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past and ongoing efforts for extracting accurate information of temporal changes of seismic velocities at volca-
noes continuously in time using records of ambient seismic noise. We will first introduce the general methodol-
ogy for retrieving accurate seismic velocity changes from seismic noise records and discuss the origin of seismic
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Volcano geophysical monitoring velocity temporal changes in rocks. We will then discuss in a second part how noise-based monitoring can im-
Volcano seismology prove our knowledge about magmatic activity at a long (years) to a short (days) time scale taking example
Seismic noise-based methods from Piton de la Fournaise volcano (La Réunion). We will also mention ongoing efforts for operational noise-

based seismic monitoring on volcanoes. Further, we will discuss perspectives for improving the spatial localiza-
tion of detected velocity changes at depth with a special focus on the use of dense seismic arrays. In the last part,
we will finally explore the complex response of volcanic regions to seismic shaking with an example from Japan
and show how imaging seismic velocity susceptibility allows characterizing the state of pressurized fluids in vol-
canic regions.
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1. Introduction

Volcanic eruptions are among the most dramatic manifestations of
Earth's activity. Geological, geophysical and geochemical studies pro-
vide accurate insights into where on Earth volcanic and tectonic activity
focuses and aim at characterizing the properties of systems that lead to
catastrophic events. As an example, on volcanic systems, low seismic
velocities and high Vp/Vs ratio delineate regions with magma and/or
rocks with pressurized gas-filled pores (Husen et al., 2004; Lees, 2007;
Jaxybulatov et al., 2014). These observations serve as inputs for models
of the long-term behavior of volcanic systems that help for example to
predict the frequency and magnitude of super-eruptions (Caricchi
et al,, 2014). Imaging tectonic and volcanic hazardous regions thus pro-
vides a background for understanding the origin of catastrophic events
(Koulakov, 2013). On the other hand improving hazard assessment re-
quires catching the temporal evolution of these active volcanic systems
at a mid- to short time scale (from years to hours).

In the volcanic domain, the transport of magma to the surface, which
ultimately may lead to eruptions, is caused by pressure buildup at depth
induced by the deep supply of magma and volcanic fluid pressurization
(Chang etal., 2007). This short-term (months to hours) magma pressur-
ization and transport through the brittle upper-crust and volcanic edi-
fice to surface before eruptions can be monitored through
deformation and seismicity observations to provide a useful indicator
for upcoming eruptions (Cayol et al., 2000; Taisne et al., 2011). Seismic
waves, through their velocity dependence to stress perturbations, can
also provide crucial information on the temporal evolution of the me-
chanical properties of volcanic edifices (Ratdomopurbo and Poupinet,
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1995; Gerst and Savage, 2004). Significant progress has been made in
4-D tomography (3D + time) based on picking P and S-wave arrival
times of earthquakes but the precision of such approaches is still of
the order of percents in temporal changes of seismic velocities and at
best months in terms of temporal resolution (Patané et al., 2006).
Such approaches will unlikely be able to reach the level of precision re-
quired to detect small stress changes at depth prior to eruptions (e.g.
kilo Pascal stress changes associated with daily to monthly velocity
changes of the order of 0.01%). On the other hand, a significant effort
in active source monitoring has led Japanese groups to develop a contin-
uously vibrating source (ACROSS, Ikuta et al., 2002) for the purpose of
monitoring active faults and volcanoes. Up to now no significant results
have been reported from this approach, which suffers from the very
sparse spatial sampling of the monitored areas.

The Earth is not static but permanently vibrating even when no
strong energetic sources of vibration occur (e.g. earthquakes or volcanic
eruptions). These background vibrations of amplitude of the order of
micro-meters of particle displacement arise from the interactions
between the solid Earth and its envelope at very long period of few
hundreds of seconds (seismic hum, Rhie and Romanowicz, 2004),
at periods around 10 s (microseisms, Kedar and Webb, 2005) and at
shorter periods below 1 s (e.g. effects of winds, Hillers and Ben-Zion,
2011). At high frequencies, seismic noise has also a strong anthropo-
genic origin (Hillers et al., 2014). In the following we will describe
how we can benefit from this perpetual motion of the vibrating
Earth's crust to monitor time-lapse changes of the mechanical prop-
erties of rocks in regions of active tectonic and volcanic activity (4-D
imaging).
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Fig. 1. Sketch representing the principle of seismic velocity change detection from travel time perturbations in the coda of noise correlation functions. (For interpretation of the references

to color in this figure, the reader is referred to the web version of this article.)



184 F. Brenguier et al. / Journal of Volcanology and Geothermal Research 321 (2016) 182-195

La Réunion island
T T

55°30'E

—

362 364 366

7656

7654

7652

7650

(wy) BuiypoN

7648

7646

7644

368 370 372 374 376 378
Easting (km)

Fig. 2. Location of a) La Réunion island, b) Piton de la Fournaise volcano (white rectangle) and c) the UnderVolc and Observatory seismic and GPS networks. UnderVolc broad-band seismic
stations are shown as inverted triangles, GPS as crosses and observatory short-period seismic stations as circles. The inset map shows lava flows from 2000 to 2010 (courtesy of OVPF, T.

Staudacher, Z. Servadio).

We will first introduce the general methodology for retrieving accu-
rate seismic velocity changes from seismic noise records and discuss the
origin of seismic velocity temporal changes in rocks. We will then dis-
cuss in a second part how noise-based monitoring can improve our
knowledge about magmatic activity at a long (years) to a short (days)
time scale taking examples from Piton de la Fournaise volcano (La Ré-
union). We will also mention ongoing efforts for operational noise-
based seismic monitoring on volcanoes. Further, we will discuss per-
spectives for improving the spatial localization of detected velocity
changes at depth with a special focus on the use of dense seismic arrays.
In the last part, we will finally explore the complex response of volcanic
regions to seismic shaking with an example from Japan and show how
imaging seismic velocity susceptibility allows characterizing the state
of pressurized fluids in volcanic regions.

2. Noise-based seismology

In a pioneering work, Aki (1957) described how the spatial correla-
tion of the ambient seismic noise recorded at different sensors could be
used to assess the seismic velocity field below the deployed array. He
was thus the first to propose the idea of extracting useful information
on the subsurface from an apparent stochastic noise seismic wavefield.
A breakthrough result came from Lobkis and Weaver (2001) who
showed that the correlation function of a diffuse acoustic field between
two sensors is proportional to the Green's function of the medium be-
tween these two sensors. This approach was further theoretically ex-
plored by Campillo (2006). In seismology the first convincing
realization of this idea was obtained by Campillo and Paul (2003) who
used the coda of earthquakes as a diffuse field to correlate for Green's
function reconstruction at a regional scale. Shapiro and Campillo
(2004) obtained similar results using ambient microseismic noise initi-
ating numerous applications of this approach for imaging the crust at a
regional scale (e.g. Shapiro et al., 2005) as well as volcanoes (Brenguier
et al., 2007). These results revolutionized seismological studies that
were essentially based on the analysis of discrete in time earthquake re-
cords. Our ability to extract useful information from ambient seismic

noise arose at the same time as the discovery of nonvolcanic tremors
and slow earthquakes and led seismologists to consider continuous
seismic records with great interest. Now, almost every seismic network
in the world records data continuously in time allowing for future
discoveries.

Taking advantage of continuous seismic records, Sens-Schonfelder
and Wegler (2006) were the first to propose the consideration of
daily cross-correlations of noise as repetitive in time Green's func-
tions, which can be used to assess seismic velocity temporal changes.
The breakthrough result was that, using continuous time series of
ambient noise, it is possible to continuously measure time-lapse
changes of the subsurface mechanical properties. This approach
thus allows circumventing the traditional sparse temporal resolution
of monitoring observations based on repeating seismic events
(Poupinet et al., 1984).

In order to measure accurate seismic velocity changes, Sens-
Schonfelder and Wegler (2006) proposed to apply an approach de-
scribed initially by Poupinet et al. (1984) and later referred to as coda
wave interferometry (Snieder et al., 2002; Snieder and Hagerty, 2004;
Grét et al., 2005; Wegler et al., 2006). The principle is summarized in
Fig. 1. The top right seismogram represents the symmetric causal and
acausal Green's functions reconstructed from noise correlation. The
top left figure represents the travel paths of late coda arrivals that orig-
inate from scattering in the complex medium. If the medium experi-
ences a stress perturbation that results in an homogeneous, isotropic
seismic velocity decrease (*/ ) of compressional and shear waves
(lower part of the figure), then the travel time perturbations of the di-
rect and coda arrivals (67, see red seismogram) in reference to the nor-
mal state are linearly proportional to their travel times (7). Moreover,
the relative travel time perturbation (°"/_) is equal to the opposite of
the medium relative seismic velocity change between the normal and
the perturbed state (" /= —®/ ) for small 6v. By measuring travel
time perturbations along the coda of the noise correlation functions, it
is thus possible to assess the relative velocity change in the medium
(Sens-Schonfelder and Wegler, 2006; Brenguier et al., 2008a;
Brenguier et al., 2008b).
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Fig. 3. Cumulative emitted lava volumes since the 1998 eruption.

One of the most important limitations of noise-based monitoring is
that it requires stable sources in time. Hadziioannou et al. (2009) stud-
ied in a laboratory experiment the relation between the amount of sta-
ble sources and the errors on monitored seismic velocity changes in a
rock sample. From a theoretical point of view, Weaver et al. (2011)
and Colombi et al. (2014) proposed a formulation to estimate the uncer-
tainty of passively derived velocity changes taking into account changes
in the noise source properties. Clarke et al. (2011) proposed a numerical
study to assess the accuracy of velocity change estimates from noise cor-
relations proposing a relation between the resolution of velocity
changes and the signal-to-noise ratio of the noise cross-correlations.
Sources of the background seismic signals on active volcanoes might
change in time. During quiet periods, the continuous seismic records
are dominated by the ambient seismic noise, as elsewhere. During the
periods of the increased activity, the volcanoes can themselves become
sources of strong seismic tremors. These tremors might significantly
modify the content of the inter-station cross-correlations (Ballmer
et al,, 2013; Droznin et al., 2015). Therefore, the stability of the cross-
correlations needs to be checked with a particular attention when

1 1 l 1
2004 2006 2008 2010 2012
years

Each triangle represents the occurrence of a volcanic eruption of PdF.

monitoring active volcanoes. Here, we see that the accuracy of velocity
change estimates from noise correlations is hampered by the actual co-
herence between consecutive correlations. Different authors proposed
approaches to increase the coherence between a set of correlation func-
tions. Among those, Baig et al. (2009) were able to improve by a factor of
2 the precision of velocity change measurements on Piton de la
Fournaise volcano using a phase coherence filter (Schimmel and
Gallart, 2007) of noise correlations allowing for a precise detection of
precursory velocity changes to eruptions.

Overall, it is important to point out from previous works that the ac-
curacy of seismic velocity temporal change measurements from noise
correlations can reach 10~ which means for example detecting a ve-
locity change of 0.02 m/s over a medium of average velocity 2000 m/s.
This very high level of accuracy is similar to the one obtained with active
repeating sources (Yamamura et al., 2003 ). However, passive monitor-
ing is currently less accurate to locate changes in space compared to ac-
tive source monitoring because it relies on coda-wave interferometry
rather than on direct body-waves (see the perspective section on
Localization).
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Fig. 4. Seismic velocity changes averaged over the edifice from surface to a few kilometer depth (top) and GPS-derived baseline change averaged over the central part of the edifice and
corrected for the co-eruptive displacement due to dyke emplacement (bottom, see Rivet et al. (2014) for details). Eruptive periods are marked as gray boxes.



186 F. Brenguier et al. / Journal of Volcanology and Geothermal Research 321 (2016) 182-195
-0.10
Precursor
005 STV \
| /
3 i | M
< Cyclones
0.05
040 | Volcanic eruplio‘ns
! N
0.2 i ——

8

o Seismic activity

°

&

3 01

g

=

E

2

0 | | -l 1 1 A Ll |\
50 100 150 200 250 300 350 400 450 500 550
July 1999 Days December 2000

Fig. 5. Seismic velocity reductions preceding eruptions on PdF volcano versus seismic energy which is computed as the daily averaged RMS value of continuous seismic signals recorded at
PdF. Green boxes show the periods of eruptions (Brenguier et al., 2008a). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)

3. The seismic velocity dependence to stress and damage changes

The ordinary theory of elasticity is limited to infinitesimal deforma-
tion of perfectly elastic solids where strain is linearly proportional to
stress and seismic velocities are not dependant on stress. It has been ob-
served for decades that the seismic velocities of rocks increase with in-
creasing confining pressure (Birch, 1966). This behavior of solids has
been described in detail from a theoretical elasticity model of finite de-
formation (Hughes and Kelly, 1953; Egle and Bray, 1976). The stress de-
pendence of elastic moduli of rocks has also been investigated in the
light of poro-elastic theory (O'Connell and Budiansky, 1974) which re-
lates seismic velocity changes to crack density, fluid saturation and
fluid pore-pressure (Shapiro, 2003). The terms of nonlinear elasticity
and slow dynamics refer to complex behavior of rocks when submitted
to subtle stress—strain changes. These behaviors include nonlinear
stress—strain relations, hysteresis and delayed relaxation (Johnson and
Rasolofosaon, 1996; Johnson and Jia, 2005). Non-linear damage rheol-
ogy models have been developed to account for such behaviors
(Lyakhovsky et al., 2009).

One of the most convincing in situ observations of rock seismic ve-
locity dependence to stress changes has been obtained underground
by Yamamura et al. (2003) who studied seismic velocity dependence
to strain induced by oceanic and solid tides in a vault. The authors
were able to perform very precise and repetitive measurements of seis-
mic velocity changes induced by tidal compression and dilation using
active sources and were able to assess a velocity-stress sensitivity
value of 5.10~7 Pa~ . The velocity-stress sensitivity also referred as
elastic piezosensitivity or seismic velocity susceptibility to transient
stress perturbations corresponds to the ratio between relative velocity
change and applied stress perturbation (%). The velocity-stress sensi-
tivity is known to be strong at shallow depths (Birch, 1966) and can
be significantly increased in rocks characterized by high fluid pore-
pressure (low effective pressure, Shapiro, 2003). It can be interpreted
as a marker for rock compliance. Monitoring this parameter might be
useful for the detection of earthquake nucleation stages (Johnston
et al., 2006). Seismic velocity reductions linked to increased pore-
pressure induced by the drainage of meteoritic water have also been
clearly observed by Hillers et al. (2014). Tsai (2011) proposed a compre-
hensive model to explain seasonal seismic velocity variations observed

by Meier et al. (2010) taking into account thermoelastic stress (Ben-
Zion and Leary, 1986), poroelastic stress and loading induced by mete-
oritic water. On volcanoes we expect that seismic velocities can be af-
fected by changes in stress associated with magma pressurization and
transport. Seismic velocities can also be affected by damage of the volca-
nic edifice associated with volcanic fluid transport and seismicity
(Shalev and Lyakhovsky, 2013; Carrier et al., 2015).

4.4-D probing of volcanoes: the case of Piton de la Fournaise volcano

Piton de la Fournaise (PdF) volcano is a hot spot, shield volcano lo-
cated on La Réunion island in the Indian ocean (Fig. 2). It erupted

7654

7650

364

Fig. 6. Eastward horizontal displacement in meters averaged over a period including the
April 2007 eruption and crater collapse as observed by InSAR (courtesy of ].L. Froger). Y-
axis is Northing ad X-axis is Easting in km.
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Fig. 7. Seismic velocity changes associated with the April 2007 eruption (Clarke et al., 2013).

more than 30 times between 2000 and 2010. These eruptions lasted
from a few hours to a few months and were associated with the emis-
sion of mainly basaltic lava with volume ranging from less than one to
several tens of million cubic meters (Peltier et al., 2009; Fig. 3). During
these last years, 2 major eruptions occurred, namely the March 1998
eruption (60 million cm® of lava emitted) and the April 2007 eruption
associated with the 300 m high collapse of the main Dolomieu crater
and the emission of 130 million cm?® of lava (Staudacher et al., 2009).

Piton de la Fournaise volcano has been monitored since 1979 by the
OVPF/IPGP volcano observatory. In 2009, in the framework of the
UnderVolc project (Brenguier et al., 2012), 15 new broad-band seismic
stations complemented the observatory seismic network that was com-
posed of about 20 essentially short-period seismic stations. The intense
eruptive activity together with a weak tectonic activity makes Piton de
la Fournaise volcano a laboratory volcano well suited for studies focused
on the processes of magma pressurization and injection, and for the de-
velopment of innovative imaging and monitoring methods.

4.1. The long-term behavior of Piton de la Fournaise volcano inferred from
noise-based seismic monitoring

As commonly described in volcanic systems, PdF volcanic activity is
driven by long-term aseismic replenishment of magma through the
ductile crust and storage at the boundary with the brittle seismogenic
crust. The long- to short-term pressure buildup within the storage
area preceding eruptions is partly due to this increase of replenished
magma volume and also to its crystallization and gas exsolution. Here
we will see how seismic noise-based monitoring together with geodetic
observations can help to constrain these different long-term
mechanisms.

On PdF we have access to continuous seismic data from 2000. Using
the methodology described above we measured continuous seismic ve-
locity changes from 2000 to 2013 (Brenguier et al., 2011; Clarke et al.,
2013; Rivet et al., 2014). Overall, we observe a long-term velocity de-
crease preceding the April 2007 eruption, which is followed by a slow
velocity increase (Fig. 4). The short-term fluctuations of velocity
changes in Fig. 4 are governed by pre-eruptive changes and seasonal
variations and will be discussed later.

In Fig. 4, the long-term seismic velocity increase after 2007 corre-
sponds to a long-term contraction of the edifice observed by GPS
(Fig. 4, bottom) that can be interpreted as the non-elastic edifice re-
sponse to the emptying of the magma reservoir at depth during the
April 2007 eruption. More interestingly, GPS and seismic velocity
change observations differ for the period from 2004 to 2007. Seismic ve-
locity changes show a long-term velocity decrease from 2000 to 2004,
which could be related to the long-term pressure buildup of the reser-
voir due to magma replenishment. This magma replenishment probably

happened continually since the opening of a deep conduit prior to the
1998 eruption (Battaglia et al., 2005). In contrast, seismic velocities do
not show any long-term changes from 2004 to 2007, indicating a

(O
o

S
o

N
o

[ary
o

Interstation Distance in km
w
o

=50

0 .
- 0
160 Lag Time

0.4

5 Days Moving Window vs Reference

—0.6 L l
2
R

N

o
oY 2

Be
18> &

w©

8%

R\ Wy <e®

Fig. 8. Examples of outputs from MSNoise. Left, cross-correlations order by interstation
distance. Right, seismic velocity changes (%) showing a clear velocity decrease preceding
the large August 2015 eruption of PdF. The red bars indicate periods of eruption. (For
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the web version of this article.)
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possible slowing down of the deep magma transfers and the sealing of
the associated magma feeding pathway. Surprisingly, between 2004
and 2007, GPS data show an inter-eruptive edifice inflation (Fig. 4, bot-
tom) whereas seismic velocities are rather constant (we would expect a
velocity decrease). Our interpretation is that GPS data are mostly sensi-
tive to near-surface processes whereas seismic velocity changes are sen-
sitive to deeper ones (sensitivity from surface to 3 km depth). The
edifice inflation shown by GPS would essentially be due to the effects
of shallow magma injections in the pressurized edifice whereas the con-
stancy of seismic velocities would be a marker for the slowing down of
the deep magma replenishment following the 1998 eruption.

4.2. The short-term pre-eruptive behavior of Piton de la Fournaise

As observed in Fig. 4, long-term seismic velocity changes are modu-
lated by short-term changes. These are known to be partly due to the
loading of meteoritic water that penetrates through the edifice (Sens-
Schonfelder and Wegler, 2006). There is however clear indications
that short-term velocity decreases occur a few weeks to a few days be-
fore eruptions (Brenguier et al., 2008a; Duputel et al., 2009) that have
been found to be located in the central, active part of the edifice. They
have been interpreted as the rapid pressurization of the edifice prior
to eruption (Fig. 5). These transient pre-eruptive velocity reductions
are also observed during the post-2007 period characterized by a global
velocity increase (Rivet et al., 2015) which proves that these observa-
tions are sensitive to different processes at different time scales (e.g.
long-term edifice deflation and short-term edifice pressurization,
Sens-Schonfelder et al., 2014).

There is still much debate and discussions about the origin of the
short-term velocity reductions of the edifice observed here prior to
eruptions. In particular, some authors propose relevant processes asso-
ciated with magma-hydrothermal system interactions that put empha-
sis on the pressurization of heated and vaporized hydrothermal water

that favor the failure of the magma reservoir cap rock (Lénat et al.,
2012; Caudron et al.,, 2015). In a different direction, Carrier et al.
(2015) interpret these velocity decreases as a rapid change of material
rheology to non-elastic behavior associated with weakening of the vol-
canic edifice in pre-eruptive stages.

4.3. Interplay between magmatic activity and the volcanic edifice

In the previous sections we assumed a simple response of the volca-
nic edifice summit to pressure buildup and emptying of the reservoir in
terms of inflation and deflation and related seismic velocity decreases
and increases. In this section we will describe how large transient stress
perturbations initiated by magma transport at depth may produce large
lateral flank deformations and in return how this stress relaxation may
drive magma transport at depth. We studied the April 2007 eruption
characterized by a very large reduction of seismic velocity (Fig. 4) of al-
most 1%. As shown in Fig. 6 by InSAR, the East flank of PdF was affected
by a large horizontal eastward displacement reaching 1.4 m. However,
the precise timing of this movement cannot be derived from InSAR.
We thus investigated the short-term seismic velocity changes associ-
ated with the April 2007 eruption.

Fig. 7 shows the short-term seismic velocity changes associated with
the April 2007 eruption. Overall it shows that the large seismic velocity
drop started a few days before the April 2007 eruption, on March 30
when a small eruption lasting a few hours occurred. Together with
GPS observations, we showed that the large seismic velocity drop was
due to the flank movement and thus that this movement started on
March 30 a few days before the April 2 eruption (Clarke et al., 2013).
A later numerical study from Got et al. (2013) showed that the stress re-
laxation by plastic deformation of the East flank could explain such large
deformation of the eastern flank and that, in return, this stress relaxa-
tion could have favored the horizontal magma migration that led to
the distal emission of a large amount of lava during the April 2007
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eruption. The large velocity decrease following the March 30 eruption is
thus a marker for anomalous elasto-plastic deformation of the volcanic
edifice flank that drove the anomalously large April 2007 distal erup-
tion. In that idea, seismic velocity monitoring from noise can thus be
employed to track large volcanic flank movements associated with
magma transport close to surface.

4.4. The rise of open source noise-based monitoring: MSNoise

Until recently, the analysis of seismic noise was restricted to labora-
tory research, far from the real world of real-time monitoring volcanoes.
Recently, some huge efforts have been produced to bring research codes
and scripts to an operational level. The Piton de la Fournaise has been
monitored for seismic velocity changes since 2010 using a set of shell,
Matlab and C codes, which have been replaced by MSNoise (http://
www.msnoise.org/, Lecocq et al., 2014) in June 2014. The MSNoise
package has been designed to work automatically on existing seismic
data, independently of its structure or format. This can only be done
thanks to the rise of Open Source software and libraries, like ObsPy
(Krischer et al., 2015), scipy, matplotlib and numpy running in Python.
Fast and efficient codes can be written in Python, so for most usages, it
is not necessary to run slightly more efficient FORTRAN or C codes. On
a daily basis, MSNoise scans the data archive for new or modified con-
tent, computes cross-correlations and compares each daily stack to a
pre-defined reference to obtain relative velocity variations (dv/v). Cur-
rently, MSNoise only computes dv/v, but industry/university funded ef-
forts are being made to add the mapping and inversion of the velocity
and the dv/v in the same automatic fashion.

Since 2014, MSNoise monitors automatically the dv/v under the
Piton de la Fournaise using only ZZ cross-correlations between broad-
band seismometers. The part of the cross-correlation function used to
compute the dv/v starts at the theoretical arrival time of a wave travel-
ing at 1 km/s between the two stations, e.g. 2 s for stations located 2 km
apart. This avoids including ballistic arrivals and greatly reduces the ob-
served seasonal effects (see Fig. 8).

Five eruptions occurred since the installation of MSNoise at the PdF.
They were all preceded by seismic velocity decreases but in some case
(Feb. 2015), these velocity drops could also be related to the rainfall ef-
fect (Rivet et al., 2015). It will be an important task in the future to im-
plement the correction of the rainfall effect in real time.

4.5. Conclusions
In conclusion, we were able to assess from noise-based monitoring

that the PdF volcano shallow magma reservoir was probably fed contin-
uously from the 1998 eruption to about 2004 and that the conduit

opened in 1998 then sealed in 2004. We were also able to observe the
short-term phases of rapid pressure buildup within the reservoir before
eruptions and showed that, above a level of stress increase, plastic de-
formation would take place on the eastern flank and that the associated
stress release would favor the migration of magma laterally and the
emission of a large volume of magma. Even though these observations
are quite unique, some other groups have obtained similar observations
of noise-based seismic velocity changes during unrest volcanic periods
in other volcanic contexts (Baptie, 2010; Bennington et al., 2015).

5. Perspectives for improving high-resolution 4-D probing of
volcanoes

Throughout this manuscript, we showed observations of velocity
changes averaged at depth over the first few kilometers of the subsur-
face. Our observations thus correspond to an averaged contribution of
different processes occurring at different depths with different intensi-
ties. For example on volcanoes, our observations are a combination of
effects of water content due to rainfall in the near subsurface, short-
term magma pressure buildup and transport in the edifice and long-
term deep magma replenishment and pressure buildup. In active tec-
tonic domains, we showed that, in particular, our observations were
composed of effects of shaking due to seismic waves and effects of
deep stress perturbations due to for example viscoelastic deformation.
Deciphering these different processes is of primary importance for im-
proving our ability to forecast eruptive behavior at a long-term or to
characterize viscoelastic flow in the lower crust and related rheology.
One of the key points of our method would be to better understand
the sensitivity of our measurements laterally and at depth. In the fol-
lowing we discuss future directions for improving the detection of mag-
matic processes at depth using seismic noise correlations.

5.1. Localization of medium changes within the volcano edifice using the
diffuse character of coda waves

Forecasting the location of an eruption is of primary importance for
risk management in volcanic regions. Locating the underground struc-
tural changes associated with a potential eruption is also a key issue to
better understand the dynamics at work in a volcano. The installation
of the additional stations from the UnderVolc network in 2009
(Brenguier et al., 2012) made possible the application of a recently de-
veloped imaging procedure (Larose et al., 2010; Planeés et al., 2014,
2015) based on the sensitivity of multiply scattered waves to weak
changes in the medium.

We hence studied the 2010 October (lasting for 2 weeks) and De-
cember (lasting for 2 days) eruptions of Piton de La Fournaise that
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occurred on opposite sides of the volcanic edifice (black stars in Fig. 9d,
e, Obermann et al., 2013b) with the goal of locating the eruptions and
possible precursors. We calculated the noise cross correlations between
the available 19 broadband sensors (red triangles in Fig. 9d, e) and stud-
ied two types of changes in the coda: apparent velocity variations re-
lated to changes in the elastic properties of the medium (Fig. 9a); and,
waveform decoherence associated with variations in the scattering,
and thus the geological structures (Fig. 9b). We observed that the tem-
poral variations of both of these parameters provided potential precur-
sors of volcanic eruptions at Piton de la Fournaise (Fig. 9a, b, Obermann
et al. (2013b)). The evolution of the velocity changes and the waveform
coherence for the 3 exemplary station couples depicted in Fig. 9a, b;
pairs indicated in Fig. 9d; shows a clear spatial dependency that we
use for the location of the medium changes.

Contrary to the propagation of direct waves that can be described
with classical wave equations, coda wave propagation resembles a ran-
dom walk process. Under the assumption that the coda is dominated by
surface waves, the propagation can be approximated with the 2D solu-
tion of the diffusion equation. We hence created sensitivity kernels
(Fig. 9c, Pacheco and Snieder, 2005) between all the station pairs that
relate the observed changes to a local medium perturbation in the vol-
canic edifice. We use a linear least-squares inversion scheme
(Tarantola and Valette, 1982) to obtain the horizontal distribution of
the changes (Fig. 9d, e, Obermann et al.,, 2013b).

The localizations from the preeruptive and coeruptive changes are in
good agreement with the actual eruptive activities (Fig. 9d, e). However,
as we assumed that the early coda of the correlations is dominated by
surface waves, a 2D sensitivity kernel was used to describe the diffusive
wave propagation and the localization is hence limited to the horizontal
plane. Obermann et al. (2013a) have shown that there is a significant
contribution of body waves (3D propagation) in strongly heterogeneous
media, such as volcanoes. Ongoing studies to implement body and sur-
face wave propagation in a 3D sensitivity kernel might yield the possi-
bility in the future to also locate changes in the volcanic edifice at
depth and to possibly improve resolution (Obermann et al., 2016).

5.2. Rainfall effect correction for improved precursory velocity change
detection

Environmental effects such as rainfall can trigger and modulate a se-
ries of geological phenomenon through hydromechanical coupling. For
instance fluid pressure diffusion subsequent to rainfall episodes has

been proposed to be responsible for induced seismicity (e.g. Muco,
1995; Hainzl et al., 2006, 2013; Kraft et al., 2006; Svejdar et al., 2011).
Similarly pore pressure change at depth due to atmospheric perturba-
tions can affect seismic wave velocities (Sens-Schonfelder and Wegler,
2006; Meier et al., 2010; Tsai, 2011; Froment et al., 2013; Hillers et al.,
2014; Gassenmeier et al., 2015; Rivet et al., 2015). A critical point is
that the same way as magma pressurization produces seismic velocity
changes, pore pressure changes can lead to seismic velocity change
with similar duration and amplitude as the eruptive precursory signals
(Rivet et al,, 2015). Therefore it is essential to minimize seismic velocity
changes related to environmental effects to increase the detection of
seismic velocity changes caused by precursory magmatic movement be-
fore volcanic eruptions.

Between 2011 and 2014, during a quiet period of the PdF volcano
characterized by a lower volcanic activity (Roult et al., 2012) we inves-
tigated the origin of the seismic wave velocity variations. We estimated
pore pressure change produced by rainfall considering only the direct
effect of diffusion following similar approaches previously used to
study the potential links between rainfall and seismicity (Hainzl et al.,
2006; Kraft et al., 2006; Talwani et al., 2007) as well as seismic velocity
changes (Sens-Schonfelder and Wegler, 2006; Hillers et al., 2014).
Fig. 10 presents the averaged fluid pressure change estimated between
0 and 6 km depth and the seismic velocity changes over the same pe-
riod. Short-term velocity decreases (i.e., 1-2 months long) are well cor-
related with increases in fluid pressure due to rainfall episodes. We
further explored the relationship between fluid pressure change and
seismic velocity changes; in particular we determined which period
bands of the seismic velocity variations are affected by changes in
fluid pressure. For a two year period with no eruption, high correlation
coefficients of 0.84 and 0.73 were found between seismic velocity and
pore pressure changes for the bands 60-30 and 30-16 days suggesting
that velocity changes were mainly due to fluid pressure changes.

We then modeled seismic velocity changes induced by fluid pres-
sure changes using a signal-processing approach. Because the mechan-
ics by which a fluid pressure changes produce a seismic velocity
variations are not well constrained, we choose to build a transfer func-
tion between both variables during a period with no volcanic activity
(Fig. 11a). The transfer function is the description of the input-output
relation for a linear system, in our case between the fluid pressure
change and the seismic velocity change, respectively. For each period
band for which we observe a correlation, we assume that seismic veloc-
ity change is proportional to fluid pressure. We applied the transfer
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function to the fluid pressure and obtain a synthetic seismic velocity
change time series that accounts for the fluid pressure change effects
during rainfall.

Finally, we corrected a 5.5 years seismic velocity change time series
from fluid pressure change effects by subtracting the synthetic seismic
velocity changes produced by rainfall. Fig. 11b, c presents the detrended
seismic velocity change time series before and after the correction of
rainfall effect was applied. While seismic velocity changes associated
with eruptions are conserved, during the quiet period, the amplitude
of fluctuations reduces by about 20%. The residual fluctuations can
arise from an incomplete correction of meteorological effects or can be
some random fluctuations and/or undetected velocity changes associ-
ated with deeper phenomena. Finally we found a pre-eruptive seismic
velocity drop (0.15%) undetected before correction associated with
the 21 June 2014 eruption. Indeed several large seismic velocity de-
creases produced by large rainfall episodes in 2014 were reduced. The
correction of rainfall effects makes it possible to detect seismic velocity
change precursory signals that were hidden because of environmental
fluctuations of the seismic velocity.

5.3. Body-wave extraction using dense arrays

Another complementary approach to infer direct information about
ongoing magmatic process at depth is to extract body-waves from noise
correlations. Compared to body-wave tomography and considering
similar wavelengths, surface wave tomography succeeds in retrieving
lateral sub-surface velocity contrasts but is less efficient in resolving ve-
locity perturbations at depth. The use of Large-N seismic arrays has
proven to be of great benefit for extracting noisy body-waves from
noise-correlations by stacking over a large number of receiver pairs

and by applying array processing. Different studies show that such
noise-based body-wave extraction is possible at various scales
(Draganov et al., 2009; Poli et al., 2012). Recently, Nakata et al. (2015)
were able to implement the first 3-D P-wave velocity tomography
from continuous ground motion recorded on a dense array of more
than 2500 seismic sensors installed at Long Beach (California, USA).
Added to a more traditional surface wave approach, such applications
significantly improve our knowledge of the subsurface by obtaining a
constraint on the bulk modulus and by improving the spatial resolution.

Following this idea, we conducted a Large-N array experiment on
the Piton de la Fournaise volcano. During this so-called VolcArray exper-
iment, about 300 vertical-component geophones were deployed at 152
locations and continuously observed ground motion for 30 days
(Brenguier et al., 2016). Three dense arrays (A, B, and C), each made
by 7 x 7 receivers, were installed about 1.5 km away from the Dolomieu
crater on the North, West and South side, respectively (Fig. 12a). The
main goal of this experiment was to extract body waves from the ambi-
ent noise cross-correlations, traveling through the vicinity of the active
magma reservoir located about 2.5 km deep beneath the main crater
(Peltier et al., 2009).

Because heterogeneities are strong below the main crater, we expect
such body waves to be difficult to extract and interpret due to, for exam-
ple, scattering and multi-pathing effects compared to other areas of
ambient-noise studies. The VolcArray experiment was designed in
such a way that array-processing techniques can be performed to en-
hance the signal-to-noise ratio (SNR) and help our understanding of
the wavefields. Being able to separate body waves from surface waves,
or to identify different wave paths within the medium will be extremely
useful to increase the spatial resolution of both imaging and monitoring
applications. Using array processing to improve SNR can also lead to a
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better temporal resolution for monitoring applications since we can re-
duce the amount of time to obtain stable waveforms to estimate time-
lapse velocity changes.

Among all possible array-processing techniques, here we choose
Double Beamforming (DBF) to efficiently use the multiple array config-
urations (Rost and Thomas, 2002; Boué et al., 2013), and hence each
array is turned either as a source or a receiver array. Following a simple
slant-stack approach, DBF can be considered as a spatial filter that de-
composes the wavefield as a function of both the takeoff (source side)
and incident (receiver side) ray-parameters. With 2D arrays, the (ap-
parent) ray-parameter is defined by its azimuth and velocity (or slow-
ness). By applying DBF, instead of using station-to-station correlations,
we rather use array-to-array beams to look for body waves that propa-
gate in specific directions (Eigen-rays).

Fig. 12b, c, d shows DBF cross-correlation (6-12 Hz) between the 3
combinations of array (A to B, A to C and B to C) and for the 2 directions
of propagation. In this example, we fixed the azimuth to the direction
of the green arrows in the figure in order to focus on the ballistic path
between arrays. These figures show that we successfully extract fast
body waves between the 3 combinations of arrays including the
wave that propagates beneath the main crater of the volcano (from
Cto A). Propagations from A to C and from B to C do not show clear
body waves due to a lack of coherence of the initial ambient noise
wave field in these directions. The very fast arrival waves
(e.g., 0.5 s waves in Fig. 12c) are caused by uneven source distribu-
tions (Nakata et al., 2016). Also this DBF processing is applied on
hourly cross-correlations, and we extract coherent body waves in
each hour, which means that we can use these body waves for high
resolution monitoring applications by measuring their travel time
perturbations day after day.

6. The susceptibility of volcanoes to shaking from seismic waves

The rise of 4-D noise-based seismology has led to an interesting new
observation that is the level of seismic velocity decrease induced by

shacking associated with passing seismic waves. This observation,
called seismic susceptibility, has been widely mapped for the first time
in Japan and has been shown to be anomalous in volcanic regions. We
describe herewith some details of this study.

The Tohoku-oki earthquake is the best ever recorded giant earth-
quake worldwide. It was associated with large widespread static ground
deformation and ground shaking (Fig. 13). We used seismic noise-based
monitoring to characterize the response of the upper crust to co-seismic
shaking and deformation caused by the Tohoku-oki earthquake. We an-
alyzed one year of continuous seismic records from a portion of the
dense Hi-net seismic network (600 stations shown in Fig. 13A spanning
6 months before and 6 months after the earthquake occurrence.

Fig. 14A shows the coseismic velocity reductions over Honshu,
Japan. The most striking feature of this figure is that the strongest veloc-
ity drops are not observed in the area closest to the epicenter or within
large sedimentary basins, as one could expect. The patterns of observed
velocity reductions do not correlate with the intensity of ground shak-
ing or with co-seismic deformation (Fig. 13). The strongest co-seismic
velocity reductions occur under volcanic regions. In particular, a large
part of the Tohoku volcanic front and the Mt. Fuji volcanic region are
well delineated. We then compute what we call seismic velocity suscep-
tibility as the locally measured coseismic crustal velocity reductions
normalized by the local dynamic stress perturbations estimated using
PGV observations (Brenguier et al., 2014). Fig. 14B shows low suscepti-
bility values in regions of stiff, old plutonic rocks (a few 10~% MPa— 1)
but in contrast shows high seismic velocity susceptibility values in vol-
canic regions (107> MPa™!).

Under volcanic areas, the effective pressure in the crust can be re-
duced because of the presence of highly pressurized hydrothermal
and magmatic volcanic fluids at depth. The sensitivity of seismic veloc-
ities to stress changes in rocks increases with decreasing effective pres-
sure (Zinszner et al., 1997; Shapiro, 2003). We thus argue that the
observed strong co-seismic velocity reductions delineate the regions
where such pressurized volcanic fluids are present in the upper crust.
An important implication of our observation is that the seismic velocity
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susceptibility to stress perturbations can be used as a proxy to the level
of pressurization of hydrothermal and/or magmatic fluids in volcanic
areas. So far, this susceptibility is maximized in the Mt. Fuji area and
along the Tohoku volcanic arc where it reaches 15 x 10~% MPa ™!
whereas it is ten times smaller for the stiff Cretaceous plutonic regions
of the Eastern Tohoku (Fig. 14B).

Previous works also reported seismic velocity drop observations as-
sociated with seismic shaking at volcanoes (Battaglia et al., 2012; Lesage
et al., 2014). This result in Japan is however, to the best of our knowl-
edge, the first observation of high seismic velocity susceptibility under
volcanoes. Chaves and Schwartz (2016) report a second observation of
this kind in the seismogenic part of the subduction zone below Costa
Rica highlighting the interest of this new approach to detect and charac-
terize regions of high fluid pore pressure in the crust.

7. Conclusions

4D noise-based seismology at volcanoes is thus highly promising as
for example detecting early markers of volcanic unrest. However, this
method still suffers from a lack of adequate vertical resolution that
would be required in order to discriminate between processes occurring
near surface such as rainfall perturbations or deeper such as magma
pressure buildup. The rise of dense seismic arrays and unaliased seismic
wavefield experiments such as recently the iMUSH or the Socorro
Magma Body seismic projects will certainly contribute to partially re-
solve this issue. By improving the passive reconstruction of direct or
reflected body-waves propagating in the vicinity of magma reservoirs
using arrays of arrays we hope to improve our understanding of the
complex processes of volcanic eruption triggering. These developments
will serve the broader field of monitoring fluid transport and pressure
buildup at depth and for example the related applications of geothermal
resource production or industrial waste-water injection.
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