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Abstract we study the Piton de la Fournaise (PdF) volcano dynamics through the observation of continuous
seismic velocity changes from 2000 to 2013. We compute the cross correlations of ambient seismic noise
recorded at more than 30 short-period and broadband stations of the UnderVolc temporary seismic experiment
and of the PdF volcano observatory network. The velocity changes are estimated from the travel time delay
measured on the cross correlations computed between pairs of stations. We average the relative velocity
changes for all pairs of stations and obtain a time series of the velocity change of Piton de la Fournaise volcano
over 13 years. From the period 0.5 to 4 s, the depth sensitivity of the velocity change is ranging from approximately
100 m to 2500 m. A slow decrease of velocity is measured from 2000 and ends with a major eruption that
occurred in April 2007. This eruptive episode is followed by an increase of the velocity. These long-term changes
are compared to the deformation of the Piton de la Fournaise edifice estimated from geodetic measurements.
An analysis of baseline change between GPS stations indicates an inflation of the volcanic edifice prior to
April 2007 followed by a deflation since then. This deflation predominantly affects the terminal cone. Seismic
velocity changes and deformation have similar long-term trends with velocity decrease observed during inflation
and velocity increase during deflation. However, the velocity change magnitude is about 2 orders of magnitude
greater than the deformation. This suggests nonlinear relation between velocity changes and deformation.

1. Introduction

Piton de la Fournaise (PdF) is a basaltic shield volcano located on the eastern side of La Réunion Island, in the
Indian Ocean, 800 km east of Madagascar. La Réunion Island and especially the PdF volcano are the latest
manifestation of the mantle plume that generated India’s Deccan Traps during the Cretaceous [Duncan et al.,
1989]. PdF volcano is one of the most active volcanoes in the world with 58 eruptions since 1985 [Roult et al.,
2012; Peltier et al., 2009a]. Its active caldera, inside which the current terminal cone is built, is 2600 m high
and 10 km wide (Figure 1a). From a review of PdF volcano eruptions proposed by Vlastélic et al. [2009], the rate
of magma production seems to have increased during the twentieth century and is particularly high since 1998.
Eruptions are generally small effusive events that last a few days to a few months. However, much larger
eruption can occur like the one that happened between 2 April and 1 May 2007, ejecting a volume of over
240 % 10° m* of lava and during which the Dolomieu crater collapsed to form a new caldera at the summit
[Michon et al., 2007; Staudacher et al., 2009]. Since that time, the volcanic activity decreased [Roult et al., 2012].

Over the last decade, the increasing number of continuous seismometers and GPS operated by the Piton de
la Fournaise observatory has improved the quality of the continuous monitoring of the volcano activity.
Changes in the volcano activity produce changes in the mechanical properties of the medium that result in
deformation and variations of the seismic wave velocity. Geodetic methods provide a measure of the
displacements at the surface and are therefore strongly affected by local and shallow perturbations such as
eruptions. Seismic wave velocity changes offer complementary information because seismic waves are
sensitive to small perturbations of mechanical properties at depth within the volcano.

Measuring seismic velocity changes has been successfully applied in various areas of seismology and helped
better constrain the dynamics of fast evolving geological objects such as active faults [Wegler and
Sens-Schénfelder, 2007; Brenguier et al., 2008b; Chen et al., 2010; Hobiger et al., 2012], subduction zones [Rivet
etal., 2011,2014], volcanoes [Haney et al., 2009; Duputel et al., 2009; Mordret et al., 2010; Brenguier et al., 2008a,
2011; Sens-Schonfelder et al., 2014], and landslides [Mainsant et al., 2012]. Continuous monitoring of the
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Figure 1. (a) Map of La Réunion Island with the location of the Piton de la Fournaise (PdF) volcano indicated by the square. Maps of the PdF seismic network (blue
triangles) and GPS network (green circle) used to measure, respectively, seismic velocity changes and relative baseline change time series during the time periods (b)
1999-2009, (c) 2009-2011, and (d) 2011-2013. Red triangles indicate positions of UV04 and UVO08 stations during UnderVolc experiment (Figure 1c) and positions of
GPS and CSS stations after the experiment (Figure 1d). These stations are an example of stations used to merge the velocity change time series.

velocity is achieved through the use of seismic ambient noise. The impulsive responses of the media, the
Green'’s functions, are recovered from the cross correlations of random seismic wavefields such as seismic
noise [Shapiro and Campillo, 2004; Campillo, 2006]. From the monitoring of the reconstructed seismic wave
travel times, we recover the relative seismic velocity changes in the area of interest [e.g., Clarke et al., 2011].

In volcanic context, the time evolution of the seismic velocity changes is related to the eruptive dynamics of the
volcano. Duputel et al. [2009] identified that velocity drops occurred during summit inflations, whereas velocity
increased during deflations. These velocity variations are interpreted to be related to the preeruptive stress
buildup within the reservoir that dilates the edifice and opens cracks. Continuous measurements of velocity
changes are therefore generally used to retrieve information about the strain time evolution [e.g., Brenguier
et al., 20083, 2011] and its spatial distribution [Obermann et al., 2013; Sens-Schonfelder et al,, 2014]. However,
other phenomena can affect seismic velocity such as seasonal variations of possibly air pressure or temperature
and rainfalls producing short-term velocity changes that are sometimes of the same magnitude as perturbation
produced by the volcano activity [Sens-Schénfelder and Wegler, 2006]. Also, volcanoes exhibit flank instabilities
and can result in decreases of the seismic velocity [Clarke et al., 2013].

Many of these studies mentioned above were performed on PdF volcano, making this volcano one of the
most studied using seismic noise correlation monitoring. Brenguier et al. [2008a] analyzed 18 months (July
1999 to December 2000) of continuous seismic records from PdF volcano observatory. For the first time, the
authors observed seismic velocity changes associated with volcanic activity, with velocity reductions of about
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0.1% before eruptions, superimposed on long-term variations. Duputel et al. [2009] analyzed 13 months (May
2006 to June 2007) that cover 3 eruptions and compared seismic velocity changes to deformation recorded by
GPS. Applying a regionalization, they found that the strongest velocity variations concentrated in the summit
area of PdF. Brenguier et al. [2011] showed velocity decreases not associated with eruptions interpreted to be
related to intrusion that does not evolve into eruptions. Clarke et al. [2013] provided a 10 year time series of
seismic velocity changes that highlighted that the velocity change produced by the March—April 2007 eruption
is about 6 times larger than for previous eruptions. Recently, Sens-Schénfelder et al. [2014] using 2 years of
continuous records (2010 and 2011) observed a long-term velocity increase of about 0.25% per year. In addition
to this long-term trend and preeruptive seismic velocity decreases, the authors observed short-term velocity
increases during posteruptive periods of deflation associated with subsidence observed by GPS. In addition,
during the period investigated, they did not observe a dependence of the velocity change on the location of
the erupting fissures. The authors interpreted that seismic velocity changes would reflect the dynamics of a
shallow magma reservoir rather than the effect of the eruption at the surface.

In this study we measure the seismic velocity changes in the Piton de la Fournaise volcano using cross
correlations of ambient seismic noise recorded continuously between 2000 and 2013. Following the
approach of Brenguier et al.[2008a] and Clarke et al. [2013], we extend the time series from 2010 to mid-2013,
and using the dense UnderVolc network, we improve the time series from 2008 to 2010. With a time series of
more than 13 years, we observe long-term variations characterized by small-rate seismic velocity changes
that were not clearly observed and not discussed in previous works. We then compare these results with the
edifice deformation measured with GPS. Dense continuous GPS monitoring started only in 2004. The
comparison of seismic velocity variations with the edifice deformation during 9 years reveals the main trend
of the evolution of the PdF volcanic system characterized by the long-term volcano inflation prior to the
major 2007 eruption followed by the long-term deflation after 2008.

2. Seismic Data and Methods

2.1. Seismological Data

Because of the evolution of the network throughout the years, we separately processed the seismic velocity
changes for three time periods. The first period covers 1999-2009, the second 2009-2011, and the third
2011-2013 (Figure 1). Between 1999 and 2009, a total of 13 stations of the seismic volcano monitoring
network operated by the PdF volcano observatory were available. Eight stations were located outside the
caldera rime. Among these stations, 4 were located more than 7 km away from the volcano summit and were
therefore not considered. The 5 other stations were located on the summit and the cone of the PdF volcano;
however, only 3 were continuously recording during the whole period. Because most of the stations later
installed during the UnderVolc experiment are located within the caldera rime, the sensitivity to seismic
velocity changes is maximum below the PdF summit, whereas for the Observatoire Volcanologique du Piton
de la Fournaise (OVPF) network, the sensitivity is more spread out around the summit. Then keeping a
similar sensitivity over the 13 years we analyzed, we consider only the 3 stations located on the volcanic
summit and cone (Figure 1b). Starting in November 1999 and ending in October 2009, the first long-term
time series was measured from cross correlations of ambient seismic noise recorded by these three
short-period stations measuring the vertical component of the velocity.

After October 2009, we used continuous seismic records of seismometers provide by the UnderVolc temporary
experiment during which a high-resolution seismic network has been deployed on the PdF [Brenguier et al., 2012].
With this campaign, 15 broadband seismic stations were installed on the PdF volcano (Figure 1c) and operated

continuously from September 2009 to June 2011. In addition to the UnderVolc network, we used data recorded
by 4 permanent broadband stations installed and maintained by the PdF volcano observatory. After the end of
the UnderVolc experiment, most of these sites were reequipped with permanent broadband seismometers.

For the period following the UnderVolc campaign until May 2013, we use 19 broadband and 8 short-period
stations operated by the PdF volcano observatory (Figure 1d). The feasibility to measure seismic velocity change
at periods between 1 and 10's with short-period sensors has been demonstrated by Brenguier et al. [2008a].
Combining the results from different instrument types produces systematic bias in interstation cross
correlations. However, this bias is constant over time and therefore does not affect the relative phase shifts that
we measure on the noise cross correlations.
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Figure 2. Distribution of the mean delay times measured for all pairs of stations (a) during and (b) after the UnderVolc experiment. Both mean delay times are
computed relative to their reference correlation, which is the average of all correlations during the entire recording period. Colors indicate the mean coherence
between current cross correlations and reference cross correlations, and error bars represent the mean error in the linear regression of the phase in the frequency
domain to estimate delay times [Poupinet et al., 1984].

2.2. Seismic Noise Processing and Cross Correlations

The procedure for seismic data processing and computing seismic noise cross correlations is described
thereafter. After high-pass filtering at 0.1 Hz, we eliminate portions of signals with amplitude greater than 10
times the standard deviation calculated for the day. We then apply spectral whitening. From 1999 to 2009,
the seismic ambient noise recorded at the three short-period stations is whitened in the frequency range of
0.1 to 1 Hz. During and after the UnderVolc experiment (2009-2013), ambient noise was whitened in a
slightly higher frequency range of 0.25 to 2 Hz to be able to measure seismic velocity change that has a better
sensitivity to shallow perturbations. Signals with amplitude greater than 3 times the standard deviation are
then discarded. Finally, we applied a one-bit normalization on the whitened noise records.

Correlations between all pairs of stations are computed from consecutive records of seismic noise of 1 day
length. These cross-correlation functions are calculated between vertical components retrieving mainly
Rayleigh waves. To improve the signal-to-noise ratio in the correlations, we stack several days. The number of
days we selected depends on the quality of noise records and the number of stations available in the
network. For the period 1999-2009 for which only three stations are used, correlations are measured over a
30 day time window, while for the period 2009-2013, we used an 8 day time window.

2.3. Seismic Velocity Change Measurements

For the three time periods, i.e., 1999-2009, 2009-2011, and 2011-2013, and for each station pairs, we define
reference cross correlation as the average of correlations during the entire time period. These references
represent the average state of the surrounding medium where the seismic waves propagate. We estimate the
seismic velocity change by measuring time delays between the current and the reference cross-correlation
functions. If we assume a homogeneous seismic velocity change in the crust affecting the current cross-
correlation, the relative difference in travel time gives the relative change in the seismic velocity: dv/v = —dt/t.
We measure the travel time delays between —40 and 40 s of correlation time on direct and coda waves.

For any couple of reference cross correlation and current cross-correlation functions, the time delay between
the two signals is measured using the multiple-window spectral analysis method originally proposed by
Poupinet et al. [1984], also called Doublet method [e.g., Brenguier et al., 2008a, 2008b]. The cross-correlations
are divided into a series of short-time overlapping windows with central correlation time t. Within each
window, apparent delay dt(t) is measured from the phase shift measurements and a cross spectrum analysis
of the two cross-correlation functions in the frequency domain. Seismic velocity change dv/v= —dt/t is then
determined using a linear regression of dt and t over all windows. Because we seek long-term variations
characterized by small-rate velocity changes, we need to reduce as much as possible fluctuations in the
seismic velocity change measure due to noise source variations for instance. A way of enhancing small but
coherent small-rate velocity changes is to average the relative velocity changes over all station pairs available
across the PdF volcano. Figure 2 gives examples of delay times measured during (Figure 2a) and after
(Figure 2b) the UnderVolc campaign.
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Figure 3. Travel time delay between the reference cross correlations computed during (UV04-UV08 station pair) and after
(GPS-CSS station pair) the UnderVolc campaign. UV04 and UV08 stations have been replaced by GPS and CSS at the end of
the campaign. Station locations are indicated by the red triangles in Figure 1. (a) Seismograms of the UV04-UV08 reference
cross correlation (blue) and GPS-CSS reference cross correlation (red). (b) Distribution of delay times measured between the
two reference cross correlations. Colors indicate the mean coherence between current cross correlations and reference
cross correlations.

We obtain a velocity change time series for each time period, i.e., 1999-2009, 2009-2011, and 2011-2013. To
merge the three time series, we compute the relative velocity changes between the reference cross-correlations of
station pairs that stayed at the same sites for two successive periods. Figure 3 shows an example of travel

time delay between the reference cross-correlations computed during (pair of stations named UV04 and UV08)
and after (pair of stations named GPS and CSS) the UnderVolc experiment. Station locations are shown in Figure 1.
UV04 and UV08 stations have been replaced by GPS and CSS exactly at the same sites at the end of the campaign.

3. Time Series of Seismic Velocity Changes From 2000 to 2013

We present the time series of seismic velocity changes from 2000 to 2013 (Figure 4a). The reliability of the velocity
change measurements is estimated from both the coherency measured between the reference and the 30 day or
8 day cross-correlation functions and from the statistical error of the linear regressions of dt(t) averaged for all
the correlations according to Clarke et al. [2011] (Figure 4b). It can be seen that measurement errors became
systematically smaller after 2009 when the number of stations used for measurements increased.
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Figure 4. (a) Relative seismic velocity change time series from 2000 to May 2013 (velocity decrease is upward) and (b) error
that represents the uncertainty of the linear slope estimation of dv/v. The gray bars mark the periods of eruptive activity.
The red bars indicate major eruptions with a volume of ejected material greater than 15 x 10°m?,
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Figure 5. Daily relative baseline changes between GPS stations located around the summit crater as shown in the map.

Before the major eruption of March—April 2007, we observe a period of high volcanic activity with 31
eruptions that produced preeruptive short-term drops of the velocity of about 0.1% or less. These drops are
generally followed by a recovery with an increase of the velocity. These variations are similar to the ones
observed and described by Brenguier et al. [2008a] from July 1999 to December 2000. However, these
variations are sometimes embedded in fluctuations of the seismic velocity. The most striking feature of the
time series is a strong decrease in seismic velocity (—0.7%) that occurred in March-April 2007. In a finer
analysis of the velocity change produced by the major eruption, Clarke et al. [2013] showed that the strong
velocity decrease started on 30 March 2007 at the time of the dyke injection of the 30 March 2007 eruption
and of the lateral magma injection toward the 2 April 2007 eruptive fissure. Then the velocity continued

to decrease until 15 April with the slow movement of the eastern flank and the collapse of the summit crater
on 5-7 April 2007. This large drop of velocity is followed by a recovery of the seismic velocity that lasted
about 6 months. After this major volcanic event, the eruptive activity decreases with only 6 small eruptions
since then. Besides the short-term seismic velocity changes related to eruptions, we observe a long-term
evolution of the velocity. The first-order long-term velocity changes show that the seismic velocity decreases
before the major eruption while it increases for the period following the eruption. Between 2000 and 2004,
the velocity change decreased at a rate of —0.1%yr™'. Then from 2004 to mid-2006, the velocity seems to
decrease at a smaller rate. After the March—April 2007 eruption and the posteruptive recovery that lasted
until the end of 2007, the velocity remained constant for approximately 1.5 years, from early 2008 to
mid-20009. Finally, after mid-2009, the velocity increased at a rate of 0.125% yr~'. The change of the long-term
velocity trend after the March-April 2007 eruption suggests a modification of the regime of the PdF
magmatic system with a reduction of the magmatic activity.

4. Deformation of the Piton de la Fournaise Volcano Using GPS Observations

Changes in the PdF dynamics produce seismic velocity variations and deformations of the volcanic edifice.
This deformation can be detected by geodetic methods from space (interferometric synthetic aperture radar
InSAR [e.g., Massonnet et al., 1995; Peltier et al., 2010a; Clarke et al., 2013]) and in the field, with the use of
tiltmeter, extensometer [Peltier et al., 2005, 2006], and GPS [e.g., Peltier et al., 2010b; Sens-Schénfelder et al.,
2014]). Here we use GPS baseline changes over time to estimate the long-term deformation of the Piton de la
Fournaise volcano. GPS data have been processed with the GAMIT/GLOBK software package, which takes
into consideration International GNSS Service (IGS) precise ephemeris, a stable support network of 20 IGS
stations around La Réunion Island, a tested parameterization of the troposphere, and models of ocean
loading, Earth, and Lunar tides.

Figure 5 shows relative baseline changes between GPS stations Al(t)//(t) for the summit area from 2000 to
2013. The main feature of these time series is the brutal shortening of baseline distances associated to the
March-April 2007 eruption and the Dolomieu crater collapse. Staudacher et al. [2009] and Peltier et al. [2009b]
and Staudacher and Peltier [2014] described this feature. Before the March—April 2007 eruption, baseline
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Figure 6. Tomography of the areal strain rate per year estimated during - ) .
Since the March-April 2007 eruption,

the intereruptive period between March 2011 and March 2012. (a)

Relative baseline change per year for all available GPS station pairs. (b) the PdF volcano is in deflation during all
Regionalized areal strain rate per year. The negative values indicate the intereruptive periods, suggesting a
areas in deflation. change in the volcanic regime [Peltier

et al., 2010b; Staudacher and Peltier,
2014]. In the following section, we focus on the intereruptive deformation, first, its spatial extension and then
its time evolution since 2004.

4.1. Tomography of the Intereruptive Deformation After the March-April 2007 Eruption

From GPS baseline time series at the volcano summit (Figure 5), we observed that since the March-April 2007
major eruption, the intereruptive periods are characterized by a deflation of the volcanic edifice. We analyze
the spatial extension of the deflation from all GPS baselines available on the PdF from March 2011 to March
2012, which is the longest period without eruptions. Figure 6a shows the intereruptive rates of the relative
baseline changes for all available station pairs. The shortening of baseline distances is maximal for station
pairs close to the volcanic cone.

To better estimate the spatial distribution of the deflation during the intereruptive period, we regionalized
the dilation per year. Assuming small deformation, the components of the strain tensor are defined as

1 aV,' an
= L4 1
=3 (ax,- * 6x;) M
where i and j stand for east and north and v is the displacement.

The deformation produced by the volcano is expected to be dominated by the dilation. We thus assume the
shear strain to be negligible in comparison to dilation. We expressed the areal strain as

0= Eji + 8/'] (2)

Areal strain evolves in the same way as dilation because of the free surface. For instance, when dilation is in
extension, areal strain is in extension too.

Besides, we assume the deformation to be isotropic; hence,

i =¢gj=¢ 3)
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We express ¢ =du/dl, du being the change of the unitary length dI. Thus, the areal strain is

. du
a_28_2w )

We identify the baseline changes for all available GPS pairs for March 2011 to March 2012. For a baseline p; of
length /,, between the GPS pair j, the relative baseline change can be expressed as
I, (t1) = Ip,(t0) Al

= 5
o) Ip(to) ©

The change in the baseline length Al is
0
Bl = [ du= J'piedl _Ip, i ©)

Thus, the relative baseline change is related to the areal strain through

Ny 1 d
pi lPi(tO)

Equation (7) is similar to travel time integral along a ray on which many seismic tomographic methods are
based. We therefore follow the approach of Barmin et al. [2001] that is based on ray theory with a Gaussian-
shaped lateral smoothing. We invert the relative change rate in the baseline length between GPS receivers for

the 2-D distribution of the isotropic areal strain rate in the medium. Because Al,, is a linear function of J, we

A(I‘r’f))/yr. Areal strain rate is discretized in a 22 x 35 Cartesian

@)

lPi (to) 2

define a model m=d/yr and the observations d =

[
grid, where each cell of 520 x 550m has a constant areal strain rate. With M being the number of cells in the
model and N the number of baseline path, m is an M-long vector containing areal strain rate for every cell j, and
dis an N-long vector with the relative baseline changes for every GPS pair i. We can write the forward problem
in the following tensor notation.

d=Gm (8)

with G as the forward operator representing the length of each baseline in each cell of the initial model
divided by the initial baseline length. G is an N x M matrix that can be written as
li

% =3% Ip,(to) ©

where Jj;is the length of the path i in the cell j. Using the Barmin et al's [2001] method, we estimate the areal
strain rate by minimizing a penalty function composed of data misfit, model smoothness, and magnitude of
perturbation, weighted by local path density.

Figure 6b presents the regionalization of the areal strain rate. The deflation concentrates at the volcanic
edifice and tends to disappear away from the volcano. Another feature is the widespread slight areal strain
rate of the eastern flank, which suggests that the large flank movement that initiates with the March-April
2007 eruption is still ongoing but with a much lower induced deformation 2 x 10’5/yr versus 10’4/yr in 2007
[Clarke et al., 2013; Staudacher and Peltier, 2014].

Following Barmin et al. [2001] and Mordret et al. [2013], we access the spatial resolution of the areal strain rate
map using the resolution matrix at all cells (Figure 7). Figures 7a and 7b present the spike test resolution input
and output, respectively, for a cell located at the volcano summit. Using the resolution matrices at every
location, we fit a circle to the respective resolution map that encloses 50% of the recovered amplitude and takes
its radius as estimation for the spatial resolution (Figure 7c). To estimate the lateral smearing of the inversion
result, we also compute the distance between the center of the circle that fits the resolution map and the center
of the input cell (Figure 7d). The spatial resolution shows that the region close to the PdF volcano summit and the
eastern flank is well resolved with a resolution smaller than 2 km and with a resolution shift inferior to 1 km.

4.2. Average GPS Time Series From 2004 to 2013

We also process the GPS deformation time series to compare with seismic velocity changes. As shown in the
previous section, relative baseline changes between GPS stations are related to the dilation of the volcano. To
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Figure 7. Spatial resolution of the inversion. Spike resolution at the PdF summit: (a) input and (b) output. (c) Spatial resolution map estimated from spike test analysis.
Spatial resolution shift from the input location (Figure 7c). The black triangles indicate the GPS stations.

compute the average time series of the relative baseline changes, we consider GPS stations that are affected by
the intereruptive deformation around the terminal cone identified on the regionalization of the areal strain
rate as shown in Figure 6b. The location of GPS stations is indicated in Figure 1. GPS is strongly sensitive to local
static displacements produced by dyke intrusions during eruptions. These displacements result in sudden and
permanent changes in the baseline time series. On the contrary, velocity changes have deeper sensitivity and are
proxies of the average stress within the volcanic edifice [Sens-Schénfelder et al., 2014]. Therefore, to compare
deformation measured from GPS with seismic velocity changes, we need to minimize coeruptive effects.

Volcanic eruptions and dyke intrusions produce large and sudden changes in the baselines that are very
different from changes during intervolcanic periods characterized by slow deformations of small amplitude.
Changes of the baseline p of length I, have two contributions: the high-amplitude short-term coeruptive and
low-amplitude long-term intereruptive displacements,

A/p(t) _ Al:ruptiVE(t) + Al?tereruptive(t). (10)

In the following paragraph, we want to focus particularly on the long-term intereruptive deformation
susceptible to be related to the observed long-term seismic velocity changes. The time derivative of the
baseline change for each intereruptive period is close to constant:

6,;;1tereruptIVE(t - const (1 1)

ot ’

while during eruptions, the time derivative has large amplitude with
5,;ruptive(t) N al;?tereruptive(t)

ot ot

(12)

We minimize high-amplitude displacements produced by volcanic eruptions by an analysis of the time
derivative of the baseline changes. We identify values in the derivative during eruptions that exceed 10 times
the standard deviation. We replace these utmost values by the mean of the derivative estimated on 20 days
before and 20 days after the eruption. We then obtain the intereruptive baseline change by integrating
the derivative after removing jumps caused by the eruptions. Figure 8 presents an example of baseline
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that exceed 10 times the standard deviation by the mean of the derivative estimated on 20 days before and
after the step.
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5. Discussion and Conclusion

Figure 9 presents the comparison between the seismic velocity change time series (Figure 9a) and the mean
relative baseline change on the PdF volcano (Figure 9b). Prior to the large March-April 2007 eruption, the
intereruptive baseline change is characterized by an inflation of about 6 x 10’3%/yr. This major eruption,
unlike the other eruptions that occurred during these 13 years, represents a drastic change in the
intereruptive deformation dynamics. The period following the March-April 2007 eruption is in deflation
except for periods before the eruptions of 2008, 2009, and 2010 characterized by small inflation that could
correspond to a slow filling of the magma plumbing system or dyke intrusions.

For the period preceding the March—April 2007 eruption with decreasing velocity, we could distinguish two
trends in the seismic velocity. First, the period before 2004 is characterized by decreasing velocity at a rate of
~—0.1%yr~". This long-term decrease of the velocity is accompanied by short-term variations associated
with eruptions or magmatic intrusions. Brenguier et al. [2012] showed that some short-term velocity

_1‘

o
o

AV/V%
o

o
2

0F : 4

I I I 1 I i I

I i I I I
2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 20
time

Relative baseline change %

I
12 2013

Figure 9. Comparison between seismic velocity changes and intereruptive relative baseline changes. (a) Seismic velocity
change time series from 2000 to May 2013 (velocity decrease is upward). (b) Mean relative baseline change in percent
for the intereruptive component of the deformation computed from all station pairs shown in Figure 8.
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decreases that were not associated with eruption occurred during episodes of elevated seismicity. These
velocity decreases were generally followed by an incomplete recovery of the velocity. The authors supposed
different origins for those velocity decreases such as intrusions of magma not accompanied by eruptive
activity or to pressure buildup associated with the replenishing of the magma reservoir. Second, from 2004 to
2007, the velocity seems to increase at a slower rate, while the dilation of the volcanic edifice was increasing.
Possible explanations of this phenomenon are either that cracks reached the maximum opening or that the
deep magma recharge terminated while the pressure increasing in the stored fluids produced dilation as
seen by GPS as the surface. However, because transient velocity changes have large amplitude in comparison
to the long-term variations, it is possible that the long-term velocity during the 2004-2007 continued
decreasing at the same rate as before but was hidden by strong transients.

In March-April 2007, a large decrease of the velocity occurred. Clarke et al. [2013] demonstrated that the large
movement of the eastern volcanic flank and volcanic edifice damaging resulted in this large velocity drop.
This episode was followed by a posteruptive recovery of the velocity until the end of 2008. After this recovery,
the velocity change seems to remain steady for a year. Finally, the period following the beginning of 2009 is
characterized by a long-term increase of the velocity that could be related to closing fissures and rock
compaction in the volcanic edifice as suggested by the localization of the increasing velocity episode in 2010
and 2011 [Sens-Schonfelder et al., 2014].

In addition to the seismic velocity change time series, we analyzed the temporal evolution of the
intereruptive deformation of the PdF volcano from GPS measurements. A continuous inflation is observed
prior to the March—April 2007 eruption followed by a deflation since then. The continuous summit inflation
could be produced by different mechanisms such as magma crystallization, degassing of the magma
stored in transitory reservoirs [Tait et al., 1989], and a slow continuous filling [Blake, 1981]. These mechanisms
could lead to decreasing velocity produced by tensile stress during enhanced pressurization in the volcanic
edifice creating fissures and changes in the elastic properties. On the other hand, the deflation that
concentrates around the PdF (Figure 6) could be a consequence of the destabilization due to the large
withdrawal of the magma reservoir [Peltier et al., 2010b]. Increasing velocity could be therefore related to
closing fissures and rock compaction.

Long-term seismic velocity change observations are coherent with GPS measurements (Figure 9), with a
decrease of seismic velocity prior to 2007 during inflation and followed by a decrease of the seismic velocity
during deflation. However, for the period preceding the March-April 2007 eruption, from 2004 to 2007,
increasing dilation is not associated with larger velocity decrease. A possible explanation could arise from
the difference of depth sensitivity between velocity changes and GPS; the latter is strongly sensitive to
shallow effects. Our observations confirm that at the time of the 2007 eruption, the PdF volcano was
affected by a major change in the functioning of the magma feeding system leading to a change in its
activity [Peltier et al., 2010b; Roult et al., 2012]. Contrary to the large March-April 2007 eruption, the
numerous eruptions that occurred during the 13 year time series did not modify the long-term trends of
increasing velocity.

Over the same period of time, seismic velocity variations are more than 1 order of magnitude stronger than
strain (1072 versus 10~%) with a strain sensitivity of seismic velocity change on the order of 102 Egle and
Bray [1976] showed that anharmonic effects (third-order elastic constant) in rail steel could predict the
measured velocity changes accurately. For the comparison in their experiments, the strain sensitivity of
velocity change for shear and longitudinal waves was all below 3. As discussed by Rivet et al. [2011, 2014],
the strong sensitivity of the seismic velocity to deformation cannot be explained by purely elastic
anharmonic effects. Similarly, Tsai [2011] showed that the expected wave speed variations produced by
hydrologic and/or thermoelastic variations using the elastic anharmonic effects account only for a small
fraction of the observed seismic velocity seasonal changes. The strong strain sensitivity of seismic velocity
changes implies important nonlinear behavior of the media. In laboratory experiments, deformation could
result in strong seismic velocity decreases in rocks [e.g., Johnson et al., 1996]. This is the so-called nonlinear
elastic regime when strain affects the rock elastic modulus. The nonlinear effects are usually observed for a
deformation greater than 10~ and become more important with decreased effective pressure (increased
pore pressure) in the media, which is likely the case for a volcanic edifice under pressure from the
magmatic system.
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This study presents continuous seismic velocity changes measured from 13 years of ambient noise records.
Overall, we show that long-term small velocity changes can be accurately measured. Seismic velocity
changes with their deeper sensitivity to changes in the elastic properties bring valuable, and complementary
to geodetic observations, information about the long-term dynamics of the volcano over several years.
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