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SUMMARY

In volcanic domains, magma transport and pressure build-up induce high stress—strain per-
turbations in the surrounding volcanic edifice that may lead to volcanic flank movements and
possible instability. In this study, we focus on the 2007 March—April episode of volcanic ac-
tivity at Piton de la Fournaise (PdF) Volcano, La Réunion Island. This episode was associated
with a large volume of emitted lava (240 x 10° m®) and a 340-m caldera collapse. We present
observations of continuous seismic velocity changes measured using cross-correlations of am-
bient seismic noise over 10 yr at PdF. Overall, we observe a large velocity reduction starting
a few days prior to the major 2007 April 2 eruption. Comparison of seismic velocity change
measurements with observations of deformation from InSAR and GPS shows that the seismic
velocity reduction coincided with a widespread flank movement starting at the time of injec-
tion of magma to feed an initial eruption, a few days before the 2007 April 2 eruption. We
emphasize the potential of noise-based seismic velocity change measurements, together with
geodetic observations, to detect and monitor possibly hazardous slope instabilities.

Key words: Interferometry; Satellite geodesy; Radar interferometry; Volcano seismology;

Volcano monitoring; Indian Ocean.

1 INTRODUCTION

Among the risks associated with volcanic activity, the destabiliza-
tion of volcanic edifices can have catastrophic consequences for
nearby populations. These are not only the direct effects of the large
volume of material that is mobilized in such events (Devoli et al.
2009), but also indirect effects such as the eruption of depressur-
ized magma chambers (Alidibirov & Dingwell 1996) and, in the
case of coastal and oceanic volcanoes, tsunami generation (Ward
& Day 2003). After the dramatic collapse of the northern flank of
Mount St Helens in 1980 May (Lipman & Mullineaux 1981) and
the discovery of large debris avalanche deposits in the Hawaii is-
land chain (Moore et al. 1989), increased attention has been paid
to edifice collapse events and the hazard they represent (McGuire
1996). Globally, these are estimated to have occurred on average
four times during each of the last five centuries (Siebert 1992) and
their deposits have been identified around volcanoes such as Mauna
Loa (Lipman et al. 1988), Mt Etna (Calvari et al. 1998; Pareschi
et al. 2006), Tenerife (Watts & Masson 1995), Socompa (Francis
et al. 1985), Mombacho (De Vries & Francis 1997) and La Réunion
Island (Labazuy 1996; Le Friant et al. 2011). Such volcanic flank
movements and possible destabilizations have been recognized as

being possibly triggered by magma injections (Walter ez al. 2005;
Famin & Michon 2010).

Recently, the analysis of ambient seismic noise has developed
into a promising tool for monitoring the deformation within the
Earth’s crust at depth. For example, ambient seismic noise cross-
correlations have been exploited to monitor both volcanic interiors
(Sens-Schonfelder & Wegler 2006; Brenguier et al. 2008b; Mor-
dret et al. 2010) and active fault zones (Wegler & Sens-Schonfelder
2007; Brenguier et al. 2008a). These works rely on both theoretical
and applied results, which show that the Green’s function between
two sensors can be reconstructed from the correlation of ambi-
ent seismic noise (Shapiro & Campillo 2004; Campillo 2006). This
property has also been extensively used to image the Earth’s interior
at a global (Nishida et al. 2009), regional (Shapiro ef al. 2005) and
local scale (Brenguier et al. 2007; Masterlark et al. 2010). In this
study, we use 10 yr of seismic noise records at Piton de la Fournaise
(PdF) Volcano and follow the approach of Brenguier et al. (2008b)
and Clarke et al. (2011) to measure continuous seismic velocity
changes from ambient noise. We focus in particular on the 2007
March—April episode, during which we observe a large reduction
in seismic velocity that has been previously reported by Brenguier
et al. (2008b) and Duputel ez al. (2009). The comparison between
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Figure 1. Maps showing the location of (a) La Réunion Island, (b) PdF volcano and (c) the short-period seismic stations used in this study (yellow squares).
The 2007 March 30 and April 2 eruptive fissures (in red) and lava flows (in brown) are also plotted (from Staudacher et al. 2009).

these continuous seismic velocity changes and surface deformation
observed using interferometric synthetic aperture radar (InSAR)
and global positioning system (GPS) measurements allows us to
infer that the 2007 March 30 dyke injection and the following lat-
eral magma migration preceding the 2007 April eruption probably
triggered and drove a widespread flank movement.

2 THE 2007 APRIL ERUPTION OF PdF

PdF (Fig. 1) is the youngest of three volcanoes that have contributed
to the construction of La Réunion Island over its five million yr
history and is likely the most recent manifestation of the man-
tle plume responsible for the formation of India’s Deccan traps
(Duncan et al. 1989). The 2632-m high basaltic shield volcano be-
came active around 0.5 Ma (Gillot & Nativel 1989) and has under-
gone at least 12 significant mass wasting events during its relatively
short history (Oehler et al. 2008; Le Friant et al. 2011), mostly on its
unbuttressed eastern and southern flanks. For example, the eastern
flank depression of the volcano is the scar of one of the most recent
of these landslides, which took place around 5000 yr ago (Oehler
et al. 2008).

Recently, PdF has been extremely active, erupting 34 times be-
tween 1998 and 2011 (Peltier e al. 2009a; Roult et al. 2012). These
eruptions are generally small effusive events that last a few days to
a few months. On 2007 April 2, however, a much larger eruption
occurred on the volcano’s southeastern flank, ejecting a volume of
over 240 x 10° m? of lava—10 times more than the typical eruptive
volume during the preceding decade (Bachelery ef al. 2010). The
2007 April 2 event was preceded by a smaller eruption, which lasted
only a few hours, on 2007 March 30. A few days later (2007 April

5), the summit crater collapsed by 340 m (Staudacher et al. 2009).
This 2007 April volcanic episode led to a remarkable change of
behaviour of the volcano (Peltier e al. 2010).

3 LONG-TERM SEISMIC VELOCITY
CHANGE MEASUREMENTS OVER 10 YR
AND THE ANOMALOUS 2007
MARCH-APRIL ERUPTIONS

We use 10 yr of seismic noise recorded by the PdF Volcano Observa-
tory short-period seismic network (Fig. 1¢) and follow the approach
of Brenguier et al. (2008b) to measure continuous seismic velocity
changes associated with the 2007 March—April episode. We use
reference cross-correlation functions that are obtained by cross-
correlating all available seismic noise records at different seismic
stations between 2000 and 2010 and compare them to current cross-
correlation functions that are obtained by cross-correlating a given
number of days of seismic noise at a time. Before correlation, ambi-
ent noise records are whitened in the frequency range 0.1-1 Hz, and
one-bit normalization is applied. We take into account only stations
for which continuous waveforms are available over the full 10-yr
period. This is to ensure that the observed seismic velocity fluctu-
ations are not due to changes in the network configuration. As in
Clarke et al. (2011) for each current function, we obtain a series of
time-shift (§#) measurements by comparison with reference correla-
tion functions using the Moving-Window Cross-Spectral technique
(Poupinet ef al. 1984; Ratdomopurbo & Poupinet 1995). Here, the
cross-correlations are divided into windows with central correlation
time 7. Within each window, §¢ is measured from the phase of the
cross-spectrum of the two cross-correlation functions. If we assume
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Figure 2. Delay times measured at stations BOR, DSR, FLR and TCR (a) before, (b) during and (c) after the 2007 March 30 and April 2 eruptions. Colours
indicate the mean coherence between current cross-correlations (5 d) and reference cross-correlations (2007 January 1 to 2007 March 29) and range between

0.8 (blue) and 1.0 (red). Dashed lines show 8¢/t for each station pair, while the solid line shows their average. Intercept times are removed prior to plotting.

that the current cross-correlation is perturbed by a homogeneous
seismic velocity change, then dv/v = —4§t/t, which we measure
using a linear regression of 8¢ and ¢ over all windows. This method
is illustrated in Fig. 2, which shows delay times from three dis-
tinct periods: before (Fig. 2a), during (Fig. 2b) and after (Fig. 2¢)
the eruptions of 2007 March and April. In this example, we use
5 d of ambient noise to compute current cross-correlation functions
for summit stations BOR, DSR, FLR and TCR. For each pair of
stations, §¢/t is estimated (dashed lines) along with an intercept
time. To obtain a spatially averaged value of é¢/¢, we take the mean
measurement (solid line) for all station pairs. In this example, 8¢/t
is less than 0.1 percent before the 2007 March 30 eruption, but
increases to 0.5 percent by the time of the collapse of the sum-
mit crater on 2007 April 5. This trend is interrupted by a period
of poorly constrained measurements during the crater collapse and
then resumes as the eruption continues. After this period, the delay
times are systematically perturbed and 8¢/ is increased to around
0.8 per cent.

Fig. 3 shows the relative seismic velocity reduction over 10 yr
averaged over all station pairs available across the PdF edifice.

Here, we use 30d of ambient noise to compute current cross-
correlation functions. There is a strong decrease in seismic velocity
(—0.6 per cent) that occurred in 2007 March—April. In contrast, typ-
ical pre-eruptive seismic velocity reductions observed at PdF are of
the order of 0.1 percent (Brenguier et al. 2008b). Those changes
are interpreted as being induced by the opening of cracks associ-
ated with the summit inflation during periods of unrest and dyke
intrusion. In the following, we will focus on the 2007 March—April
time period to better understand the origin of the velocity reduction
of 0.6 per cent.

4 DETECTION OF WIDESPREAD
FLANK MOVEMENT BY InSAR

Since mid-2003, regular InSAR monitoring of the activity of PdF
has been carried out by the Observatoire de Physique du Globe de
Clermont-Ferrand (Froger et al. 2004). The 2007 April eruption is
the first example of an eruptive crisis imaged simultaneously by
the C-band advanced synthetic aperture radar (ASAR) on board the
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Figure 3. Seismic velocity variations for the time period between 2000 and 2010 (velocity decrease is upwards). Measurements are from 30-d cross-correlations
and are smoothed using a 15-d sliding mean. Average velocity variations (thick black line) and standard deviations (thin black lines) are shown (top plot).
We also show the averaged correlation coefficient between current and reference cross-correlation functions measured for all available stations (bottom plot).
Vertical grey bars mark periods of eruptive activity and red dashed lines show the timing of intrusions.

020z 1snbny 20 uo 1sanb Aq Z8L¥¥9/2E L L/2/G6 L/elonie/lB/woo dno-olwepeoe)/:sdiy wou) papeojumoq



2n

_

£

=

<

on

B

=

T )

S

z E
=
<
&
0

364 368 372
Easting (km)

Figure 4. ASAR ascending interferogram spanning 35 d from 2007 March
26 to April 30. The phases have been draped on the shaded relief of PAF. A
complete cycle of phase (red—blue—yellow) represents an increase in range
of 2.8 cm between the ground surface and the satellite. The white arrow
indicates the Line of Sight (LOS). The inverted white triangle shows the
position of GPS station FERg.

European satellite ENVISAT and by the Phased Array L-band Syn-
thetic Aperture Radar (PALSAR) on board the Japanese satellite
ALOS. Three ASAR and two PALSAR interferograms spanning
the 2007 March—April period were produced using the two-pass
method described by Massonnet & Feigl (1998). The topographic
contribution to the interferograms was removed using a 25-m Digital
Elevation Model made in 1997 by the French Geographic Institute.
The interferograms were unwrapped using the Snaphu unwrapper
(Chen & Zebker 2000). As an example, the ASAR ascending in-
terferogram spanning 35d from 2007 March 26 to 2007 April 30
is shown in Fig. 4. The horizontal and vertical components of co-
eruptive displacements (EW and vertical) were inverted from the
unwrapped phases using the approach of Wright et al. (2004). On the
resulting displacement maps, three main signals are visible (Fig. 5):

7654

364 368 372

Figure 5. InSAR-derived co-eruptive (2007 March—April) displacements (metres) draped on the shaded relief of PdE. (a) E-W component, contour interval is
0.1 m. (b) Vertical component, contour interval is 0.1 m. The displacements were inverted using the approach from Wright et al. (2004) using two ascending
PALSAR interferograms, two ascending ASAR interferograms and one descending ASAR interferogram spanning the 2007 March 4—April 19, the 2007
February 20-May 23, the 2007 March 20—April 24, the 2007 March 26—April 30 and the 2007 March 18—April 22 periods, respectively.
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First, the entire western part of the central cone of PdF is af-
fected both by eastward and downward displacement, indicating
subsidence with a maximum of about 50 cm at the northwestern
rim of the summit crater. This subsidence is interpreted as a joint
effect of (1) the result of the fast draining of the shallow magma
reservoir during the 2007 April eruption, (2) the elastic response of
the edifice associated with the crater collapse itself and (3) the result
of the large and rapid depressurization of a hydrothermal system
within the central cone when the summit crater collapsed on 2007
April 5 (Michon et al. 2009; Peltier et al. 2009b; Staudacher et al.
2009).

Secondly, the displacement maps reveal a large inflation axis that
extends N-S for about 4km along the eastern part of the central
cone (Fig. 5b). The horizontal component indicates a total opening
of about 20 cm in the EW direction in the northern part of the axis
and up to 45cm in the EW direction in the southern part of the
axis (Fig. 5a). The vertical component exhibits a maximum uplift
of about 25 cm on the southeastern flank of the central cone. At its
southern end, the N-S axis divides in two parallel branches oriented
at azimuths of 150°. The easternmost branch coincides with the
location of the 2007 March 30 eruptive fissure, suggesting that the
whole N-S uplift was caused by the 2007 March 30 intrusion and
eruption.

Finally, the eastern flank of the volcano is marked by a large
displacement pattern. On the horizontal component map, the pat-
tern covers a roughly triangular area of about 4.5 by 4 km, indicating
eastward displacement with a maximum of 1.4 m. The vertical com-
ponent map shows a more complicated pattern, with subsidence of
the eastern flank of up to 33 cm, intersected in its central part by
uplift reaching 37 cm.

These observations suggest the superposition of a large-
wavelength downslope sliding of the entire eastern flank, except
its southern part, and a shorter wavelength uplift of its central part.
There is no clear evidence for large elastic deformation induced by
the 2007 April 2 dyke intrusion. The associated deformation might
be concealed by the flank motion. Thus, the observations made with
InSAR during the 2007 April eruption provide direct evidence of
a large seaward displacement affecting the eastern flank of PdF.
An uncertainty arises, however, from the fact that the co-eruptive
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Figure 6. Seismic velocity variations around the time of the 2007 April eruption (velocity decrease is upwards). Measurements are from 5-d cross-correlations.
Each velocity change measurement is plotted at the end of the 5-d averaging window. Blue, green, red and purple curves represent the averaged seismic velocity
variations over the eastern flank, the central cone, the whole network and the western area, respectively. Inset shows the areas used for seismic velocity variation

spatial averaging.

InSAR data integrate all the events that occurred during the March—
April period and, therefore, do not allow us to determine the time
history of the displacements measured in the eastern flank, nor to
understand their timing with respect to the eruptions on 2007 March
30 and April 2 and the collapse on 2007 April 5. In the following, we
will use continuous measurements of temporal changes in seismic
velocities and surface deformation to better constrain the timing of
this movement.

5 OBSERVATIONS OF SEISMIC
VELOCITY CHANGES DURING THE
2007 MARCH-APRIL EPISODE

To focus on the 2007 March—April episode, we plot the velocity
variations obtained using 5-d current correlation functions for the
period between 2007 March and June using the stations shown on
Fig. 6. By using a shorter current window (5 d), we improve the
temporal resolution of our measurements at the expense of their
quality (Larose et al. 2008). More stations are available during
this limited time period than for the entire 10 yr, allowing us to
improve the accuracy of the measured velocity variations. We thus
compensate for the loss in seismic velocity measurement quality by
adding more stations during the 2007 time period. By adding more
data and applying a refined processing as described in Clarke ef al.
(2011), we are able to obtain more reliable measurements than in
Brenguier et al. (2008b) for this time period.

Each velocity change measurement is plotted at the end of the 5-
d averaging window. We regionalize the observed relative velocity
variations over the surface of PdF. For each station pair, we assign
8v/vtoasetof 1 km? cells for which a 4+ b < d 4 2 km, where a and
b are the distances between the cell centre and each station, and d is
the interstation separation. We then average the associated values of
8v /v within each cell (Brenguier ef al. 2008b). Finally, we compute
the velocity variations averaged over different areas of the volcanic
edifice. Fig. 6 shows that the amplitude of velocity reduction is
highest within the eastern flank area (blue curve). Moreover, we
observe that the velocity reduction starts on 2007 March 30 and
reached its maximum level of —0.6 per cent on April 15, 16 d after
the first eruption. The strong fluctuations in seismic velocities during
the crater collapse are still not explained and may be partly due to
unreliable measurements. Also, because of a loss in coherence of
the cross-correlation functions during the 2007 April eruption and
to a low seismic station coverage of the eastern flank of the volcano,
the error of seismic velocity measurements for the eastern par of the

volcano (blue curve) is of the order of 0.2 per cent which is the order
of difference between seismic velocity changes for the eastern and
western part of the volcano. However, there is a constant difference
during the entire pre-eruptive and eruptive period of 2007 April
between the eastern and western velocity changes which we think is
a good marker for an overall higher velocity decrease of the eastern
flank of the volcano.

Previous studies have reported that the magma injection from the
central area towards the eastern flank and 2007 April 2 eruptive
fissure started at the time of the 2007 March 30 eruption (Peltier
et al. 2009b; Massin et al. 2011). The strong velocity decrease
starting on 2007 March 30 thus initiates at the same time as the
dyke injection feeding the 2007 March 30 eruption and as the lateral
magma injection towards the 2007 April 2 eruptive fissure. The
cumulative amount of velocity reduction prior to the 2007 April 2
eruption is —0.2 per cent. Seismic velocities continued to decrease
until 2007 April 15 and reached a level of —0.6 per cent. This may
be due to the slow movement of the eastern flank, but might also be
partly due to the collapse of the summit crater on 2007 April 5-7,
which strongly damaged the summit edifice area.

6 OBSERVATIONS OF GROUND
DISPLACEMENTS (GPS) DURING THE
2007 MARCH-APRIL EPISODE

Since 2004, ground deformation of the PdF edifice has been moni-
tored by a GPS network run by the PdF Volcano Observatory. The
main observations of GPS displacements associated with the 2007
April eruption and crater collapse have been described in Stau-
dacher et al. (2009) and Peltier et al. (2009b). Here, we focus on
the observation of markers of the studied movement of the eastern
flank. Figs 7 and 8 show the surface displacements measured using
permanent GPS receivers operating on PdF for the time period pre-
ceding the 2007 March 30 eruption and following the 2007 April
5-7 crater collapse. Relative baseline changes for the summit area
over a few years (including 2007) are shown in Fig. 7(a) and for
the 2007 March—April episode in Fig. 7(b). The baseline change
measurements are an indicator of summit deformation. Steps in the
baseline changes curve seen in Fig. 7(a) (e.g. 2007 February) corre-
spond to dyke injections. These observations show that the summit
experienced a 6-week inflation prior to the 2007 March—April erup-
tion, then a strong deflation that began at the time of the 2007 April
5 crater collapse. It can be clearly seen on Figs 7(a) and (b) that
no strong summit deformation occurs prior to the 2007 April 2
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Figure 7. Daily GPS baseline changes across the central part of PdF. (a) Relative change in per cent for baselines crossing the summit crater as shown on the
inset figure. Grey boxes show the time of eruptions. The red bar corresponds to the 2007 March 30 magma injection. (b) Relative baseline change in per cent

during the 2007 March—April volcanic episode.

eruption. There is therefore no strong summit deformation that
could explain the strong reduction of seismic velocity starting on
2007 March 30.

The white vectors on Fig. 8(a) show the displacements induced
by the dyke injection preceding the 2007 March 30 eruption. All
GPS stations except FERg show a displacement trend that can be
explained by the elastic response of the edifice to the 2007 March
30 intrusion and eruption. By contrast, station FERg, located on the
upper eastern flank, clearly shows a change in the displacement trend
following the 2007 March 30 dyke injection towards the southeast
that cannot be explained by the elastic response to the intrusion.
Fig. 8(b) also shows that this change in the displacement trend
started at the time of the 2007 March 30 dyke injection and that most
of this displacement occurred before the 2007 April 2 eruption.
This displacement towards the southeast reaches 0.15m on 2007
April 2, which is consistent with InNSAR deformation shown on
Fig. 5. We thus interpret this observed southeastern displacement
of the upper eastern flank as being associated with the widespread
flank movement detected by InSAR.

7 DISCUSSION AND CONCLUSIONS

Seismic velocity reduction measurements show that a strong
decrease in seismic velocity affected PdF during the volcanic
episode of 2007 March—April. InSAR deformation maps show that
widespread deformation of PdF’s eastern flank occurred during the
same time period. Refined measurements also show that the ob-
served strong reduction in seismic velocity is greatest on the PdF

eastern flank and that it started on 2007 March 30, a few days before
the 2007 April 2 eruption. Finally, GPS measurements show that
the uppermost eastern flank started moving to the southeast at the
time of the 2007 March 30 dyke injection and continued moving
until the beginning of the 2007 April 2 eruption.

We therefore propose that the sudden southeast displacement
of the uppermost eastern flank measured using GPS is a marker
for the beginning of the widespread flank movement imaged using
InSAR. We also propose that the unusually high seismic velocity
reduction starting on 2007 March 30 is induced by this widespread
flank movement. We believe that the widespread movement of the
eastern flank was triggered at the beginning of the lateral magma
migration preceding the 2007 April eruption.

From the InSAR maps, we can infer that the eastern flank ex-
perienced a widespread deformation of the order of 10~ strain
(volume increase). For such a large deformation, strong seismic
velocity decreases in rocks have been previously observed (e.g.
Johnson & Rasolofosaon 1996). Such a behaviour is referred as a
non-linear elastic regime when strain affects the rock elastic modu-
lus. Moreover, according to previous studies (Brenguier et al. 2007)
and considering the assumption that at frequencies between 0.1 and
1 Hz, the reconstructed correlation function coda waves are mainly
surface waves, we argue that the observed seismic velocity changes
are a depth average of velocity changes occurring from the surface
to about 3 km depth. As a consequence, if the strong velocity drop
is associated with a shallow flank movement (of a few hundreds of
metres thickness), the actual velocity change in that perturbed layer
should be around a few per cent, which is in agreement with Birch
(1966) and Johnson & Rasolofosaon (1996).
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Figure 8. GPS displacements during the March—April volcanic episode (one point every 1 hr). (a) Map of GPS displacements between 2007 March 30 and
April 5. The white vectors illustrate the cumulative displacements induced by the dyke injection preceding the 2007 March 30 eruption. Black dots represent
the GPS positions a few days before 2007 March 30. (b) East-west and north-south displacements at station FERg. These displacements increase eastwards

and northwards, respectively.

Finally, we believe that the widespread movement of the eastern
flank may partly control the lateral migration of magma over long
distances, and the occurrence of the 2007 April 2 eruption. Such a
feedback process has already been proposed by Owen et al. (2000)
and Cervelli et al. (2002) at Kilauea and Walter et al. (2005) at
Mount Etna. The release of stress induced by the flank movement
could have favoured the withdrawal of the large volume of magma
during the 2007 April 2 eruption. Moreover, the collapse of the
summit crater would result from this large withdrawal of magma
(Staudacher et al. 2009).

This study presents a new observation of continuous seismic ve-
locity change derived from ambient noise measurements. Overall, it
emphasizes the potential of this new method, together with geode-

tic observations, to detect and monitor possible hazardous slope
instabilities.
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