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During inter-eruption periods, magma pressurization yields subtle changes of
the elastic properties of volcanic edifices. We use the repdoicibility properties
of the ambient seismic noise recorded on the Piton de la Fouaise volcano to
measure relative seismic velocity variations of less than D % with a temporal
resolution of one day. Our results show that five studied volanic eruptions
were preceded by clearly detectable seismic velocity de@ges within the zone
of magma injection. These precursors reflect the edifice ditation induced by
magma pressurization and can be useful indicators to improg the forecasting

of volcanic eruptions.

\olcanoes are among the most dynamic geological objectdtaideruptions provide a

dramatic manifestation of the Earth’s internal activitypwver, strong eruptions are only short
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episodes in the history of volcanoes which remain quiescerst of time. During this inter-
eruption periods, slow processes such as changes in the ansgpply to the reservoir and
changes of the magma physical or chemical properties legertoirbations of the reservoir
pressure and to preparation of new eruptions. It is, thezefeery important to better describe
these processes to fully understand the functioning of@ctiagmatic systems and to improve
our ability to forecast volcanic eruptions.

The inter-eruptive magma pressurization and/or intrusmfrdykes result in subtle changes
in the shape of the volcanic edifices that may be detected emaostrainmeters and tilt-
meters|l) or by satellites/2). The main limitation of these geodetic methods is that ey
based on the interpretation of displacements or tilts aleskemear the surface, which limits their
sensitivity to changes located at depth. Volcanic seidgnpmovides informations about short-
term (few seconds to few days) mechanical processes aaeguvithin volcanoes at depth. The
spatio-temporal evolution of magma migration can be reddeby precise location of seismic
events/B) and by accurate determination of seismic source progedi®). However, analysis
of volcanic seismicity can not be used to detect the aseiamigma pressurization preceding
fracturing and magma migration. The inter-eruptive preessalso produce perturbations of
the elastic properties of volcanic edifices. They can beatieteas changes in the travel times
of seismic waves propagating within the volcanic edificesibiynng coda waves from repetitive
seismic sources such as multiple@s[{, 8 or small summital volcanic explosion8,(10 or
correlations of a diffuse seismic wavefield excited by Igagiod seismo-volcanic eventtl).
However, these methods based on seismo-volcanic sourcestgwovide information about
time periods when volcanoes are seismically quiescentelvexently, repeated seismic tomo-
graphies[1?) has been used to detect seismic velocity variations witoant Etna over periods
of a few years. This method reveals variations of the inlarolganic structure before and after

an eruption. However, the construction of repetitive torapyic images requires long time



periods of observation of seismicity and cannot be doneimootisly. Moreover, the accuracy
of repetitive tomographies is limited and may be insuffictendetect small velocity variations
(less than %) associated with magma pressurization processes.

In this paper, we go beyond the limitations of methods basesksmo-volcanic sources by
recovering temporal velocity variations within the Pitasld Fournaise volcano using continu-
ous ambient seismic noise records. The basic idea is thasa-correlation of random seismic
wavefields such as coda or noise recorded at two receivéds yiee Green function, i.e., the im-
pulse response of the medium at one receiver as if there wageesat the othell3/14, 15,1k
This property has been used for imaging the crust at regeraés/17,/18, 19 and, more re-
cently, has been applied to infer the internal structurenefRiton de la Fournaise volcano at
La Réunion island40). By computing noise cross-correlations between differeceiver pairs
for consecutive time periods, we make each receiver to aatvagual highly repetitive seis-
mic source. The associated reconstructed seismic wavesri@unctions) can then be used to
detect temporal perturbations associated to small vglabiinges (less than‘d), (21).

We applied this method to study the Piton de la Fournaiseanmal®n La Réunion island
(Fig. [IA). During the past two centuries the average timevbeh consecutive eruptions of
this volcano has been about 10 mon{®g)( Geodetic and seismic data suggest that the Piton
de la Fournaise eruptions are triggered by magma overymeessthin a magma reservoir lo-
cated below the main vent (Figl. 1B) at approximately sed [@&8y1). We used the continuous
seismic noise recorded between July 1999 and December 3080 Yertical short period re-
ceivers operated by the Observatoire Volcanologique danRIe la Fournaise to compute 210
cross-correlation functions corresponding to all possielceiver pairs [see Fig. S1 anD)
for details]. We used the spectral band between 0.1 and 0.@Hldze the recovered Green
functions has been demonstrated to consist of Rayleighsittna¢ are sensitive to the structure

at depths down to 2 km below the edifice surface. The cros®lation functions obtained by



correlating 18 months of seismic noise are called the reteré&sreen functions. The tempo-
ral evolution was then tracked by comparing the referen@e®functions with current Green
functions computed by correlating the noise from a ten-dagg moving window.

If the medium exhibits a spatially homogeneous relativeeigy changeAv /v, the relative
travel-time shifts (A7) between the perturbed and reference Green functions épemtient of
the lapse time+() at which it is measured andv/v = —Ar/7 = const. Therefore, when
computing a local time shif\r between the reference and the current cross-correlations i
a short window centered at time we would expect to find\7 to be a linear function of
(Fig. S2). By measuring the slope of the travel time shifts as function of timer, we
finally estimate the Relative Time Perturbation (RTP) tedhe opposite value of the medium’s
uniform relative velocity changeNv/v). Fig. [IC shows the reference and the current Green
functions for one pair of receivers (PBRZ-NCR) computed d@@sd 14 days, and one day before
the eruption of June 2000 (day 359). Hig. 1D shows the resgecavel time shifts measured in
the frequency band [0.1-0.9] Hz using the Moving Window Gr8pectrum techniqu&24). It
can be seen in these measurements obtained just with ora pegeivers that the RTP changes
from a negative to a nearly zero and then to a positive valuds46, 14 days, and one day prior
to the eruption, respectively. However, the RTP can be nredsanly very approximately when
using only one pair of receivers. The accuracy of the lineard measurements is significantly
improved by averaging local time shifts for different reegipairs assuming that the seismic
velocities are perturbed uniformly within the sampled noedi We selected 13 receiver pairs
located near the caldera and showing good quality measutsr{ieig. [1E) to compute the
averaged time shifts (Figl 1F) and to obtain accurate RTimatdts.

Fig. [2A presents the relative time perturbatiofsr(7) measured over 18 months (June
1999 to December 2000). Intervals with low-quality measests that correspond to periods

of intense seismo-volcanic activity (Figl 2C) and to strarapical cyclones (days 150-200)



are excluded from the analysis (Figl 2B). The remaining tseges show that the volcano
interior exhibits changes at different time scales varynogn a few months to a few days. To
simplify the analysis, we separate the short- and the lomg-t@riations. We fit the Long Term
Variations (LTV) by a polynomial function and then subtradtom the raw RTP to obtain the
Short-Term Variations (STV, Fid.l 2B). The STV curve showsatlprecursors to the volcanic
eruptions characterized by an increase in the RTP and thesraake of seismic velocities.
These precursors start about 20 days before the erupti@hsarrespond to relative velocity
perturbations as small as 071

We interpret the observed decreases in seismic velocaies &ffect of the dilatation of a
part of the edifice resulting from the magma pressurizatithimthe volcano plumbing system
similar to observations at Mount Etnd5). This interpretation is also supported by the clear
opening of an individual fracture detected by an extenseni@8) prior to the eruption 4 (day
360, June 2000) synchronously with the RTP precursor (F&A)SThe lack of clear fracture
opening precursors for the other eruptions would suggesthie detected dilatation may occur
in a restricted zone and have non-measurable effects aktliesemeter location. The relative
velocity changes return to a nearly background level dutiegeruption periods (Figl 2B). This
observation is consistent with deflation associated toedsprirization of the magma during its
extrusion to the surface only few minutes after the begigwiithe eruptionsZ6).

The presented RTP curve required to spatially average thsuned time shifts for different
receiver pairs located in the vicinity of the main calderbe 8ame procedure applied to receiver
pairs located outside the main caldera do not show eruptieaupsors. This suggests that
the velocity variations are spatially localized. We applyegionalizationprocedure24) in
order to localize more precisely the observed perturbatidle estimate the relative velocity
variations for 28 individual receiver pairs selected adowy to quality criteria, subtract the

long-term component from the raw measurements to obtaisitbe-term variations (STV) and



then compute, in every grid cell, an average value from itghi®rhood receiver pair paths. As
a result, we obtain for every day a two-dimensional map caftned velocity perturbations. A
full set of this maps is shown in Movie S1 and a snapshot takendi@ys before eruptiorfa
is presented in Fig.]3A. The movie and snapshot show thatrégmupsors are not distributed
homogeneously in space but are mainly located in an area hili@weters East from the main
vent. This location nearly coincides with the fast veloatyomaly imaged by surface wave
tomography at 1.3 km above sea level (Fiy. 320)( and interpreted as an effect of solidified
dykes associated to the zone of magma injection. This abemcie is an additional argument
suggesting that the observed short-term seismic veloeityadses are produced by a dilatation
associated with the pressurization within the volcano fung system.

The presented measurements are based on Rayleigh wave®thiatte the noise cross-
correlations. Therefore, the observed travel time vamntimainly correspond to perturbations
of shear wave velocity. We use empirical laws for porous medg¥) to link the relative shear

wave velocity perturbations to relative perturbations @fgsity ¢ and volumel/:

A
— ArjT= AB[B == X Aof6 = —5 X 1o

that can be, in turn, related to the over-presahfeinduced in the medium by the magma using

(1)

a model of dilatancy:

AV/)V = AP/K (2)

where K is the incompressibility factor of the media that barestimated as approximately 10
GPa by considering an average P-wave speed of 3400(20), a density of 200@¢/m?, and

a shear modulus value of 10 GPa. We then tAkE¥/ 3 = —1 x 1072 and an average realistic

porosity of 0.1 and find\ P to be approximately equal to 2 MPa or 20 bar. This over-pressu

level is consistent with theoretical and experimental n®adé dike migration 28,129, with
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recent interpretation of strain data on the SoufrieresHitlicano of MontserraB(Q) as well as
with the model of dyke propagation developed to explain g@dgtic observations on the Piton
de la Fournaise2g).

The analysis of the long-term velocity variations show thaly are associated to processes
varying over several months (Fig. 2A) with a possible seabiyn A clear seasonal dependance
of the seismic velocity perturbations was observed fronatredysis of short-period noise cross-
correlations at the Merapi volcan81) and was related to variations of the depth of the super-
ficial ground water layer because of precipitation. In theecaf the Piton de la Fournaise, the
observed LTV are not correlated with the pluviometric relooinLa Reunionisland (Fig. S3B).
Moreover, the LTV amplitude and location (east of main vemng) very similar to what was ob-
served for the short-term precursors (Fig. 2B, S4E and M8fjesuggesting that the long-term
velocity variations reported in this study are related @ diynamics of the volcano-magmatic
system.

Our results demonstrated that relative seismic velocignges can be measured with an
accuracy lower than 0.1% by following the time evolution bé twaveforms extracted from
correlations of seismic noise. Application of this methodhe data of the seismic network
on the Piton de la Fournaise volcano revealed the evoluticheoelastic properties of the
upper volcano edifice during inter-eruption periods betwdely 1999 and December 2000.
We detected systematic velocity decreases of the volcalificepreceding volcanic eruptions.
These precursors clearly appeared approximately 20 ddgsebfeur eruptions that occurred
during the studied period. Approximate lateral positiohshe maxima of observed velocity
perturbations and a correlation with available geodetia d&rongly indicate that the velocity
variations are caused by dilatation of a part of the edifickeis process is caused by the pre-
eruptive magma pressurization.

As a pilot experiment, we began to monitor the Piton de la Raige volcano by computing



in real time the noise cross-correlations and measuringdloeity variations since spring 2006.
This allowed us to identify a clear precursor for the lastpéinn that occurred in July 2006
(Fig. [3C, D). Observation of such precursors may have ingpoimplications for monitoring
volcano unrest and for improving the forecasting of volcaruptions. Detection of changes in
elastic properties based on correlations of seismic nogeaiso be useful in other geophysical,

engineering, and geotechnical applications that requnedestructive monitoring of the media.
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Figure 1: Measurements of relative velocity perturbatighs/v). (A) La Réunion Island(B)
Topographic map showing a direct path between two seisro@vers (PBRZ-NCR) indicated
with inverted triangles.(C) Comparison between reference (black curves) and curredt (r
curves) cross-correlation functions computed 40 daysay4,cand one day prior to the eruption
of June 2000 (day 359)(D) Time shifts measured between the reference and currerg-cros
correlation functions computed between PBRZ and NCR. RexbIshow results of the linear
regressions(E) Topographic map showing 13 receiver pairs used for avegatie time shift
measurementgF) Averaged time shifts. Resulting measurements of relaitive perturbations
(RTP,A7T/7 = —Av/v) estimated by linear regressions are illustrated with ireesl
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Figure 2: Evolution of the relative time perturbations (R the Piton de la Fournaise over
18 months. (A) Raw RTP over 18 months. The blue error curve represents tbertamty

of the linear slope estimatioi24). Measurements with uncertainties higher than 0/04re
excluded from the analysis(B) Short-term variations (STV), RTP corrected from the long-
term component (LTV) estimated as a polynomial functi@@) Seismic activity, counted as a
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