe-
also recently observed (Brenguier et al., 2008); more specifiio s of strong discrete event occurrence, displacement, rain
ically, variations in the *base level” of the spectrum of seis- 5oy frost is a further evidence that this increased deforma-
mic noise recorded by broad band stations were already oljon occurred through the decrease of the rock strength rather

served by Vila et al. (2006) before volcanic eruptions. Fig-than through the increase of the applied stresses. When rock
ure 3 shows that the averaged smoothed periodogram and cjose to failure the deformation pattern of the rock slice

base level of the noise at high frequency are steadily increasy gt |east partly controlled by the rock strength weakening.
ing during the One,'momh pe.riod preceding the rock slice 'UPThe base noise level seems to be more linearly related to the
ture, an observation which is close to the one made by Vilagresses applied on a given volume, larger than the tip of the
et al. (2006) before volcanic eruptions. Origin of these tem- 40k
poral variations is an open question,_although it is likely to Though limited, acceleration periods may account for a
be related to the sensu lato deformation process under somgqnificant part of the deformation. Emergence of such accel-
stress changes. eration periods might evidence that the rock slice entered in a
Continuous seismic recording during 378 from 11 to characteristic phase of instability. However recorded discrete
27 October shows a striking linear increase of the base noisgeismic events appear to be only a degenerescence —limited
level, outside the periods of seismic crisis (Fig. 3). Itis quite jn space and time- of an otherwise quasi-static process. They
remarkable that the same increase rate is found before angl not imply necessarily a generalized change in the rupture
after the pel’iOdS of seismic crisis. This increase is Strongebrocess1 able to provoke a Change in base noise level. There-
at lower frequencies, but is clearly found even in the high-fore in early-warning systems both parameters (total seismic
est frequency band (120-500 Hz). The fact that the increas@nergy release and base noise level, and not only the first
in base seismic noise level occurs as a stationary process i@ne) should be inspected, taking into account they evidence
large frequency bands without generating recordable impultyg different aspects of the rupture. This understanding may
sive discrete events, leads to hypothesize that it originategelp to mitigate the number of false alarms in early warning
directly or indirectly in the slow growth of fractures. issues. Notice also that both noise amplitudes are decreasing
Two non-exclusive causes may a priori contribute to thein the last 50 h, during a cold period. A conjecture is that
variations of the base noise level: one may be related to thenost of the rupture work has been accomplished before that
seismic noise production, and the other to the propagationime and that a stage is reached where the emission of seismic
medium. energy is limited by the (diminishing) volume on which the
Changes in the medium could induce changes in the roclstresses apply. In the first stage the actual emissive volume
mass transfer function through the progressive individualizads large, and the seismic attenuation limits the apparent emis-
tion and amplification of modes. This may occur especially sive volume (which appears to be constant); in the last stage
at low frequency and could explain that the noise base levethe actual emissive volume becomes smaller, therefore actual

4.2.2 Steady increase of the base level of the noise
spectrum at high frequency
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and apparent emissive volume are equal (and limited by th@roposed as a parameter in early-warning approaches. As
geometry of the source). A reduction of the base noise leveh conclusion, detecting and monitoring very active unstable
also implies that the seismically active stresses do not varyock masses may bring rich information for understanding
too strongly with the volume on which they apply: they re- the physical processes at work. Further experiments will be
main concentrated around the tip of the cracks, and the crackeeded to reiterate similar measurements and observations,
density does not increase strongly. Another explanation maynd confirm/infirm our results.

be that stress accumulation may migrate to another, more dis-

tant place, for which the transfer function of the rock mass
attenuates more strongly the seismic signal. These questio
will be examined more thoroughly in further works.
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