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[11 The seismic signals of hundreds of rockfalls within Dolomieu crater, Piton de la
Fournaise volcano, Réunion Island, have been analyzed to investigate a possible

link between physical rockfall-generating processes and associated seismic signal features.
Moreover, indirect observation of rockfalls via the seismic signals they generate can
provide useful data for studying volcanoes and the temporal variations of their structure.
An increase in the number of rockfall events and their volumes might be an indicator

of structural weakness and deformation of the volcano associated with potential eruptive
activity. The study focuses on a 10 month period following the 6 April 2007 crater

floor collapse within Dolomieu crater, from May 2007 to February 2008. For granular flows
a scaling law is revealed between seismic energy and signal duration. A semiempirical
approach based on both analytical analysis and numerical simulation of these flows shows
that a similar scaling law exists between the difference of potential energy computed

for an event and its propagation times and also emphasizes the effect of local topography on
this scaling law. Simulated and observed data were compared to evaluate the proportion
of potential energy dissipated in the form of seismic waves and confirm a direct link
between the seismic energy and potential energy of a given granular flow. The mean ratio of
seismic to potential energy is of the order of 10™*, comparable to the range of values
observed in previous studies. A simple method based on these ratios is proposed to estimate
the volumes of rockfalls from their seismic signal. Observed seismic energy and the
frequency of rockfalls decreased at the beginning of the studied period and reached a stable
level in July, thus suggesting a postcollapse relaxation time of Dolomieu crater structure
of about 2 months from seismic signal analysis, which is confirmed by deformation data.
The total rockfall volume over the study period is estimated to be 1.85 Mm"®.

Citation: Hibert, C., A. Mangeney, G. Grandjean, and N. M. Shapiro (2011), Slope instabilities in Dolomieu crater, Réunion
Island: From seismic signals to rockfall characteristics, J. Geophys. Res., 116, F04032, doi:10.1029/2011JF002038.

1. Introduction

[2] The unpredictable nature and destructive power of
rockfalls make fast and reliable in-situ measurements of their
properties (i.e., volume, runout distance, location) extremely
difficult. Consequently, remote seismic monitoring may be
a useful tool for studying such phenomena. Seismic signals
associated with rockfalls and other mass movements have
been studied extensively in many geological contexts show-
ing that over and above event detection, seismic signals can
provide important information on the characteristics of the
source (e.g., volume, duration, and location) [Vilajosana et al.,
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2008; Deparis et al., 2007; Helmstetter and Garambois, 2010]
even though the signal may be difficult to interpret because
of topographic effects.

[3] Large rockfall events (10* to 107 m?) have been stud-
ied by Norris [1994], who focused on 14 rockfalls at three
Cascade Range volcanoes. This study showed an approxi-
mately linear relationship between source volume and seis-
mogram amplitude for five rockfalls having the same source
area and descent paths at Mount St. Helens. Rousseau
[1999] investigated the relationship between amplitude
and duration for hundreds of rockfalls that occurred during
the 1995 episode located within the Mahavel Cascade,
on Réunion Island. A model was developed that directly
provided the volume of the rockfall from the maximum
amplitude of its associated seismic signal.

[4] Surinach et al. [2005] examined the seismic signal
generated by the 1 June 2005 landslide at Laguna Beach
(California) and explained the general spectrogram features as
functions of flow dynamics and topography effects. More
recently, Deparis et al. [2007] studied 10 rockfalls recorded
between 1992 and 2001 on a seismological network deployed
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Figure 1. Station network of the Piton de la Fournaise volcano, Réunion island. Only the red stations are

used in this study.

in the French Alps. They distinguished two seismic sources:
one source corresponding to the detachment of the mass from
the cliff and the other corresponding to the impact of the mass
on the slope. They also compared rockfall parameters (fall
height, runout distance, potential energy, volume) to the
rockfall seismic magnitudes, duration, and energy, but found
no relationships other than between the signal duration at an
epicentral distance of 30 km and rockfall potential energy.
The authors considered that this relationship corresponded to
the control of the signal length by the event propagation
phase. Finally, the ratio between seismic energy and potential
energy computed for the 10 rockfalls gave values ranging
from 107> to 10°.

[5] Vilajosana et al. [2008] investigated the seismic signal
of a triggered rockfall in Montserrat (Catalonia). They too
estimated the ratio between seismic energy and potential
energy, but found a different value of about 2.5 x 10"
Helmstetter and Garambois [2010] studied the amplitude,
seismic energy and duration distribution of thousands of
rockfalls occurring on the Séchilienne slow motion landslide
in the French Alps. They found that the distribution of
rockfall seismic amplitudes followed a power law, which
was not the case for signal amplitude and duration. Finally,
a correlation was found between rockfall activity and land-
slide movement, as well as a weak but significant correlation
between rockfall activity and rainfall.

[6] The previous studies emphasized the necessity to have
seismic data on a large number of events and a substantial
seismological network to better understand the linkage
between seismic signal features and the intrinsic properties of
rockfalls. The dense and permanent seismic network set up
on the Piton de la Fournaise volcano, on Réunion Island, by

the Observatoire Volcanologique du Piton de la Fournaise
(OVPF) is particularly well suited for studying seismic
signals generated by rockfalls. Furthermore, a major floor
collapse that affected Dolomieu crater after a massive erup-
tion in April 2007 [Staudacher et al., 2009] considerably
destabilized the crater walls and consequently increased
the number of rockfalls affecting its edges, hence providing
numerous seismological records generated by these events.
These rockfalls involved individual meter-size blocks as well
as larger volumes of up to several hundred cubic meters.

[7] In the present study we investigate the relationship
between seismological records and rockfall activity that
occurred near the summit of the volcano during two specific
periods: a quiet period from February to July 2006, which
preceded the 16 April 2007 crater floor collapse; and a sec-
ond period from May 2007 to February 2008 following the
crater floor collapse. No eruptions occurred during these
periods. The aim of our study are threefold: (1) to determine
what direct information can be obtained about rockfalls from
their seismic signals (energy, signal duration), (2) to inves-
tigate whether rockfall properties such as volume can be
estimated from these seismic signal parameters, and (3) to
use rockfall properties estimated from seismic signals to
investigate the temporal variations of the Piton de la Four-
naise volcano and possible links between rockfall activity,
flank deformation and environmental conditions.

[8] In this work, seismic signals were analyzed using
signal processing techniques and features of seismic signals
were compared to field observations and general knowledge
of the rockfalls occurring near Dolomieu crater. In particu-
lar, seismic energy and signals duration were examined.
A semiempirical approach based on analytical results and
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Figure 2. (a) Soufriére cavity as it was on 4 December
2007, a few days before it collapsed. (b) Schematic represen-
tation of Soufriére from Rousseau [1999]. (c) Aerial photo-
graph of Piton de la Fournaise summit, Bory and
Dolomieu craters, remains of Soufriere cavity, and high-
lighted (dotted black line) granular flow deposit.

numerical modeling was developed to estimate the propor-
tion of rockfall energy dissipated in the form of seismic
waves, thereby making it possible to estimate the collapsed
volume from the observed seismic energy.

2. Context and Rockfall Qualitative Description

2.1. Geological Context: Piton de la Fournaise
and the April 2007 Dolomieu Crater Floor Collapse

[9] The Piton de la Fournaise is an active volcano of
Réunion Island. The eruptive center is located in a 8 km
diameter large caldera named Enclos Fouqué. The present-
day summit shows two collapsed structures named the Bory
crater, which is currently inactive, and Dolomieu crater,
within which numerous eruptions occur (Figure 1). Before
the 2007 crater floor collapse, a 30 m wide, 40 m long, and
150 m deep pit crater, named Soufriére’s cavity (Figure 2a),
was located north and very close to Dolomieu crater.
According to eye witnesses, this cavity formed during the
1964-1965 eruption and has enlarged by multiple edge
collapses since then [Rousseau, 1999]. The cavity was
explored in February 1985 by a team from the volcano
observatory and members of the police force. A schematic
representation of this cavity was made (Figure 2b). Prior to
the April 2007 crater floor collapse, most of the rockfall
observed close to the Piton de la Fournaise summit occurred
within this cavity. The activity of Piton de la Fournaise is
characterized by fissure eruptions fed by a magma reservoir
located at about sea level [Fukushima et al., 2005; Peltier

HIBERT ET AL.: SLOPE INSTABILITIES IN DOLOMIEU CRATER

F04032

et al., 2007]. Since 1998, Piton de la Fournaise has been
characterized by intense volcanic activity with 2 to 4 erup-
tions per year. Some of these eruptions occur in Dolomieu
crater (Figure 1) contributing to the progressive filling
of Dolomieu crater by accumulation of pahoehoe lava
flows. Total filling of Dolomieu crater was attained with the
August 2006 to January 2007 summit eruption [Michon
et al., 2007]. A major eruption, located 7 km east-southeast
of the summit along a 1 km eruptive fissure started on
2 April 2007 at 06:00 GMT [Staudacher et al., 2009].
Eruption intensity was very high, with lava fountains
reaching a height of 100 to 150 m. This eruption led to the
largest historical crater floor collapse observed at Piton de
la Fournaise. The collapse was first recognized in the after-
noon of 6 April. The initial collapse enlarged to about the
size of the preexisting Dolomicu structure (870 m wide in
north-south orientation and 1030 m long in east-west ori-
entation), and deepened to about 340 m [Urai et al., 2007].
Soufriére cavity was mostly destroyed by the collapse, and
now only half of it remains (Figure 2¢). The average slope
angle of the inner crater walls is now about 40°, but with
subvertical angles at certain locations, especially at the west-
northwest edge of the crater beneath the Bory crater and
former Soufriére cavity. Moreover, the edges of the crater
expose highly fractured intercalated lavas and thin pyr-
oclastics. According to Staudacher et al. [2009], the summit
of the Piton de la Fournaise deflated significantly after
Dolomieu collapse.

2.2. Qualitative Description of Rockfalls
and Source Mechanisms

[10] During the time period investigated, two distinct types
of rockfalls occurred. Before the 6 April 2007 collapse, the
majority of rockfalls were recorded near the Piton de
la Fournaise summit and occurred within the Soufriére
cavity. Afterward rockfall activity was essentially limited to
Dolomieu crater, because its inner walls were weakened
and highly unstable.

2.2.1. Free-Fall-Type Rockfalls in Soufriére Cavity

[11] The geometry of the Soufricre cavity suggests that
rockfalls there consist of two main phases in term of wave
generation: the mass detaches from the cavity edges, then,
after a free fall which may last approximately 4-5 s depending
on cavity depth, the mass impacts the floor.

2.2.2. Granular Flow in Dolomieu Crater

[12] Since the crater floor collapse of 6 April 2007,
numerous rockfalls have been detected by the seismic net-
work and are still frequently observed today. Field obser-
vation of the rockfall deposits indicates that the dominant
mechanism of mass wastage within Dolomieu crater is
granular flow (Figure 2c¢). The deposits are completely
unsorted and typically composed of material that ranges in
size from fine (micrometric) grains to meter-size blocks. The
deposit morphology suggests that the granular flows gener-
ally reach the bottom of the crater. Most of the flows result
from destabilization of fractured rocks near the upper edges
of the crater rim. From direct observation of several granular
flows during field campaigns, the duration of these events
is estimated to be several tens of seconds. The rockfalls
of Dolomieu crater can be explained by three successive
physical processes. The first is detachment of the mass from
the cliff. The detached mass then impacts the slopes of the
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inner crater wall after a short free fall and breaks up into
block-rich granular material. Finally, the mass of rock frag-
ments flows downslope over earlier deposits and comes to
rest at the crater floor. This last phase of the rockfall process
has the longest duration because of the lengths of the slopes,
which can reach 500 m. The question we address is whether
these different physical processes can be distinguished in the
seismic signals generated.

3. Observations

3.1.

[13] Seismic signals were studied from the continuous
data records relating to 1706 rockfalls registered from May
2007 to February 2008 at four short-period stations
(equipped with Lennartz L4C 1 Hz seismometers) of the
OVPF seismological network. The stations used were BOR,
DSR (later renamed to DSO), TCR, and FER (Figure 1).
Forty-six rockfalls that occurred before the crater floor col-
lapse, i.e., from February 2006 to January 2007, were also
studied. For this precollapse period, data recorded at SFR
station were also used. Rockfall signals are registered and
manually identified every day at the observatory. Signal
shape, duration and frequency content are used to discrimi-
nate rockfall seismic signal from others (Figure 3). A subset
of the rockfall seismic signal was selected according to two
criteria: (1) detection first at station BOR or DSR to ensure
that the event took place in Dolomieu crater, and (2) detec-
tion by all four stations.

[14] The distances from the center of the crater to stations
SFR, DSR, BOR, TCR, and FER are 300, 500, 800, 1800,
and 2100 m, respectively, taking into account the topogra-
phy. The distance between station SFR and Soufriere cavity
was less than 50 m. Changes in the network during the
period under study occurred when station SFR fell into
Dolomieu crater with the collapse of Soufriére cavity, and
station DSR, also threatened by the collapse, was moved 100
m back from the crater and renamed DSO. Consequently, it
was not possible to use station SFR data for the period fol-
lowing the crater floor collapse.

[15] The signal sampling frequency is 100 Hz. The entire
signal frequency power spectra was computed using the
classical fast Fourier transform and the autoregressive Yule-
Walker method [Leonard and Kennett, 1998]. Spectrograms
were computed using a short-time Fourier transform with
a moving 2.56 s (256 sample) window and an overlap of
95%. The combined observation of seismograms, frequency-
power spectra, and spectrograms made it possible to distin-
guish several classes of events: volcanotectonic earthquakes,
granular flow-type rockfalls and free-fall-type rockfalls
within the Soufriére cavity (Figure 3).

3.1.1. Volcanotectonic Earthquakes

[16] These events are generated by the fracturing of rock
induced by magma and gas movement within the volcano
[McNutt, 1996; Zobin, 2003]. The associated seismic signal
(Figure 3a) is characterized by an impulsive onset clearly
visible on the seismic signal and of relatively short duration,
i.e., generally less than 40 s. The spectrogram (Figure 3b)
has a specific shape with a sharp amplitude increase fol-
lowed by an exponential decay of the frequency content with
time. Volcanotectonic (VT) earthquakes are characterized by
a wide frequency band which can reach a maximal value of
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about 30 Hz which slightly decreases with distance between
the event and the station (Figure 3c). The frequency spec-
trum shows several peaks, and P and S waves can normally
be identified.
3.1.2. Rockfalls: Granular Flows

[17] Seismic signals generated by granular flows have been
observed since the 2007 crater collapse. The seismic signal
shows an emergent onset and a long duration ranging from
50 to more than 200 s. The duration is 120 s for the example
shown in Figure 3d. In general, no clear peak amplitude is
observed on the seismograms, and P and S waves cannot
be distinguished. This is probably due to the complexity of
the source mechanism and also to a dominance of surface
waves in the rockfall-generated seismic signal [Rousseau,
1999; Deparis et al., 2007]. The frequency band, as pre-
sented in Figure 3f, ranges from 2 to 10 Hz and is centered at
5 Hz, similar to the range observed for granular flows at
Merapi volcano [Ratdomopurbo and Poupinet, 2000] and
at Montserrat [Calder et al., 2002; Luckett et al., 2002].
Vilajosana et al. [2008] and Bessason et al. [2007] both
observed a higher frequency band for a rockfall-generated
seismic signal that reached 50 Hz, but the seismic stations
were located within 100 m of the seismic sources, whereas our
closest station, DSR(O), is 600 m from the crater center. The
impact of source-receiver distance on the observed frequency
bands is likely due to the intrinsic attenuation of high-
frequency signals [4ki and Richards, 1980] favored in our
case by the loosely compacted, course granular substrate
[Ferrazzini et al., 1991]. The spectrogram for granular flows
(Figure 3e) reveals a cigar shape, similar to the shape observed
by Surinach et al. [2005], which generally reflects a linear
frequency decay with time. These spectrogram features are
observed consistently at all stations recording granular flow.
Consequently, this specific spectrogram shape is probably
due to the source mechanism rather than the seismic wave
propagation path. No clear phases are seen in the seismic
signal, i.e., the three physical processes described earlier
cannot be distinguished on the seismograms. Nevertheless,
the geomorphology of the inner Dolomieu crater slopes and
the fact that seismic signal duration and observed granular
flow propagation time are very close suggests that most of
the seismic signal is generated by granular material flowing
along the crater slopes. Thus, as observed by Deparis et al.
[2007], the propagation of granular flow seems to be the
physical process that controls the signal duration. The frac-
turing of the mass after its free fall following detachment
from the cliff may contribute to seismic signal generation,
but this phase is not distinguishable in the seismic data.
3.1.3. Rockfalls: Free-Fall-Type Rockfalls Within
the Soufriére Cavity

[18] The seismic signal associated with free-fall-type
rockfalls (Figure 3g) has an impulsive onset and short dura-
tion, similar to the VT events. Figures 3h and 3i show that
the frequency band observed at distant stations (here TCR)
contains slightly higher frequencies than those observed for
granular flows, with a central frequency around 7 Hz. It also
exhibits much lower frequencies than those observed for VT
seismic signals. Nevertheless, high frequencies up to around
40 Hz are observed and appear less attenuated at station SFR
(Figures 3h and 31i). This station was very close (about 50 m)
to the Soufriére cavity, thus revealing the high attenuation
of high frequencies with propagation distance. The signals
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Figure 3. (a) Seismic signal, (b) spectrogram, and (c) fast Fourier transform (FFT) (blue) and AR (red)
frequency power spectrum for volcanotectonic earthquake; (d) seismic signal and picked times, (e) spec-
trogram, and (f) FFT (blue) and AR (red) frequency power spectrum for a granular flow; and (g) seismic
signal, (h) spectrogram, and (i) FFT (blue) and AR (red) frequency power spectrum for a free fall of rock

in Soufriére cavity.

recorded at station SFR have a characteristic shape, with a
lower-amplitude precursor. This precursor appears only on
signal recorded at SFR station because of the attenuation of
the higher frequency and the scattering of seismic waves.
The two parts of the signal could possibly be related to
the two physical processes described in section 2 for the
Soufriére cavity rockfalls; i.e., the first part of the signal
could be linked to the rebound of the edge from which the
falling mass became detached, and the second part could
result from the impact of the mass on the Soufriere cavity
floor. The time interval between the first and second parts
of the signal is about 4 s, which roughly corresponds to the
time of fall from the detachment zone to the Souftricre cavity
floor. This tends to support our interpretation. It is important
to note that the maximum amplitude of the signal for these
rockfalls is generated by the impact on the cavity floor and
not by the block’s detachment. Because maximum amplitude
is a common parameter used in studying rockfall-generated
seismic signals, it is critical to know which physical process
corresponds to the peak.

3.2. Seismic Energy and Signal Duration: Scaling Laws

[19] We investigated attributes of the seismic signals of
the rockfalls occurring after the 6 April 2007 crater floor

collapse that could help us deduce information on the granular
flow properties. We focused in particular on two parameters:
signal duration and seismic energy. The few field observa-
tions of rockfalls show that the duration of the seismic signal
corresponds mostly to the duration of the granular flow.
Moreover, duration is a very simple parameter to obtain
from seismic signals, and on the basis of existing literature,
it gives the best correlation with various rockfall character-
istics such as runout, volume and potential energy [Deparis
et al., 2007]. Rockfall duration may also provide signifi-
cant information on volcanic activity [Calder et al., 2005;
Zobin et al., 2008]. In this study we prefer to examine seis-
mic energy rather than peak amplitude because the latter
does not incorporate the complex dynamics of the granular
flow source. Furthermore, as discussed in section 3.1, peak
amplitude is difficult to determine from the seismic signal
generated by granular flows.

[20] The duration of each event was picked manually. The
emergent onset and the very slow decrease in amplitude of
these signals made it difficult to accurately pick the event
duration. To ensure a good pick onset and final times were
observed on several frequency bands and on the spectro-
grams. The onset time was picked when the amplitude
clearly emerges from the noise, and the spectrogram shows
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an energy increase in the frequency band superior to 2 Hz.
The final time was picked when the signal becomes indis-
tinguishable from the noise, and when the energy on the
spectrogram has reached the level observed prior to the onset
(Figures 3d and 3e). This picking method is fairly subjective,
and our results may not be very accurate, with errors that
may exceed 1 s. However, as rockfall seismic signals have
durations of tens of seconds, the relative error does not
greatly affect the durations extracted from the signals used in
this study. These errors will become more problematic if
precise rockfall locations are to be determined in the future.

[21] A first approximation of the energy dissipated in the
form of seismic surface waves, assuming an isotropic
homogeneous propagation medium and a point-force source
[Kanamori and Given, 1982; Eissler and Kanamori, 1987,
Dahlen, 1993], can be obtained using the relationship used
by Vilajosana et al. [2008] assuming that surface waves
dominate the seismic signals:

2]
Es = / 27rphe ue,,‘,(t)zemdt (1)

il

with

tten (1) = 7/ u(t)? + He(u(1))? )
where #; and #, are the picked onset and final times of the
seismic signal, respectively, r is the distance between the
event and the recording station, / is the thickness of the layer
through which surface waves propagate, p is the density of
the ground, ¢ is the phase velocity of the seismic waves,
U (t) is the amplitude envelope of the seismic signal (here
the ground velocity) obtained using the Hilbert transform
(Ht), and « is a damping factor that accounts for anelastic
attenuation of the waves [4Aki and Richards, 1980]. This
damping factor is frequency dependent and was computed as

fr
"= ()
We impose a frequency /=5 Hz, because this is the center of
the frequency band where most of the energy is observed for
granular flows (Figure 3f). On the basis of the typical phase
velocity for surface waves in volcanic areas [Ferrazzini
et al., 1991; Brenguier et al., 2007] and the significant
fracturing of the upper layers of the crater walls, we assume
a velocity of ¢ = 800 m/s and a quality factor accounting for
the attenuation of seismic wave Q = 50, which is within the
range of the values obtained by Koyanagi et al. [1992] for
Kilauea volcano. We assume a rock density of p = 2000 kg
m >, a classical value for volcanic rock. Because the events
could not be specifically located, » is assumed to be the
distance between the stations and the center of the crater.
The thickness # = 160 m was taken as one wavelength of
Rayleigh waves with a frequency peak of 5 Hz propagating
with the velocity chosen.

[22] Seismic energy (E,) was plotted as a function of the
seismic signal duration (z;) for each rockfall event from May
2007 to February 2008 in order to study the relationship
between these two quantities (Figure 4). The seismic energy
ranges from 10° to 107 J, covering 4 orders of magnitude.
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The duration varies from a minimum of 10 s to a maximum
of about 200 s.

[23] Least squares regression lines are fitted to the points
clouds for each month. The corresponding regression coef-
ficients 3, represent the slope of the regression line in the
log-log domain. They are plotted for each month and each
station in Figure 5a. The mean coefficients are plotted
in Figure 5b with their corresponding standard deviations.
R* and p values are plotted in Figures 5c and 5d, respec-
tively. The 3, coefficients have a value between 1 and 2 and
are reasonably stable over time. The mean value of the
coefficients over the four stations is 1.52. The corresponding
mean standard deviation is 0.48. Its minimum is reached in
August with a value of 0.1. The coefficient of determination
R? varies greatly from 0.1 to 0.7, corresponding to a very
poor to strong relationships between seismic signals duration
and seismic energy, respectively. Inherent variability caused
by the errors made in picking signal duration and the
approximations made in the energy computation have a
substantial impact on the coefficients J3,. Nevertheless, it
is important to note that the closer the regression coefficients
to B, = 2, the higher the R? coefficients. Also, R? coefficients
are higher for data observed at station DSR which is the
closest to Dolomieu crater. Hence, seismic waves recorded
at DSR are less prone to attenuation or scattering and may
better correlate with the source properties. The p values are
always less than 0.05. Thus it is possible to infer that a
relationship between E; and ¢ is likely to exist in the form of

E, = At (4)
where [ are the coefficients of the regression lines.

4. Interpretation From Granular Flow Models

[24] A scaling law has been found between seismic energy
and signal duration for the granular flows occurring in
Dolomieu crater. The question that had to be addressed
concerns the origin of such a relationship and whether it is
related to granular flow processes. We proposed an analysis
based on granular flow models and focused on the propa-
gation time and potential energy difference between the
initial and final state of the granular mass involved.

4.1. Analytical Solution on an Inclined Bed

[25] Our first analysis is not an exhaustive and exact
description of a realistic phenomena, but rather a simple way
to understand the interconnection of the quantities involved.
We examine the potential energy lost during a flow. Our
model has been developed on the basis of theoretical and
experimental work on granular material flowing over inclined
planes [Mangeney et al., 2000, 2010]. As shown previously,
most mass wastage events are dominated by the phase where
granular material flows down the slopes of the crater. Let
us consider the simple case of a 2-D dry granular flow down
along inclined plane of slope 6 generated by the sudden
release of a rectangular mass (Figure Ala). The seismic
energy is part of the global energy lost during the motion of
the granular mass from its initial to its final state. The energy
lost during the flow process is

AE = (Epf +ch) - (Epi +E”') ®)
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Figure 4. Seismic energy (£;) as a function of signal duration for the 1706 recorded granular flows. Best
fit regression lines and power law coefficients are given on each plot.

where E,, is the potential energy, E. is the kinetic energy, and ~ Therefore, the total energy dissipated during the flow is the
the subscripts i and f denote the initial and final states, potential energy lost:

respectively. As the mass has no initial velocity and is ulti-

mately at rest: AE, = mg(z6r — zci) (6)

Es—FE.—0 where zgrand zg; refer to the final and initial vertical positions
K “ of the mass center respectively and m is the mass and g is the
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Figure 5. (a) Regression coefficients of the lines fitting point clouds for each month at the four stations,
(b) mean regression coefficient per month, (c) R? values from the computation of the regression coeffi-
cients for each month at each of the four stations, and (d) log of the p values from the computation of
the regression coefficients for each month at each of the four stations.
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gravitational acceleration. The details of the analytical solu-
tions are presented in Appendix A. The resulting expression
of the difference of potential energy of a granular flow on a
flat slope is

— 1
AE, = mg [w + 3 (tan v cos § — sin O)ry
1 in ¢
—0—5 (tanacos(-) —0—%) ro} (7)

where A is the initial height of the mass (i.e., the thickness),
rp its initial length, 7, the final runout distance, o the average
angle of the final deposit and 6 the average slope angle (see
Figure Al in Appendix A). Bédrzsényi et al. [2008] and
Mangeney et al. [2010] have shown experimentally that the
average angle of the deposit with respect to the horizontal
plane for glass beads, i.e., 8 + «, is very close to the friction
angle 6 of the material involved. Assuming this also applies to
our case, we can express the following equation between the
friction angle 8, the slope angle 6, and the angle «:

b=a+0 (8)

Furthermore, Mangeney et al. [2010] have found empirically
that the propagation time of a granular flow # is a function

of hy:
[ kg 1
fr=2 gcosftan§ —tan 6’ ®)
thus,

hy = l}ﬁ [gcos 6(tan 6 — tan 6)° (10)
where the coefficient £ is equal to 0.5. This solution is derived
from experimental results and analytical results for granular
collapse over inclined bed. However in our specific context,
the granular flows generally reach the bottom of the crater and
stop there so that the run out is imposed by the position of the
crater floor (Figure Alb). In this case 7y is roughly constant
and set equal to L. Let us assume that L > hy and L > r( so
that the terms involving hy and ry are negligible. Typical
values for L are around 500 m while %, and r are of the order
tens of meters. Consequently, the 4, and ry terms account for
less than 10% of the value of the difference of potential
energy. As a result equation (7) becomes

AE, :mg<§(tanacos9—sin9)) (11)

[26] The initial mass m can be expressed as a function of
the initial parameters /4 and ry, the initial width of the mass
wo, and the density p:

m = phorowo

[27] Consequently, equation (11) becomes

L
AE, = phorowog(§ (tan av cos 6 — sin 6)) (12)
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[28] Combining equations (10) and (12), we obtain

L 2 /1
AE, =1 {% <§ (tan « cos O — sin 9)>

: (cos f(tan 6 — tan 0)2)} (13)

Therefore, the difference in potential energy varies as a
function of the stopping time of the granular flow:

E, = B(ro, wo)ty™ (14)
with exponent 3, = 2, which is slightly higher than that
observed from the seismic data. In an identical context (8, 6,
L, and p constant), parameter B is a function of only the
initial mass geometry parameters r, and wy. Because 7
and wy reach at most tens of meters, they should theoreti-
cally introduce a maximum dispersivity of the order of 107
on the computed potential energy. Despite the relative sim-
plicity of this analytical development, we do find a rela-
tionship (14) between potential energy and event duration
compatible with what is observed between seismic energy
and signal duration.

4.2. Numerical Modeling on Real Topography

[29] To investigate the existence of a relationship between
potential energy and event duration using a more realistic
approach, and to assess the role of local topography on the
scaling law, we carried out simulations of granular flows.
We used the SHALTOP numerical model that describes dry
granular flows over a complex 3-D topography [Bouchut
et al., 2003; Bouchut and Westdickenberg, 2004, Mangeney-
Castelnau et al., 2005; Mangeney et al., 2007]. This model
is based on a depth-averaged thin layer approximation (the
flow is assumed thin compared to its longitudinal extent) and
takes into account a Coulomb-type friction law. It describes
the change of flow thickness with time A(x, y, #) in the
direction normal to the topography and the depth-averaged
velocity of the flow u(x, y, f) along the topography z = b(x, )
where (x, y, z) are the coordinates in a Cartesian reference
frame. This model deals with the full tensor of terrain cur-
vature. SHALTOP has successfully reproduced experimental
granular flows [Mangeney-Castelnau et al., 2005; Mangeney
et al., 2007] and natural landslides [Lucas and Mangeney,
2007; Kuo et al., 2009; Mangold et al., 2010; Favreau
et al., 2010; Lucas et al., 2011]. Moreover, Favreau et al.
[2010] have shown that simulation of seismic waves gener-
ated by a landslide with SHALTOP coupled with a wave
propagation model can be used to calculate an appropriate
source function for the landslide. Because the main issue in
granular flow modeling is the lack of full understanding of
the mechanical behavior of a flow, we choose here the sim-
plest friction law p = tan 6, where ¢ is the friction angle
and p is the friction coefficient. This friction coefficient can
be considered a measure of the mean dissipation during flow
[Mangeney et al., 2010].

[30] The 2-D numerical simulations were run on three pro-
files extracted from a digital elevation model (DEM) con-
structed from photographs taken during a field program in
October 2009 [Hibert et al., 2010].The profiles were selected
from the area where, according to field observations, most
of the rockfalls occurred (see Figure 6 for their locations and
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Figure 6. (a) Profiles used for granular flow simulations, (b) slope angles of the corresponding profiles,

and (c) location of the profiles.

slope angles). The friction angle 6 was calibrated from
propagation times, i.e., § was adjusted so that simulated flow
durations were in the range of the observed seismic signal
durations. We used a value of 6 = 35°. This friction angle
value is approximately the slope of the granular flow
deposits observed in Dolomieu crater. Note that for flow
over an inclined bed, changes in ¢ affect coefficient B in
equation (14) but do not affect the exponent 3,,. Fifty simu-
lations were conducted on each profile, with randomly gen-
erated volumes ranging from 5 to 400 m® as suggested from
field observations. Indeed, most of the events seem to be in
that range although some events could have volumes of up to
around 10° m°.

[31] As shown in Figure 7, the initial mass geometry is, in
reality, released from rest on the topography (Figure 7a).
This mass spreads over the slope as a thin layer of granular
material flowing down to the crater floor to form a bulge
at the bottom of the slope while material is still flowing
from the departure zone (Figure 7b). All the material even-
tually stops at the bulge to form a deposit (Figure 7c).
Note that simulations using SHALTOP do not take into
account a possible material recharge of the granular flow
from erosion processes and/or successive collapses from the
departure zone. Consequently, real granular flow durations
may sometimes be longer than those simulated [Mangeney
et al., 2010].

[32] The difference in potential energy for each event was
calculated using SHALTOP. Ending state time was deter-
mined when significant changes no longer appeared in the
calculated potential energy. The results for each profile are
plotted in a log-log representation and each point cloud is
fitted by a least squares regression line (Figure 8). The dis-
persion of the potential energy values around the regression
line, cover 2 orders of magnitude as expected theoretically
from the dispersion of the geometrical properties of the mass
(ho, ro, and wy). The calculated regression coefticients 3, are
presented in Figure 8. The scaling law is similar to the one
computed from seismic energy. The 3, values are 1.70 for
profile P1, 1.36 for profile P2, and 1.88 for profile P3. The

coefficients of determination R* are 0.55, 0.52, and 0.58,
respectively. The p values are 4.9 x 107>, 2.6 x 107>, and
1.4 x 107>, respectively. The B, values are consistent
with the analytical solution 3, = 2 for granular flow over
an inclined bed. It seems that increasing the rugosity of
the topography tends to decrease values of the coefficients.
Although the differences found are relatively small, the
highest coefficient was for profile P3 which is the smoothest
profile and the lowest coefficient was for profile P2 which
has the roughest topography (Figure 6b). However, they
vary very slightly and more simulations have to be made
to study the linkage between the behavior of these coeffi-
cients and the topography rugosity.

5. Estimating Rockfall Volumes
From Seismic Signals

[33] We have seen that scaling laws relating energy and
time are similar whether obtained from an analysis of seis-
mic data or from simulations of granular flow. This point, in
addition to the observed fact that the duration of a rockfall
and that of the associated seismic signal are similar, suggests
that the seismic energy is somehow proportional to potential
energy lost during the rockfall event. Some authors have
quantified the proportion of potential energy dissipated in
the form of seismic energy for the case of rockfalls or
landslides. Deparis et al. [2007] found E/E, ratios ranging
from 1073 to 10~ for ten rockfalls recorded by a regional
seismological network in the Alps with volumes ranging
from 2 x 10° to 1.75 x 10° m®. They consider the large
variations in the ratio values to reflect the highly varied
geotechnical conditions of the different sites.

[34] A smaller rockfall (V = 70 m®) was studied by
Vilajosana et al. [2008]. In this case, the seismological
network formed by two stations was as close as a few tens of
meters to the source. The E/E), ratio was found to be 0.25.
The ratio values from these two studies are very different
and denote the strong influence of a site’s seismological
properties as well as of the type of rockfall. In our study,
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Figure 7. Position of granular mass at various times during a simulation: (a) initial position, (b) mass at

time ¢ = 20 s, and (¢) mass at time ¢ = 60.

both the nature of the rockfalls generated and the site geo-
logical conditions remain the same over the period studied.
5.1.

[35] To assess the EJ/E, ratios, the observed seismic
energy data are compared to the simulated potential energy

Seismic to Potential Energy Ratio

data. The observed and calculated point clouds are fitted by
least squares regression lines. Then, for each month and each
station, the difference between the simulated and observed
regression lines is minimized, thereby giving directly the E//E,,
ratio. The fitting process and results are shown in Figure 9
for October 2007, and the ratios are given in Table 1.
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[36] Table 1 shows that the ratios are roughly constant in
both time and space, with values ranging from 10~ to 107>.
The ratio values are of the order of those found by Deparis
et al. [2007]. It appears that ratios are the highest for
months with high mean seismic energy generated by rockfall
(May 2007 and February 2008 as presented in section 6).
The high-energy rockfalls that occurred during these months
may be able to transmit more energy in the form of seismic
waves. The high seismic energy values also impact on the
method by raising the mean of the seismic energy values and
therefore the position of the regression lines. Spatial dis-
parity is indicated by the lower mean ratio value at station
TCR, which is possibly explained by our seismic energy
computation assumption that the distance r traveled by the
seismic waves is the topographic distance between the center

of the crater and the station. The traveled path could how-
ever be much longer because seismic waves generated by
granular flows are dominated mainly by surface waves and
these could remain trapped in the highly fractured medium.
For example, the presence of the Bory crater on the path
followed by the seismic waves from the crater to station TCR
could explain why this effect is the strongest at station TCR.
Station FER appears to show a similar phenomenon, although
to a lesser extent, possibly because of the lack of a structure
like the Bory crater on the travel path from Dolomieu crater.

5.2. Volume Deduction

[37] Estimating rockfall volumes from the seismic signal is
a difficult task considering the complexity of the physical
processes involved and the number of parameters influencing
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Figure 9. Simulated potential energy and observed seismic energy as a function of flow duration and

corresponding best fit regression lines.
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Table 1. EJ/E, Ratios Computed From the Data Recorded at
Stations BOR, DSR, TCR, and FER

BOR DSR TCR FER
May 2007 826 x 107* 2.78 x 1073 3.15x 107* 1.27 x 1073
June 2007 599 x 107* 758 x 107* 1.76 x 107* 252 x 107*
July 2007 730 x 107* 1.19 x 107> 1.62 x 107* 3.11 x 10°*
August 2007 1.80 x 107* 3.44 x 107* 825 x 107° 231 x 107*
September 2007 3.29 x 107* 4.74 x 107* 9.16 x 107> 1.81 x 107*
October 2007 4.18 x 107* 526 x 107* 1.08 x 107* 1.99 x 10~*
November 2007 1.04 x 107* 2.13 x 107* 6.99 x 107> 2.16 x 10~*
December 2007 526 x 107* 8.06 x 107* 1.46 x 107* 2.75 x 10~*
January 2008  7.94 x 107* 8.62 x 107* 1.55 x 107* 1.80 x 10~*
February 2008  1.41 x 107> 2.00 x 107> 334 x 107* 588 x 10°*
Mean 591 x 107* 995 x 107* 1.64 x 107* 370 x 107*
Standard 3.83 x 107* 8.07 x 107* 9.21 x 107> 3.37 x 10~*

deviation

the seismic signal. A first attempt was made by Rousseau
[1999] who used the maximum amplitude of the seismic
signal to deduce the volumes of events occurring during the
1995 Mabhavel rockfall episode on Réunion Island. Here we
propose a different approach based on the energy ratios
computed in section 5.1. These are used to obtain an estimate
of the potential energy difference for each event and then to
calculate their volume from the approach presented above.
The seismic energy for each granular flow can thus be
expressed as a function of the potential energy difference:

(15)

with Ry, taken as the mean of the ratios for each station. Thus,
using equation (12) with V"= hgrow,, the volume of a granular
flow as a function of its seismic energy is assumed to be

E, = R,,,AE,

s/p

E,
v = > (16)

~ Ry/ppgL(tan a cos 0 — sin 0)

where the density p = ¢,p;, with p; = 2000 kg m >, equal to
the density of intact rock, and ¢, = 0.6 the volume fraction of
the solid material. Value of L = 500 m was chosen for the
approximate slope length. The value of the mean angle of the
slope & = 35° was chosen from the friction coefficient &
estimated through simulations. In a range of realistic values, a
variation of 6 of 1° results in a variation of less than 0.5% of
the total volume. Given that the flow is stopped by the floor of
the crater, the deposit along the slope is almost parallel to the
crater wall and consequently the mean angle « of the deposit
is quasi-null, i.e., a = 0.

[38] Figure 10 shows histograms of the computed volume
distribution with a volume discretization of 100 m>, and
Table 2 gives monthly extreme and mean volume values for
each station. The volumes range from 10 to 10* m*: 80% of
the events have a volume less than 1000 m>, 67% a volume
below 500 m® and 29% a volume below 100 m®. The aver-
age cumulative volume calculated using the four stations is
1.85 Mm® with a standard deviation of 0.28 Mm®. This
volume corresponds to a deposit which covers the crater floor
to a thickness of approximately 20 m. In comparison, the
volume of the 1995 Mahavel rockfall episode involved
10 Mm? [Rousseau, 1999]. The cumulative volume computed
using these methods seem to be fairly realistic considering the
highly fractured geological context of Dolomieu crater and
the time period studied (10 months).
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5.3. Validation: The 16 May 2007 Rockfall

[39] On 16 May 2007 at 05:20 local time (LT), a major
rockfall occurred in the southwest part of Dolomieu crater.
The event was recorded by the OVPF seismological network
and photographs taken before and after make it possible to
identify its source area (Figures 11a and 11b) and its initial
volume, which was estimated at about 5.8 x 10* m>. The
seismic energy of the rockfall, computed from the seismo-
grams recorded at station BOR, was 2.3 x 10® J. The
potential energy difference of this event, estimated from a
3-D simulation made with the SHALTOP model (Figures 11c
and 11d), is 2.4 x 10'! J. Consequently the EJ/AE, ratio is
9 x 10", This value is within the range of those determined
for the 1706 rockfall events analysis in section 5.1. The
computed volume using equation (16) for this event is 8.3 x
10* m®. The parameter values used for equation (16) were
those of section 6.2, except for the average slope angle 6 for
which we used 60 degrees to better account for the steepness
of the path taken by the fragments. The estimated volume
and computed volume are quite close, considering the pos-
sible errors in the estimation made from the photographs and
the choice of the average slope angle. This supports the use
of equation (16) for computing rockfall volumes in our
specific context and in the framework of the assumptions
made in sections 4 and 5. However the robustness of our
method and results can only be assessed through more
observations of further granular flows with a precise esti-
mation of their volumes and durations for comparison with
the associated seismic signals. Seismic source mechanisms
are another important aspect that needs to be addressed in
order to better understand the relationships between the
properties of rockfalls and their seismic signals.

6. Discussion: Temporal Variations of Rockfall
Activity in Dolomieu Crater

[40] In section 5, we established the link between seismic
energy and rockfall volumes. This section focuses on the
temporal variations of the observed seismic energy and sig-
nal duration related to rockfall activity over the period 1
May 2007 to 28 February 2008 and some possible inter-
pretations of the evolution of Dolomieu crater structure after
the 6 April 2007 crater floor collapse.

[41] Figure 12a shows that rockfall activity was not con-
stant within any month but rather concentrated in several
pulses, indicating a temporal clustering of these events. The
number of rockfalls in Dolomieu crater was highest just after
the collapse (Figure 12a) with 489 events identified in May,
and lowest in January 2008, with 55 events. A 30 day long
window was used to compute a moving average of the total
seismic energy, the mean seismic energy per event and mean
duration as a function of time.

[42] The mean duration of the rockfalls (Figure 12b)
exhibits a high variability and is hard to interpret. Signal
durations are longer at stations DSR and BOR. This may be
due to the difference of the seismic signal-to-noise ratio
(SNR) because of station distances from the events. The
SNR is better for stations BOR and DSR, which are closer to
the seismic sources, explaining why mean duration is higher
for these two stations. The maximum difference between the
mean durations at different stations occurred in July 2007
with a value of 3.7 s. The mean standard deviation of the
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Figure 10. Histograms of the volume distribution of rockfalls estimated from seismic signals at the four
seismic stations: (a) station BOR, (b) station DSR, (c) station TCR, and (d) station FER.

values of the average duration per month computed for the
four stations is 2.2 s.

[43] The highest-energy production related to rockfall
activity was observed in May 2007 just after the collapse
(Figure 12¢). By July 2007, the summed signal energy sta-
bilized after which an average of 110 events per month
occurred. On the basis of the mean value of the summed
energy for each of the four stations, the total energy pro-
duced by the detected rockfalls in May and June 2007 was
1 x 10° J, whereas the total energy produced for the whole
period studied was 1.25 x 10°. Thus 80% of the observed
energy released over the period of study was produced by
rockfalls that occurred within two months of the crater floor
collapse. If we limit the analysis to the May 2007 to
November 2007 period, this value become 89%. In compar-
ison, Staudacher et al. [2009] showed that 95% of the defla-
tion of the volcano following crater floor collapse occurred
by the end of June 2007, with an additional 5% between
July and November 2007. Consequently, there is indeed a
link between rockfall activity (volume and frequency of
occurrence) and the crater deformation during the post-
collapse period studied.

[44] The temporal trend in mean seismic energy per
rockfall event (Figure 12d) is similar to that of total seismic
energy produced by the rockfalls. However, the mean energy
per event increased after November 2007 and was particu-
larly high in February 2008. Réunion Island is subject to
intense bouts of rainfall, with the rainy season extending
from December to March and peak monthly precipitation in
February. Several authors have shown that rainfall can increase
the occurrence of rockfalls [Helmstetter and Garambois,
2010], trigger landslides [Guzzetti et al., 2007] or in a volca-
nic context, can favor lava dome collapse [Matthews et al.,
2002]. To investigate a possible relationship between rainfall
and rockfall occurrence, we compared the daily recorded
rainfall and daily seismic energy calculated from the rockfall
seismic signals at station DSR (Figure 13). The rainfall data
(only available since mid-June 2007) were recorded at a station
near the summit of the Piton de la Fournaise volcano.

[45] Isolated peaks of rockfall activity are probably spon-
taneous episodes provoked by the residual weakness of
the crater edges. Nevertheless, several rockfall episodes do
seem to be correlated to some peaks of rainfall (indicated
by arrows in Figure 13) although without any apparent

Table 2. Sum of the Computed Volume of Rockfalls per Month and Extreme Values®

BOR DSR TCR FER

z v Vmin Vmax Z V Vmin Vmax Z 4 Vmin Vmax Z v Vmin Vmax
May 2007 910,635 6 20,447 851,719 11 14,088 1,088,911 16 67,414 1,072,552 63 32,354
June 2007 525,715 5 22,922 235,273 4 10,756 423,552 11 44,838 162,017 12 9,378
July 2007 119,826 3 1,1219 95,054 1 8,742 61,466 10 15,528 53,784 26 4,739
August 2007 59,681 5 7,092 48,916 5 3,382 35,953 15 2420 43,595 11 2,012
September 2007 82,538 8 9,011 48,256 6 3,112 34,112 13 2023 28,358 18 1,800
October 2007 116,742 7 12,867 65,393 3 4,594 107,434 17 63,283 36,789 16 2,461
November 2007 62,052 2 9,180 65,773 1 4,843 56,587 7 5758 81,206 24 8,675
December 2007 91,814 18 15,017 92,398 20 9,544 71,080 23 23,115 46,037 21 3,945
January 2008 85,486 23 12,379 51,945 37 11,915 31,227 33 5311 14,314 25 1,282
February 2008 162,085 32 20,869 130,497 47 8,513 148,356 39 32,769 72,241 36 7,551

*Total volumes for BOR, DSR, TCR, and FER are 2,216,578, 1,685,228,

2,058,682, and 1,610,849, respectively. Units are cubic meters (m®).
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triggering threshold. Our analysis suggests that rainfall played
a major role in the initiation of intense rockfall activity
recorded in February 2008. In all but two cases (peaks
appearing at the ends of November 2007 and February 2008),
rockfall activity appears to start during a bout of heavy rain-
fall, mostly few hours after its beginning. This correlation
of rockfall activity with rainfall might be explained by the
extremely fractured nature of Dolomieu crater edges enabling
fast and intense water infiltration. However, no quantitative
correlation is found between rainfall intensity and the amount
of seismic energy produced; intense bouts of rainfall did not
systematically induce a period of high rockfall production.

[46] From all the information gathered we can build a
picture of the rockfall activity within the period studied.
Following crater floor collapse, crater deflation and highly
destabilized crater edges favored numerous rockfalls cover-
ing a broad energy band but dominated by high-energy
events and thus high volumes. Some short-duration events,
probably characterized by a more prominent free-fall phase
are also observed. This period of frequent rockfall activity
which we call the crater relaxation period, appears to have
ended by July 2007 when a stable level in both number of
events and energy production was reached. Starting around
December 2007 during the rainy season, rockfalls became
less frequent but far more energetic, possibly as a result of
environmental forcing on the metastable state of the crater
edges. Large rainfall-initiated events during this period may
have purged the unstable zones of the crater edges which
otherwise might have produced smaller but more numerous
rockfalls. However, the correlation between rainfall and
rockfall occurrence is not systematic. The temporal varia-
tions of the seismological properties of rockfalls suggest that
both crater deformation and rainfall affected rockfall activ-
ity. Determining a reference level for identifying rockfall
episodes due to extraordinary conditions is important for
assessing links between rockfall activity and volcano
deformation related to eruptive periods.

7. Conclusion

[47] An approach combining seismic signal processing
and numerical simulations of granular flows has been used
to characterize rockfalls affecting Dolomieu crater at Piton
de la Fournaise volcano. Seismic signal processing techni-
ques made it possible to distinguish rockfall signals from
other events recorded by the OVPF seismological network.
Moreover, these techniques proved useful to distinguish
granular flow from the free-fall rockfalls, and to identify the
predominant source mechanisms in the seismic signals. We
deduced that detachment of rock masses and their subse-
quent impact accounted for most of the seismic signals
generated by free-fall-type rockfalls, but that flow domi-
nated signals associated with granular flows.

Figure 11. (a) Photograph from the east side of the Dolo-
mieu crater showing the mass that detached on 16 May
2007; (b) close-up view of the mass from south of the Dolo-
mieu crater. (¢) The 3-D simulation of the rockfall at time ¢ =
20 s: the mass is spreading along the slope. (d) The 3-D sim-
ulation of the rockfall at time # = 60 s: the mass has formed
the final deposit.
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Figure 12. (a) Number of events per month (black) and per day (red), (b) mean duration of granular flow
seismic signal for stations BOR, DSR, TCR, and FER and global average values (black line), (¢) sum of
the seismic energy produced by granular flows per month and for stations BOR, DSR, TCR, and FER and
global average values (black line), and (d) mean seismic energy per event per month and for stations BOR,
DSR, TCR, and FER and global average values (black line).
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[48] The similar trends between the scaling laws that we
have found, relating seismic energy and potential energy to
duration, suggest a linkage between the seismic and poten-
tial energy involved in a given granular flow. The computed
ratio of seismic to potential energy indicates that the quan-
tity of energy dissipated in the form of seismic waves is a
small fraction (10~*) of the potential energy released. An

analytical approach based on theoretical and experimental
work on granular material flowing over inclined planes,
provided us with a way of assessing rockfall mass on a
physical basis and determining the volume of an event
from the seismic energy. These developments thus provide a
simple methodology based on physical modeling of rock-
falls to trace back their volumes from the associated seismic

7 Total energy observed per day and recorded rainfall
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Figure 13. Seismic energy (black) at DSR station and recorded rainfall (dashed red line).
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Figure Al. (a) Initial and final positions of a granular flow with a finite initial mass with a rectangular
shape released on a flat slope. Gi and Gf are the positions of the initial and the final mass centers, respec-
tively. Normal projection with respect to the slope of the horizontal distance between centers of mass and
the slope top are x; and x, for the initial and final states, respectively. Normal projection with respect to the
horizontal axis x of the horizontal distance between centers of mass and the slope top are x; and x, for the
initial and final states, respectively. Here z) + A/ is the height difference between the initial mass center
position (Gi) and the ending position (S) reached by the spreading mass, z + hg is the height difference
between the final mass center position (Gf) and the ending position (S) reached by the spreading mass,
and &; and h, are the heights with respect to the slope of the initial and final mass centers, respectively.
(b) The same case as in Figure Ala but with the mass halted by the topography.

signal. The methodology presented here may be used in
different geological context for a real-time volume estima-
tion of rockfalls. Moreover, a remote study of the rockfall
activity using this method can provide important statistical
data that may lead to a better hazards assessment.

[49] Our results reveal a temporal link between deflation
of the Piton de la Fournaise summit, following Dolomieu
crater floor collapse, and the rockfall activity. Further-
more, rainfall appears to have influenced the occurrence of
rockfalls, but we find no correlation between rainfall inten-
sity, rainfall amount, and generated seismic energy. This
demonstrates that the study of the rockfall activity may
provide interesting information on the evolution of large
destabilized structure, such as volcano crater, and could be
of interest in our case for further investigations of data pro-
vided during eruptive periods.

Appendix A: Detail of the Analytical Solution
for an Inclined Bed

[s0] Using the parameters defined in Figure Ala, the ini-
tial position of the granular mass center can be computed
as follows:

zgi = zo + M} (A1)

Because cos 6 = Z— and h; = }’2—0, we obtain
1

ho
= A2
2 cos 0 (42)
[51] Furthermore, sin 6 = LZTO =2 and x} = h; tan 0;
oy
hence,
. T
2o = sin e(L — 2 — hitan 9) (A3)
which leads to
h
zh =zp —sin @ (2—0 — Totan 0) (A4)

The altitude of the initial mass center position can be
obtained from equations (A1), (A2), and (A4):

h h
Zgi =20 — sin@(%o+70tan0> +2cc?s€ (AS5)
The final altitude of the mass center is given by
z6r =21 +2¢ (A6)
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Using cos 0 = z—g and the definition of the mass center of
g

. . . _ Rytana _ R_/’ :
a right-angled triangle, we obtain (z; = ~5—, x, = ) with
Rf: 7o+ I's SO
Ry tan
== A7
%~ 3 cos (A7)
infg=_3 - £l
Moreover, sin 6 = T = Lot 5O
Rr Ret
zp = sin&(L —?f _$ tanﬁ)
, sin
Zr =zo —TR/-(I + tan o tan 6) (A8)

Finally, from equations (A6), (A7), and (A8) the final alti-
tude of the mass center can be expressed as

Rysind Rrtan o

3cosf

ng =2ZzZy — (1 4+ tan o tan 0) —+ (A9)
[52] From equations (6), (AS5), and (A9) we can express
the difference of potential energy as follows:

_ —Rysinf Ry tan a
AEA,,mg{f(l—i—tanoztan&)—I—TOS(9
. ("o ho ho
0| —+ —tanf | — Al0
+sin (2+ 2 ) 2cosd (A10)
[53] Replacing R; we obtain
AE, = mgqry _Sine(lthan atan 0) + tana
» = MEVT| T 3 cosf
. _Sin0(1+tanoztan9)+ tan o +sin@
0 3cosd 2
. 2
sin“ 0 — 1
hy| —— All
* 0( 2cosf )} (All)
SO
—sinf tanasin®f tana
AE, = -
v mg{rf( 3 3cosd +3c0s9)
n —sin 6 tanasin29+ tan «v +sin9
o 3 3cosd 3cos b 2
h 0
_< 0C2°S )} (A12)

—sin 6

tan o /1 —sin’ 0
AL, =mg| 17 3 + 3 cos 0

i tanc (1 — sin® § +ﬂ B hg cos 0
0 3 cos 6 2

(A13)

The change in potential energy of a granular flow on a flat
slope can therefore be expressed as

— 1
AE, = mg {hofcos@ + 3 (tan o cos 6 — sin O)ry
+% <tanacos0+%9) ro} (A14)
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