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SUMMARY

We present a study of the seismic velocity variations that occurred in the structure before the
large 2010 eruption of Merapi volcano. For the first time to our knowledge, the technique
of coda wave interferometry is applied to both families of similar events (multiplets) and
to correlation functions of seismic noise. About half of the seismic events recorded at the
summit stations belong to one of the ten multiplets identified, including 120 similar events that
occurred in the last 20 hr preceding the eruption onset. Daily noise cross-correlation functions
(NCF) were calculated for the six pairs of short-period stations available. Using the stretching
method, we estimate time-series of apparent velocity variation (AVV) for each multiplet and
each pair of stations. No significant velocity change is detected until September 2010. From 10
October to the beginning of the eruption on 26 October, a complex pattern of AVV is observed
with amplitude of up to £1.5 per cent. Velocity decrease is first observed from families of
deep events and then from shallow earthquakes. In the same period, AVV with different signs
and chronologies are estimated from NCF calculated for various station pairs. The location in
the horizontal plane of the velocity perturbations related with the AVV obtained from NCF
is estimated by using an approach based on the radiative transfer approximation. Although
their spatial resolution is limited, the resulting maps display velocity decrease in the upper part
of the edifice in the period 12-25 October. After the eruption onset, the pattern of velocity
perturbations is significantly modified with respect to the previous one. We interpret these
velocity variations in the framework of a scenario of magmatic intrusion that integrates most
observations. The perturbation of the stress field associated with the magma migration can
induce both decrease and increase of the seismic velocity of rocks. Thus the detected AVVs
can be considered as precursors of volcanic eruptions in andesitic volcanoes, without taking
their sign into account.

Key words: Volcano seismology; Magma migration and fragmentation; Volcano monitoring.

experiment (Wegler & Luhr 2001), Wegler et al. (2006) observed

I INTRODUCTION an increase of seismic velocity of up to 0.23 per cent in 2 weeks

The forecasting of volcanic eruption is based on the detection of
precursory phenomena and on their analysis with the help of phys-
ical, statistical or empirical models. The most frequently reported
precursors are increases of seismic activity, ground deformations
and variations of the flux and composition of gas. In a small num-
ber of cases, slight changes in the velocity of seismic waves have
been observed prior some eruptions.

In a pioneering study based on seismic multiplets analysis, Rat-
domopurbo & Poupinet (1995) detected a velocity increase of up
to 1.2 per cent during the 4 months preceding the 1992 erup-
tion of Merapi volcano, Indonesia. Using data of an active source

until 3 d after the 1998 eruption of Merapi. At Piton de la Fournaise
volcano, Reunion Island, continuous monitoring of the seismic ve-
locity has revealed velocity decreases of the order of 0.05 per cent
a few weeks before eruptions (Brenguier et al. 2008). Long-term
velocity variations, related with episodes of inflation or deflation
of the volcanic edifice, were also detected on this volcano (Rivet
et al. 2014; Sens-Schonfelder er al. 2014). A temporary decrease
of 0.8 per cent of the seismic velocity was observed starting 2 d
before a phreatic eruption of Mt Ruapehu, New Zealand, in 2006
(Mordret et al. 2010). A reduction of the phase velocity of Rayleigh
waves of up to 1.5 per cent, followed by subsequent recovery, was

© The Authors 2016. Published by Oxford University Press on behalf of The Royal Astronomical Society. 221

9102 ‘02 A2\ o SBUR | 011019 Te /610's[euno pioyxo116//:dny woly pspeojumoq


mailto:agus.budi@esdm.go.id
http://gji.oxfordjournals.org/

222 A. Budi-Santoso and P Lesage

estimated by Nagaoka et al. (2010) before the 2008 eruption of Mt
Asama. The dike intrusion and caldera formation at Miyakejima
volcano, Japan, in 2000 was accompanied by a velocity increase of
up to 3.3 per cent on the flanks of the edifice and a velocity de-
crease of up to 2.3 per cent in regions close to the caldera (Anggono
et al. 2012). Using families of volcano-tectonic (VT) events, Can-
nata et al. (2012) found velocity decreases during the 2002—2003
Mt Etna eruption. On the other side, velocity variations associated
with eruptive activity were tenuous from 1998 to 2013 in Volcan
de Colima, Mexico, which probably reflected the open state of the
volcano. However, most of the vulcanian explosions appeared to oc-
cur when the seismic velocity was low or decreasing (Lesage ef al.
2014).

In the best documented examples, the velocity variations display
complex patterns and both decreases and increases can be observed
at different times or simultaneously in different parts of the struc-
ture (Anggono et al. 2012; Obermann et al. 2013). Thus, although
these variations are probably related with stress changes in the struc-
ture, detailed interpretation in term of physical processes are still
required. Furthermore, velocity changes can also be induced by
external forcing. For example, some velocity variations in Merapi
are related to changes in ground water level between the dry and
wet seasons (Sens-Schonfelder & Wegler 2006). Sharp decreases in
seismic velocities have been induced by large tectonic earthquakes
in various volcanoes (Nishimura et al. 2000, 2005; Battaglia et al.
2012; Brenguier et al. 2014; Lesage et al. 2014). It is thus nec-
essary to identify the various sources of velocity variations and,
whenever it is possible, to separate them. The location of the ve-
locity perturbations in the structure is very useful for this purpose.
An approach based on the assumption that coda waves are multiply
scattered surface waves (Pacheco & Snieder 2005) was developed
to map the velocity changes in the horizontal plane (Larose et al.
2010; Froment 2011; Obermann et al. 2013; Planés 2013). It was
applied by Obermann et al. (2013) to locate the velocity changes
associated to eruptions of the Piton de la Fournaise volcano and by
Lesage et al. (2014) to demonstrate that the velocity decreases in-
duced by tectonic earthquakes are localized in the volcanic edifice,
with almost no variations outside of it. Furthermore, Lesage et al.
(2014), using the frequency dependence of the variations, showed
that the sources of perturbation are concentrated at depths less than
800 m below the surface.

When the seismic velocity varies somewhere in the medium, the
traveltimes of the waves that propagate through it are slightly mod-
ified. This effect is generally more pronounced in the coda waves
than in the direct waves because the former are multiple scattered in
the structure and their path goes through the perturbed region sev-
eral times, which induces the traveltime delays to cumulate. These
delays can be estimated by comparing the seismograms obtained
after the velocity perturbation with a reference record. For this,
several techniques are available, either in the time domain (Lobkis
& Weaver 2003; Sens-Schonfelder & Wegler 2006; Wegler et al.
2006; Rubinstein et al. 2007; Anggono et al. 2012; Battaglia et al.
2012), or in the frequency domain (Poupinet et al. 1984; Ratdo-
mopurbo & Poupinet 1995; Nishimura et al. 2000, 2005; Brenguier
et al. 2008; Clarke et al. 2011). In both approaches, the two records
must be similar enough, which implies that they contain waves that
have followed the same path from the source to the receiver. This
situation can be fulfilled in three cases: (1) records produced by
artificial controlled sources (Nishimura et al. 2005; Wegler et al.
2006); (2) earthquakes with same focal mechanism and very close
sources (seismic multiplets or families of similar events) (Poupinet
et al. 1984; Ratdomopurbo & Poupinet 1995; Nagaoka et al. 2010;

Battaglia ef al. 2012; Cannata 2012) and (3) cross-correlation of
ambient seismic noise recorded at two stations (Sens-Schonfelder
& Wegler 2006; Brenguier et al. 2008; Mordret et al. 2010; Anggono
etal.2012; Lesage et al. 2014). All the previous studies on velocity
variation in volcanoes are based on the analysis of only one kind of
record.

In this paper, we present a study of the velocity variations that
occurred during 1 yr before the large 2010 eruption of Merapi
volcano. We use both families of similar events and noise cross-
correlation functions (NCF) which allows to investigate the velocity
perturbations in various parts of the structure. First, we summarize
the volcanic and seismic observations made before and during the
eruptive crisis. Then, we describe the procedures used to define the
multiplets, to calculate the NCE, and to estimate the variations of
traveltime using coda wave interferometry (CWI, Snieder 2006).
Finally, we present the velocity perturbations estimated by the two
approaches, we carry out the location of the regions where the
velocity variations, estimated from NCF, occurred in the structure
at various times before the eruption, and we discuss and interpret
the results in relation with other observations.

2 ERUPTIVE AND SEISMIC ACTIVITY

Merapi is one of the most active and dangerous volcanoes of Java
Island. Common eruptions have typical recurrence of 4-6 yr and
are characterized by effusive growth of viscous lava domes which
eventually collapse producing pyroclastic flows. Transitions from
effusive to explosive regimes also occur with much longer recur-
rence intervals. They are characterized by large sub-plinian erup-
tions with volcanic explosivity index (VEI) of 3—4 associated with
column collapses and pyroclastic density currents that can travel
more than 15km from the summit. The last explosive eruptions
took place in 1872, 1930 and finally in 2010 (Voight et al. 2000;
Surono et al. 2012). The 2010 eruption started on 26 October with
an explosive phase. The magmatic phase initiated on 2010 Novem-
ber 1 and reached its paroxysm on 2010 November 4-5, producing
pyroclastic density currents that extended 16 km from the summit.
The dense rock equivalent volume of erupted juvenile material is
20-50 x 10° m? which corresponds to a VEI of 4. The eruptive crisis
was preceded by the unrest of the seismic activity below the vol-
cano. The first related events formed a series of four small seismic
swarms 12—4 months before the eruption. Much stronger increase
of the seismicity started on the beginning of September, including
larger and larger numbers of VT, multiphase (MP) or hybrid, events
(Budi-Santoso et al. 2013; Budi-Santoso 2014), and some low-
frequency (LF), or long-period (LP) and very long-period (VLP)
events (Jousset ef al. 2013). The total cumulative seismic energy
release reached three times the maximum energy release before
the previous effusive eruptions. The rate of seismicity presented
a marked acceleration in the weeks preceding the eruption. This
behaviour allowed the use of the material failure forecast method
(FFM, Voight 1988), with which consistent and precise estimation
of the eruption time was obtained in hindsight within 6 d before the
first explosion (Budi-Santoso et al. 2013). The hypocenters of the
VT events are concentrated in two clusters at [2.5-5] km depth and
at less than 1.5 km below the summit. An aseismic zone appears at
[1.5-2.5] km depth, a feature that has been present for at least 20
yr (Ratdomopurbo 1995; Ratdomopurbo & Poupinet 2000) and that
may correspond to a poorly consolidated layer of altered material
(Budi-Santoso et al. 2013). VT events that are located in the deep
and shallow clusters are called VTA and VTB, respectively.

9102 ‘02 Ae|N uo sUe|d o1|g1g T /Bio'sfeulnolploxor1lb//:dny wouy pepeojumoq


http://gji.oxfordjournals.org/

9172

9170

9168

Latitude (km)
5

9164

9162

432 434 436 438
Longitude (km)

Forecasting of volcanic eruption 223

440 442 444 446

Figure 1. Map of the volcano displaying the position of the permanent short-period seismic stations and the broadband station PAS used in this study.

Geographical location is shown in inset.

Ground deformations were monitored by electronic distance mea-
surements (EDM). The first evidence of unrest was observed in
November 2009 as a small inflation. From 2010 September 20
to October 26, a line between the crater wall and the southern
flank displayed shortening with accelerated rate reaching 50 cm d™!
just before the eruption onset. The total shortening was of about
3 m (Surono et al. 2012). The displacement rate of this line
showed a small decrease on 18-20 October. The other EDM
lines did not present significant length variations, which sug-
gests that the observed deformation corresponds to the anelas-
tic outward movement of part of the summit. This block even-
tually was expulsed by the first explosions. The large volume
of erupted material, the strong pre-eruptive deformation and the
marked increase of seismicity are all consistent with the intru-
sion of a large amount of magma through a relatively narrow
conduit that resulted in rock damaging and conduit enlargement
(Budi-Santoso et al. 2013).

3 DATA PROCESSING AND METHODS

3.1 Seismic network

The permanent seismic network consists of four short-period (SP)
stations equipped with L4C and L22 seismometers and located at
less than 6 km from the crater. Signals are transmitted by radio with
VHF modulation and are digitized by a Guralp DM16S acquisition
system with 16 bits accuracy and sampling frequency of 100 Hz.
All these instruments were replaced by new equipments at the be-
ginning of 2010. In complement, up to six broad-band (BB) stations

equipped with CMG-40TD seismometers with period of 60 s were
operated since July 2009. Some breakdowns of the digital stations
or of the GPS clocks reduced the amount of data available during the
pre-eruptive period. However, part of the records obtained during
clock failures could be re-synchronized using a procedure based on
noise cross-correlation (Stehly e al. 2007; Sens-Schonfelder 2008).
Only the SP stations (PUS, KLA, DEL and PLA) and the BB station
PAS could be used in this research (Fig. 1).

3.2 Seismic multiplets

Families of earthquakes with similar waveforms were identified
by calculating correlation coefficients between the pairs of events.
Data used here are from the SP station PUS and the BB station
PAS recorded from October 2009 to October 2010. PUS and PAS
stations are located at 0.7 and 0.5 km from the summit, respectively,
and 0.5 km from each other. PAS stopped recording on 23 October,
3 d before the eruption onset. First, an algorithm of automatic event
detection, using the LTE/STE ratio (see Appendix A) was applied.
The standard deviation of the differences between automatic and
manual pickings of arrival times is about 0.015 s with this method.
Then the selected records were band-pass filtered (0.5-8 Hz) and
cross-correlation coefficients were calculated for each pair of events
in 1.7-s-long windows starting 0.5 s before the arrival time. Families
were formed using a hierarchical clustering algorithm available in
the Matlab Correlation Toolbox (West 2008). Correlation threshold
of 0.78 and 0.75 were used for stations PUS and PAS, respectively.
The largest value is due to a lower signal-to-noise ratio at the SP
station.
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3.3 Cross-correlation functions of ambient seismic noise

Daily NCF were calculated for the six pairs of SP stations. Both ex-
perimental and theoretical works have demonstrated that the corre-
lation functions of diffuse wavefield, such as seismic ambient noise,
are directly related to the Green functions between the recording
stations (Weaver & Lobkis 2001; Campillo & Paul 2003). In this
study, we processed continuous seismic recordings obtained by the
permanent stations for about 1 yr. We applied usual data processing
that includes mean and trend removal, band-pass filtering (0.125—
2 Hz), spectral whitening and one bit normalization (Bensen ef al.
2007; Lesage et al. 2014). We checked that the one bit normalization
does not produce any spurious signal in the correlation functions
(see Appendix B). Some corrections for clock synchronization and
polarity anomaly were performed when needed. Correlation func-
tions were first calculated on 20 min-long data windows and then
stacked over 24 hr.

3.4 Estimation of apparent velocity variations

Velocity variations in the medium induce changes in the traveltime
of seismic waves, especially in the coda. The corresponding delays
&t can be estimated by CWI using the stretching method (Lobkis
& Weaver 2003; Sens-Schonfelder & Wegler 2006; Snieder 2006).
In this method, the current record, which can be either an event
belonging to a multiplet or a daily NCF, is compared with a reference
which can be the stack of all the events of the multiplet or the stack
of the NCF obtained during a period of volcanic quiescence. The
reference is stretched or compressed in time by a small factor,
the stretching coefficient €. The correlation coefficients between
the current record and the stretched reference are calculated as a
function of ¢. The value e\ of the stretching coefficient that gives
the best correlation is equal to the relative delay: ), = ‘37’, where
t is the mean time lag of the delay window used. If the relative
velocity variation is homogeneous in the medium, it is equal to —ey;.
However, it most cases, this assumption is not valid and —ey; must
be considered as an ‘apparent velocity variation’ (AVV). The AVV
can be estimated in various overlapping delay windows in the coda
of the events or of the correlation functions. It is thus a function
of the time lag 7. When the correlation coefficient between the
daily and the reference NCF is smaller than 0.6, the AVV is not
significant and the corresponding stretching coefficient is discarded
for the subsequent calculations. Errors in the stretching coefficient
are calculated using the relation derived by Weaver et al. (2009).
They depend on the correlation coefficient between the records, the
frequency band, the signal frequency and the delay window used. In
the case of multiplets, a unique delay window of 6 s starting 1 s after
the arrival time was used. For the NCF, the time lag of the delay
window depends on the station pair considered and is generally in
the range [10-30] s. Then, the correlation functions in the interval
of £2 d around the current date were stacked in order to obtain
more reliable NCF and smoother velocity variations.

3.5 Location of velocity perturbations in the horizontal
plane

The location of velocity perturbation within the structure can be
estimated by using an approach based on the propagation of dif-
fuse wavefields (Larose et al. 2010; Froment 2011; Obermann
et al. 2013; Planes 2013). The coda is mainly composed of mul-
tiple scattered surface waves that propagate following a random
walk process in a 2-D medium (Pacheco & Snieder 2005). A

distribution of velocity perturbations dv/v(x,) produces traveltime
variations as:

5i(t) = — / K(s1,52, 30,02 ()8, )

where s, and s, are the positions of the source and station (or both
stations in the case of NCF), x is the location of the perturbations,
and K is a sensitivity kernel given by:

t
S s, x0, 1) . p(xo, 52, ¢ — t')dt’

K(s1, 8, %0, 1) = ° : 2
(1,82, X0, 1) (51,50, 1) 2

where p represents the intensity of the wavefield between two points
as a function of time (Pacheco & Snieder 2005). Here we used a
solution of the radiative transfer equation in 2-D (Shang & Gao
1988; Sato 1993; Paasschens 1997; Obermann et al. 2013; Planés
2013), as:

—vt/l

prt) = (vt —r)
2rr
1
O(vt—r) 2\ 2 . EYCR)
+W<l_ﬁ> exp [l (\/v tc—r —Ut)] .

3)

where v is the wave velocity, 7 is the distance between source and
receiver, / is the transport mean free path and © is the Heavyside
function. Fig. 2 displays sensitivity kernels calculated for two time
lags. Traveltime variations are related to the estimated AVVs:

ety = — 20O @)

v app

su(t)
I

The distribution §v/v(Xy) can be estimated by solving eq. (1) as
a linear inverse problem (Tarantola & Valette 1982; Froment 2011;
Obermann et al. 2013; Lesage et al. 2014) which can be written in
a matricial form as:

d = Gm. )

d is the vector of data, that is the AVV estimated for different
pairs of stations and various time delays (Fig. 3), G is a matrix
which contains the sensitivity kernels K and m is the model vector
Sv/v(xp). A covariance matrix of the model is introduced in order
to produce smooth models (Lesage et al. 2014). It is characterized
by a correlation length A and an a priori standard deviation o, that
are selected using the L-curve criterion (Hansen 1992). Following
this criterion, the optimal parameters are A = 1kmando,, = 0.1.
We focused the location on an area of 15 x 15 km? centered on the
volcano with grid spacing of 0.3 km and we took v = 1.3km s as
surface wave velocity. For the transport mean free path /, we used
the value of 100 m estimated by Wegler & Luhr (2001) from an
active source experiment on Merapi. Some tests with various values
of / and v showed that the location of velocity perturbations is only
weakly dependent of these parameters. We generally used the AVV
estimated for five time delays per station pair in the range [5-35] s
(Fig. 3), yielding a total of 30 components for the data vector d.
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Figure 2. Examples of sensitivity kernels (eq. 2) based on the radiative
transfer approximation in 2-D. Distance between receivers is 5km, mean
free path is / = 100 m, wave velocity isv = 1.3kms~!, time lags are 10 s
(a) and 30 s (b).

4 RESULTS

4.1 Seismic multiplets

Nine families of similar events, named also multiplets or clusters,
were obtained at both stations PUS and PAS. A tenth family was
formed by about 120 events that occurred in the 20 hr preceding the
first explosion. They were recorded only by PUS because station
PAS was no longer available at that moment. A total of 209 events
among 393 detected events at PAS (53 per cent) and 322 among
795 at PUS (41 per cent) belong to the multiplets (Fig. 4). A few
events of multiplets 2, 3 and 6 are part of the seismic swarms that
occurred in December 2009 and June 2010. They are not shown
in Fig. 4. Clusters 1 and 2 include LF events whose dominant
frequencies are below 3 Hz. The remaining clusters consist of VT
events characterized by dominant frequencies between 3 and 6 Hz.

Relative location of the events belonging to the clusters has been
carried out using program HYPODD (Waldhauser & Ellsworth
2000) based on the method of double difference. Average uncertain-
ties of 50 and 120 m were obtained for the horizontal and vertical
relative positions, respectively. Although these values are formal
errors and are smaller than the real uncertainties, the precision of
this approach appears to be better than that of the absolute location
done by Budi-Santoso ez al. (2013). The results of the relative lo-
cations are consistent, but less spread, with those of the absolute
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hypocentre determinations (Fig. 5). The sources are distributed in
a narrow cylinder below the crater at two depth ranges. Deep VTA
events that belong to clusters 4, 5 and 9 are located between 2.3 and
3 km beneath the summit, while shallow LF and VTB earthquakes
forming the other clusters occurred at less than 1.5km deep. The
histogram of depth distribution shows that the largest population is
located at [0.5—1] km below the summit (Fig. 5). It is actually mainly
composed by cluster 10 that occurred during the day preceding the
eruption. The aseismic zone appears clearly in the depth distribution
between 1.5 and 2.3 km. Fig. 6 displays the source elevations as a
function of time, together with histograms of the numbers of VTA
and VTB events. The deep VTA events occurred during the first
part of the pre-eruptive period in September and until mid-October.
After that, while VTA activity was diminishing, a sharp increase
of the rate of VTB events took place during the week before the
eruption of 26 October.

4.2 AVVs estimated with multiplets

Figs 7 and 8 display the AVVs estimated using the multiplet events.
Separate plots were done per station and for the deep and shallow
clusters (Figs 7a and b), as well as for cluster 10 (Fig. 8). Note that the
corresponding errors, calculated with the Weaver’s formula (Weaver
et al. 2009) are of the order of 0.04 per cent. In general, the results
obtained with records from the broad-band station PAS are more
consistent than those from PUS. Some events belonging to clusters
2, 3 and 6 occurred as early as on October 2009 and June 2010.
The AVV estimated with these events indicate that no significant
velocity variations took place in the volcano until September 2010.
For most of the deep clusters, slight decreases of velocity took place
in September and early October 2010, followed by sharp decreases
of a few tenths of per cent around 10 October. In the case of shallow
multiplets, after a small increase detected with cluster 2 at PAS in
the first days of September 2010, the velocity remained relatively
constant, although a slight decrease can be observed for clusters 1
and 6. In the period from 2010 October 13 to 17, rapid velocity
decreases of 0.5—1.5 per cent occurred for all the shallow clusters.
For some of them, the decreasing trend continued until the first
explosion, while for other multiplets, the apparent velocity turned to
increase just before the eruption onset. The analysis of the events of
cluster 10 provides a good temporal resolution for the AVV (Fig. 8).
During the 20 hours that preceded the first explosion, the estimated
velocity presented fluctuations of about 0.3 per cent. Interestingly,
in several instances, the minimum values of the velocity coincided
with the occurrence of large VTB events that produced the saturation
of the records. The largest VT event of the pre-eruptive sequence
occurred on 2010 October 25 at 20:00 UTC at shallow depth and
coincides with a sharp velocity decrease.

4.3 AV'Vs estimated from noise cross-correlation functions

Stacked cross-correlation functions of ambient noise (NCF), cal-
culated for all the station pairs, are presented in Fig. 9. The NCF
are not symmetrical because the sources of noise are dominantly
located in the ocean at the South of the volcano (Budi-Santoso
2014). The most energetic sides of the NCF, with time delays in the
range [10-30] s, were used for the calculations of AVV. Examples of
daily NCF for pair DEL-PLA and the period from June to October
2010 are displayed in Fig. 10. As for the other pairs, their wave-
forms show good temporal stability, which is a required condition
for applying the stretching method. The AVV calculated from NCF
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Figure 3. Apparent velocity variations estimated from NCF for various time delays (red circles with error bars) and calculated from the model of perturbation
location (blue crosses) for the six station pairs. The period used to calculate the AVV here is 12-21 October.

appeared to be partly correlated with the rainfall, with long term
velocity decreases observed during the rainy season. We followed
Sens-Schonfelder & Wegler (2006) who obtained similar observa-
tions at Merapi and showed that velocity variations can be described
by a hydrological model of ground water level (GWL) based on the
Darcy’s law. We adjusted the model parameters in order to obtain
a good fit between the GWL model and the observed AVV (Budi
Santoso 2014). Then we calculated corrected velocity variations by
subtracting the GWL model from the AVV (Fig. 11). It was not
possible to apply the same procedure and to correct AVV estimated
from multiplets because the time-series of similar events are not
continuous. However, the rain corrections estimated for AVV from
NCF are small during the period of occurrence of the multiplets.
Thus the effects of water table level are probably also small on AVV
from multiplets. The AVV, corrected for rainfall effect, obtained
for the six station pairs in the period from 2010 August 1 to the
eruption are displayed in Fig. 12. For this calculation, the reference
NCEF is the stack of the daily NCF from 2010 August 15 to 2010
September 10. From September 2009 to beginning 2010, the NCF
do not display good stability and the corresponding AVV are not
very reliable. This is mainly due to the instrumental problems en-
countered before the hardware replacement. However, it seems that
no velocity variations occurred in that period.

4.4 Chronology of velocity variations

Before 2010 October 12, the AVV obtained from NCF present slight
variations, with possibly a small decrease trend (Fig. 12). After this
date, the velocity variations are larger with amplitudes of up to 1
or 1.5 per cent. However, their signs and chronologies are not all
consistent. Indeed, increasing AVV at some pairs (KLA-PLA, DEL-
PLA and PUS-KLA) occurred simultaneously with decreases at pair
PUS-DEL, while almost no changes were detected for pairs KLA-
DEL and PUS-PLA. These trends eventually changed at different
moment according to the station pair. For example, the velocity
turned to decrease on 2010 October 23 for pair PUS-KLA while it
started increasing on 2010 October 20 for PUS-DEL.

Fig. 12 shows also the velocity variations estimated from a se-
lected set of representative multiplets, together with histograms of
seismic activity from August to November 2010. Taking into ac-
count the behaviour of the seismicity and of the AV'V, six phases can
be distinguished. A first phase corresponds to the quiescent period
before the seismic unrest that began in early September 2010. No
significant velocity variations are detected during this phase. The
second phase ended on 2010 October 12 and corresponds to rel-
atively stable velocities although small variations are obtained for
clusters 2 and 4. At the end of this phase, a small sharp velocity
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Figure 4. Histograms of the daily occurrence of similar events recorded at PUS (left-hand panels) and PAS (right-hand panels) stations.

decrease is detected for the deep multiplet 4. The third phase (2010
October 12-21) is associated with velocity decreases for shallow
clusters 2 and 3 and pair PUS-DEL, together with velocity increase
for DEL-PLA and KLA-PLA. The end of this phase is related to
the change of trend from decrease to increase for cluster 3 and pair
PUS-DEL that occurred on 2010 October 21. Phase four (2010 Oc-
tober 21-25) corresponds to increases of velocity at almost all the

station pairs. It is also associated with the marked increase of the
rate of VTB events while the VTA activity was declining. Large
LF events occurred during this period. The fifth phase took place
during the last day before the first explosion of 2010 October 26. It
is associated with a velocity decrease for the last two events of clus-
ter 2 and for pairs PUS-KLA, PUS-PLA and, at a smaller extent,
KLA-DEL. The events of cluster 10 occurred during this phase.
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A sixth phase can be defined during the explosive activity from
2010 October 26 to 2010 November 3, which preceded the paroxys-
mal phase of the eruption and the destruction of the stations. During
this period, velocity decreases are observed at almost all the pairs.
At the end of this phase, on 2 and 3 November, a velocity increase
is detected again at pairs PUS-DEL, KLA-DEL and KLA-PLA.

4.5 Location of velocity perturbations

We applied the method described above (Section 3.5) to locate the
sources of velocity variations estimated from NCF. We used the
AVYV calculated over three overlapping periods, all starting at the
beginning of phase 3 and finishing at the end of phases 3, 4 and 6,
respectively (Figs 13a—c). In other words, we consider the velocity
variations between a reference state (on 2010 October 12) and three
states of the system on 2010 October 21, October 25 and Novem-
ber 3, respectively. When inverting the AVV calculated over shorter
intervals, the results are less stable and reliable. During phase 3
(2010 October 12-21), the velocity decreased in the upper part of

the edifice, especially on the South flank and a zone of velocity in-
crease appeared at about 4 km South and Southwest from the crater
(Fig. 13a). During the interval 2010 October 12-25, the velocity
decrease close to the summit and on the South flank was slightly
more marked than before, while the zone of velocity increase ex-
tended to a ring on the lower flanks at the south, east and north parts
of'the edifice (Fig. 13b). During the period ending on 2010 Novem-
ber 3, the pattern of velocity changes was significantly modified
with respect to the previous periods. Regions of velocity increase
are located at the east, west and southwest from the summit, while
zones of decreases are concentrated on the southern flank and, at a
smaller extent, at the northern side of the structure (Fig. 13c). To
validate the estimated distributions of perturbation, the restitution
index was calculated from the resolution matrix (Vergely et al. 2010;
Obermann et al. 2013). Values smaller than ~0.8 indicate that the
velocity variation is badly recovered in the corresponding cell. In
most part of the structure where significant perturbations appear, the
restitution index is close to one (Fig. 13d). However, some regions,
on the southern part of the volcano for periods ending on 2010
October 21 and 25 and on the eastern part for the period finishing
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respectively.

on 2010 November 3, are poorly constrained and the corresponding
velocity perturbations must be considered as poorly reliable. In all
cases, the AVV calculated with the estimated models of perturba-
tion fit well the data, that is the observed AVV for most time delays
used (Fig. 3).

5 INTERPRETATION AND DISCUSSION

5.1 Summary of results

A large proportion of earthquakes that occurred before the 2010
eruption belongs to families of similar events. The relative location
of their sources confirms that they are distributed into two seismo-
genic zones below Merapi’s crater separated by an aseismic layer
about 1 km thick. These sources, which are initially clustered below
this layer, migrate upward at mid-October and are concentrated in
the shallowest part of the structure in the last days before the erup-
tion. Using the method of CWI, time-series of AVV were estimated
from the seismograms of these multiplets. They all display clear
velocity decrease of up to 1.5 per cent that began in the period from
2010 October 10 to 17. Velocity variations of the same order of
magnitude were obtained by analyzing the coda of seismic noise
correlation functions for the six pairs of stations. These variations
appeared after 2010 October 10, with different chronologies and
signs according to the pair used. The AVV calculated from NCF
as a function of time lag in the coda were inverted to estimate the
distribution of the velocity perturbations in the structure. Before in-
terpreting these results, it is important to assess their uncertainties
and significance.

5.2 Uncertainties

The calculated AVV result from the superposition of several ef-
fects which are not all related with volcanic activity. For instance,
variations of the distribution of noise sources may modify the NCF
and generate spurious AVV (Froment et al. 2010). In the case of
multiplets, part of the delay variations in the coda can be due to the
separation of the sources (Got & Coutant 1997). The rain, through
modification of the water table level, induces changes of the seismic
velocity in the shallow layers. The corrections for this effect, based
on a simple linear model, are probably only partial and some influ-
ence of the meteorological phenomena may remain in the corrected
time-series. We assume that the AVV calculated during periods of
volcanic quiescence are mainly due to the spurious effects and do
not reflect modification of the volcano state. The corresponding am-
plitudes are of a few tenths of per cent. By comparison, the errors
on the stretching coefficients calculated by using the relation pro-
posed by Weaver et al. (2009) are small. Moreover, the estimation
of AVV also depends, to some extent, on the parameters used for the
calculations (frequency range, lag interval, smoothing length, etc.).
Finally, by taking into account the various effects that can modify or
contaminate the observations, we estimate that the uncertainties on
the velocity variations associated with the volcanic unrest are of the
order of 0.5 per cent. This value is close to the estimation of the ef-
fect of non-even distribution of noise sources (Froment ez al. 2010).
Thus, the amplitudes of AVV observed during the pre-eruptive pe-
riod are only two or three times the corresponding uncertainties.
However, the fact that the AVV estimated from multiplets occurred
almost simultaneously and those obtained from NCF occurred in a
short time interval before the eruption strongly suggests that these
variations are mainly related with volcanic phenomena.
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5.3 Significance of AVV

The methods of CWI allow to measure with good sensitivity varia-
tions of the traveltime of seismic phases. The relative time variations
St/t are related with relative velocity variations §v/v in the structure.
When these variations are homogeneous in the volume sampled by
the waves, §v/v is equal to —§#/t. Otherwise they must be considered
as AVVs which are weighted averages of the distribution of the real
velocity variations in the structure. When using noise correlation
functions (NCF), it can be assumed that their coda are primarily
composed of surface waves. In the frequency range used in this
study, they are probably sensitive to velocity changes in layers ex-
tending from the surface to 3000-5000 m deep. The relationship

between traveltime variations and velocity changes (eq. 1) is based
on sensitivity kernels (eq. 2) that have saddle-like shapes. Their
values are non-null in ellipsoidal regions whose focus are the sta-
tions and whose extension increases with increasing time lag in the
coda (Fig. 2). These kernels are larger along the line between the
stations and are maximal close to them. When using multiplets,
the theoretical kernels are defined in three spatial dimensions and
their focus are the source and the recording station. Thus, depend-
ing on the source depth and position, AVV for multiplets can be
sensitive to velocity variations in different parts of the structure.
In particular, if a source of multiplet is located close to the con-
duit, the corresponding AVV can be very sensitive to perturbations
due to the intrusion. On the other hand, in a volcanic structure,
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the heterogeneities that produce multiple scattering of waves form-
ing the coda are probably not randomly distributed. For example,
Got & Coutant (1997) showed, using seismic multiplets with sources
at 8 km depth, that multiple scattering near the surface dominates
the coda at Kilauea volcano. In this example, the sensitivity kernels
should be larger close to the surface than at depth. In the case of
NCEF, the theoretical kernels were used in the inverse problem of
locating the velocity perturbations in the structure. As these kernels
are based on the propagation of diffuse wavefields, they produce
a smoothing effect in the inversion. Consequently, even if the real
velocity perturbations are actually well localized in a small region,
the pattern obtained in the location process may be much spreader.
On the other side, the uncertainties on the observed AVV produce
uncertainties on the location of the perturbations. Moreover, with
the small number of stations available, the resulting location is not
strongly constrained. Taking the uncertainties and lack of constrain
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into account, we consider that only the main features of the location
maps are significant, namely the velocity decrease in the upper part
of the edifice before the eruption and the strong modification of the
perturbation after the eruption onset.

5.4 Physical origin of velocity variations

Many laboratory experiments have demonstrated that the physical
parameters of rocks are stress dependent (Birch 1960; Nur 1971;
Lockner et al. 1977; Mavko et al. 1995; Shapiro 2003). Actually,
they mainly depend on the effective pressure Py which is the dif-
ference between the confining pressure P. and the pore pressure
P, : Pyt = P.— P, (Zimmerman et al. 1986). When the effective
pressure applied on a rock sample is raised, the cracks close yield-
ing the elastic modulus and the seismic velocities to increase (Nur
1971). This effect is enhanced in porous rocks due to the closing
of compliant porosity with increasing effective pressure (Eberhart-
Phillips et al. 1989; Shapiro 2003; Heap et al. 2014a). In particular,
the variations of velocities, porosity and permeability with pressure
can be quite strong in volcanic rocks, as they contain many vesicles
and are pervasively microcracked (i.e. Rocchi et al. 2004; Stanchits
et al. 2006). For example Heap et al. (2014b) studied the behavior
of andesitic rocks from Volcan de Colima, Mexico. They showed
that for stress varying from 0 to 32 MPa, P- and S-waves velocities
increase from 2 to 4.2 km s~' and from 1.2 to 2.5 km s™!, respec-
tively. The andesites of Merapi are very similar to those of Vol-
can de Colima (Heap, personal communication). Therefore, these
results probably stand for both volcanoes. Under uniaxial stress,
cracks normal to the stress axis are closed while cracks parallel to
it are almost unaffected (Nur 1971). At high deviatoric stress level,
cracks appear and grow predominantly in the direction parallel to
the principal stress axis. During this stage of damaging, the seismic
velocities strongly decrease.

On the other hand, due to free surface effect, topography and
heterogeneity of volcanoes, a pressure increase in the plumbing
system can produce both tensional stresses in some parts and com-
pression in other parts of the structure (Got ef al. 2013). Therefore,
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Figure 9. Stacked cross-correlation functions of seismic noise obtained for all the station pairs.
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taking into account this complexity of the stress fields, the facts that
velocity can either increase or decrease with increasing deviatoric
stress, and that seismic wave propagation and scattering in volcanic
structures are complicate and poorly known phenomena, it appears
difficult to propose precise interpretation and modelling of observed
AVVs. In other words, the pressure rise in magmatic conduit related
to an intrusion can induce both increase and decrease of the velocity
depending on time, depth and location of the considered part of the
structure with respect to the conduit. The resulting AVV can be thus
either positive or negative, according to the relative position of the
station pair, or the hypocentre and station when using multiplets,
and of the velocity perturbations. As a consequence, only the ab-
solute value of the AVV could be used as precursors of volcanic
eruptions without taking the sign of the variation into account. This
physical framework is consistent with the velocity variations ob-
served during the pre-eruptive period of Merapi volcano in 2010. It
can explain the complex pattern of velocity changes, where veloc-
ity increases and decreases are obtained simultaneously at different
stations pairs and where delays in the onset of velocity decrease
appeared between deep and shallow multiplets.

5.5 Comparison with previous studies

The results obtained in the present work and based on long time-
series provide new insights on some previous studies. Using CWI
on shallow seismic multiplets, Ratdomopurbo & Poupinet (1995)
detected a continuous increase in seismic velocity of the order of
1.2 per cent from April and September 1991, several months be-
fore the February 1992 eruption of Merapi volcano. No equivalent
velocity variations were obtained months before the 2010 eruption
although the later event was much larger than the 1992 eruption.
This suggests that part of the increase in 1991 could be associated
with the beginning of the dry season and the consecutive falling of

the ground water table. Indeed, Sens-Schonfelder & Wegler (2006),
using data from a small-aperture array, observed seasonal velocity
variations of the order of 1 per cent and interpreted them as the
effect of changes in the ground water level. These variations have
much larger amplitudes than the seasonal changes observed in the
present studies (0—0.3 per cent). This may be due to the behaviour
of the area around the array used by these authors and to the fact
that the corresponding coda waves sampled shallower layers than
in our case. Wegler ef al. (2006) analysed similar waveforms pro-
duced by a repeatable controlled seismic source. They observed, a
few days before the 1998 eruption, a velocity increase of the order
of 0.1 per cent at one site and a decrease followed by an increase at
other site. The small amplitude of the variations may be explained
by the relatively large distance of the sources and receivers from the
crater and by the very shallow layers sampled by the waves gener-
ated by the airgun used as source. However, the sparseness of the
obtained values of AVV in this experiment precludes any reliable
interpretation.

5.6 Interpretative framework

The monitoring network of Merapi has provided valuable informa-
tion on the volcanic processes that took place during the pre-eruptive
period. This includes the type of seismic events and location of their
sources, the level of seismicity and energy release, velocity varia-
tions and deformations in the structure. All these observations are
consistent with the intrusion of a large batch of magma during the
weeks preceding the eruption (Budi Santoso et al. 2013). Although
the structure of Merapi is poorly known (Koulakov et al. 2007; Zul-
fakriza et al. 2014), an aseismic zone has been identified between
1.5 and 2.5 km below the crater. This layer seems to be a permanent
feature as it has been observed since at least 1992 (Ratdomopurbo
& Poupinet 2000; Wassermann & Ohrnberger 2001; Hidayati et al.
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2008). Budi Santoso et al. (2013) suggested that it could correspond
to a ductile layer of the Ancient Merapi left by the Holocene sec-
tor collapses (Newhall et al. 2000). The passing of the head of the
magma intrusion through this aseismic layer was revealed by the
upward migration of the hypocentres and by a temporary decrease
of the seismicity level and the deformation rate (Surono et al. 2012).

Taking the available volcanological and geophysical observations
into account, we propose a chronological interpretation of the ob-
served phenomena in the framework of a magmatic intrusion. We
divide the pre-eruptive period in six stages (Fig. 14). The begin-
ning and end dates are indicative because they are not always well
constrained and there are some overlaps between the stages. These
stages correspond approximately to the six phases identified to de-
scribe the velocity variations (Section 4.4).

Stage 1: Feeding of magma storage zones
(October 2009—September 2010)

Petrological studies suggest that there are several crystallization
zones at different depths from 30km to less than 10 km (Costa
et al. 2013). Hotter and more volatile rich magma has probably feed
the storage zones during the year preceding the eruption (Fig. 14a).
This is indicated by the increase of the deformation rate from 0.3
to 1.2 mm d' and by the occurrence of several shallow seismic
swarms, with some events belonging to multiplets 2, 3 and 6. These
small bursts of seismic activity may have been triggered by heat
and gas transfer from the deep magma body to the shallow lay-
ers and the hydrothermal system. No significant velocity changes
were observed during this period although the calculated AVV dis-
play fluctuations that are mostly due to instrumental problems until
beginning 2010.

rainfall effect. (b) Precipitation data (arbitrary unit) from Selo Observatory

Stage 2: Magma intrusion in deep conduit
(September—mid October 2010)

A large batch of magma under strong over-pressure rose through
the existing deep conduit. It produced damaging and fracturing
of the surrounding rock and enlargement of the conduit (Fig. 14b).
These processes are associated with the increase of the deep seismic
activity at the beginning of September and with the acceleration of
the deformation up to 8 cm d™' (Surono et al. 2012). The shallow
activity was also reactivated with the occurrence of more and more
MP events, some VTB events per day and volcanic tremors observed
mainly from 2010 September 20 to October 4. This reactivation
may result from enhanced heat, steam and gas transfer from the
ascending magma body and from stress changes in the shallow
structure induced by the intrusion. Both deep and shallow multiplets
were active during this stage. The rapid velocity decreases detected
by CWI for deep multiplets 4 and 9 on 2010 October 11-12 are
probably due to a velocity perturbation close to the corresponding
hypocentres at about 2.7 km depth. However, no significant AVV is
detected from NCF.

Stage 3: Magma migration through the aseismic zone
(2010 October 12-20)

During this stage, a period of relative seismic quiescence took place.
The rate of occurrence of VIB and MP events progressively in-
creased, while the VTA activity was decreasing. Simultaneously, the
deformation temporarily slowed down. A large velocity decrease,
detected by all the shallow multiplets, started on 2010 October 13—
14 and followed afterwards. The analysis of NCF showed marked
velocity variations for most station pairs. These observations are
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consistent with the progressive intrusion of magma through the
ductile and aseismic zone between 1.5 and 2.5 km depth (Fig. 14c).

Stage 4: Intrusion in the shallow conduit (2010 October 20-24)

Once the head of the magma intrusion has reached the upper part of
the plumbing system, it produced again rock damaging and enlarge-
ment of the conduit (Fig. 14d). The VTB seismic activity accelerated
following a power law which allowed to apply in hindsight the ma-
terial Failure Forecasting Method and to successfully estimate the
date of the eruption onset (Budi-Santoso et al. 2013; Boué 2015;
Boué et al. 2015). The stronger interaction between the degassing
magma body and the shallow hydrothermal system produced fluid
transfers which are probably involved in the generation of shallow
VLP events and large LF earthquakes whose activity culminated on
2010 October 23-24 (Budi-Santoso et al. 2013; Jousset et al. 2013).
The intrusion induced also the accelerated outward displacement of
the southern part of the crater (Surono ef al. 2012) and the increas-
ing numbers of MP events and rockfalls. During this phase, the
apparent velocity estimated for pair PUS-DEL turned to increase
while the trends observed for the other pairs continued. The location
of the perturbations shows patterns of velocity decrease in most of
the upper flanks of the volcano (Fig. 13a).

Stage 5: Plug fracturing (2010 October 25-26)

During the last day before the eruption onset, the seismic activity
increased sharply, with the occurrence of about 200 VTB and 600

MP events. The largest VTB events of the pre-eruptive sequence
were recorded during this period. The deformation rate reached
50 cm d!, the highest level ever observed at Merapi. Thanks to
the numerous events (~120 in 20 hr) belonging to multiplet 10,
an estimation of the velocity variations could be obtained with
an exceptionally high temporal resolution (Fig. 8). The velocity
fluctuations revealed by the analysis of multiplet 10 suggests a
process of progressive fracturation of the plug due to pulses of
magma intrusion that produced material damaging (Fig. 14e). After
each episodes of decreasing, that generally coincided with large
VTB events, the velocity recovered its value, possibly due to rapid
healing enhanced by fluid circulation. In particular, the largest VIB
that occurred at 20:00 UT coincides with a sharp velocity decrease
of about 0.4 per cent. This phenomenon may also result from the
nonlinear elastic behaviour of the granular volcanic material and
its mechanical softening produced by strong shaking (Lesage et al.
2014). During this stage, the pattern of velocity perturbations in
the structure (Fig. 13b) was mostly similar to that of the preceding
period (Fig. 13a), with a slight velocity increase in the northern
flank.

Stage 6: Eruption onset (2010 October 26)

The last part of the plug eventually failed and the intrusion reached
the surface on 2010 October 26, producing the initial explosive erup-
tion at 10:02 UT (Fig. 14f). This event expelled about 6 x 10° m?
of non-juvenile material, including the 2006 lava dome, and cre-
ated a new crater (Pallister et al. 2013). It was followed by many
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Figure 13. Location of the velocity perturbations estimated for three periods that end on 21 October, 25 October and 3 November (panels a—c, respectively).
All the periods begin on 12 October. The four permanent stations are indicated by black diamonds and the six station pairs by white lines. The position of the
summit is shown by a red circle. (d) Map of corresponding restitution index. Velocity perturbations can be recovered only in regions where the restitution index

is close to one.

additional explosions and a phase of very large discharge rate pro-
ducing a new lava dome, which indicates that the magmatic system
was totally open. After the eruption onset, the apparent velocity
decreased for all the station pairs and the pattern of velocity change
distribution was strongly modified (Fig. 13c). The opening of the
system and the destruction of the old dome probably induced pres-
sure decrease in the conduit, stress release in the surrounding struc-
ture, and velocity decrease in the non-damaged part of the structure.

6 CONCLUSIONS

The observations provided by the permanent monitoring system of
Merapi volcano and some temporary stations were of paramount
importance in evaluating the level of risk during the 2010 crisis and
for supporting timely and appropriate decisions of evacuation. It is
also important to carry out a posteriori in depth re-analysis of the
data as it helps understanding the volcanic processes involved in

the preceding eruption and it may help interpreting the precursors
of future eruptive crises as well as improving monitoring meth-
ods. In spite of some instrumental limitations, the data set obtained
provided the opportunity of estimating velocity variations in a pe-
riod of about 1 yr that includes the 2010 explosive sequence. For
the first time to our knowledge, the technique of CWI could be
applied to both correlation functions of seismic noise and to sev-
eral series of events with similar waveforms. The results display
a complex pattern of variations with simultaneous increases and
decreases of velocity according to the station pair used and non-
synchronised changes obtained from multiplets. Most of these vari-
ations occurred in the last 2 weeks before and just after the eruption
onset.

The location of the velocity perturbations in the structure, esti-
mated using an approach based on diffuse wavefields, shows also
complex spatial distribution which varies with time. Before the
eruption onset, velocity decreases occurred mainly in the upper
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Figure 14. Interpretative model of the magmatic intrusion and the seismic activities prior to the eruption of 2010 October 26. The simplified geological
structure is adopted from Camus et a/. (2000) and Miiller & Haak (2004). The yellow area represents the ductile and aseismic layer of the Ancient Merapi. The

location and size of the structures are not precise.

southern flank of the volcano and close to the crater, while ve-
locity seems to have increased in the lower parts of the edifice.
The distribution was strongly modified after the explosive erup-
tion of 2010 October 26 and the opening of the magmatic system.
The complicated pattern of spatial and temporal velocity variations
can be interpreted as the effect of stress changes in the structure
due to the propagation of a large magmatic intrusion. The seismic
velocities of volcanic rocks are much more sensitive to stress vari-

ations than other types of rock because they are strongly micro-
fractured and porous. When stresses rise, velocities strongly in-
crease. Moreover, over a given threshold of deviatoric stress, new
cracks appear and propagate, producing rock damage and large ve-
locity decrease. Thus depending on the position of the intrusion and
the distribution of the associated stress field, increases and decreases
of the rock velocities can occurred simultaneously in different parts
of the structure. The resulting AVVs estimated by CWI can have

9T0Z ‘0z fe N Uo sBLe|d 01|q1d T /Bi0'seuinolpioyxo’11//:dny wo) pepeojumoq


http://gji.oxfordjournals.org/

positive or negative sign according to the position of the stations
used.

The main features of the 2010 pre-eruptive seismic activity sug-
gest that a large volume of magma rapidly intruded the structure
in the few weeks before the eruption. This is consistent with the
large anelastic deformation of the crater, the high level of seismic
energy release and seismicity rate, the migration of the sources of
VT events, and the observed velocity variations. The large batch
of intruding magma probably produced enlargement of the conduit
and damaging of the surrounding rocks, which can explain why the
materiel failure forecasting method (Voight 1988) gave encouraging
results for the forecast of the eruption onset using VT seismicity
(Budi-Santoso et al. 2013; Boué 2015; Boué et al. 2015). This dam-
aging produced rock permeability increase close to the conduit and
stimulated heat and fluid transfers yielding strong low-frequency
seismicity.

Although the detailed interpretation and modelling of the velocity
variations are still quite challenging, due to the complexity of obser-
vations and of the relationship between them and stress variations,
we proposed a scenario of the magma intrusion in six stages that
integrates all the geophysical data. According to our interpretative
framework, the detected AVVs can be considered as precursors of
volcanic eruptions in andesitic volcanoes, without taking their sign
into account. This kind of precursor could be used and studied more
in detail before future eruptions by using broadband seismometers
and by improving the density of seismic stations on and around the
volcano.
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APPENDIX A: METHOD OF FIRST
ARRIVAL PICKING BY THE
LONG-TERM TO SHORT-TERM ENERGY
RATIO (LTEISTE)

We propose here a method to improve the classical STA/LTA al-
gorithm used for event detection and arrival time picking. This
improvement was required by the poor precision of STA/LTA in
picking the first arrival of some kinds of event, such as emergent
signals. In our approach, the events are first detected by the STA/LTA
procedure which provides a rough estimation of the arrival times. In
a second step, we calculate the ratio between the long-term and the
short-term energy averages (LTE/STE) which gives more precise
estimations of the arrival times.
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The short-term energy average STE and the long-term energy
average LTE are defined as:

1
STE; = — 2
— 25

Jj=i—ns
i+nl/f2

1 2
LTE =— | Z X7,
Jj=i—nl/2

where ns and n/ are the lengths, in samples, of the short and long
windows, respectively, x; are signal samples, and i corresponds to
the current time. Note that sample i is at the end of the short window
while it is at the middle of the long one. Thus the long window is
the first to include the onset of an event, producing the increase of
LTE and LTE/STE. When the short term window (STE) reaches the
onset, the ratio of LTE/STE sharply decreases (Fig. A1). The arrival
time is given by the position of the maximum of the absolute value
of the derivative of LTE/STE in a small (5 s) window around the
time estimated by STA/LTA. In the present study, we used ns = 100
samples (1 s) and n/ = 300 samples (3 s).

We carried out several tests with synthetic and real seismograms
in order to compare the results obtained with the LTE/STE ratio with
those given by manual picking, STA/LTA algorithm, and methods
based on the use of kurtosis (Saragiotis et al. 2002) and Modified
Energy Ratio (Han et al. 2008). We found that the LTE/STE method
provides relatively stable results, even in the presence of noise, with
very small standard deviations with respect to the manually picked
arrival times (Budi-Santoso 2014).

APPENDIX B: INFLUENCE OF THE
AMPLITUDE NORMALIZATION

The one bit normalization commonly used to reduce the influence
of seismic events in the calculation of noise correlation functions
(Larose et al. 2004; Bensen et al. 2007) is equivalent to a strong
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Figure Al. Illustration of the LTE/STE method. Top panel: seismogram with manually picked arrival time (vertical dashed line); middle panel: STE, LTE,
LTE/STE and absolute value of derivative with linear scales; bottom panel: same with logarithmic scales. The current time is at the middle of the LTE window
and at the end of the STE window. These windows are displayed as horizontal bars in top panel. The arrival time is set when the ratio LTE/STE decreases
dramatically, which corresponds to the maximum of the absolute value of the derivative of LTE/STE.
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Figure B1. Example of amplitude normalization by the signal envelope. (a) Seismic event recorded at station PUS; (b) normalized signal; (c) enlargement of

the sections between vertical green lines in (a) and (b).
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Figure B2. Comparison of time-series of apparent velocity variations for pair KLA-PLA from August to October 2010. The corresponding NCF have been
calculated using either one bit normalization (blue) or normalization by the signal envelope (red). The frequency bandwidth used in these calculations is

[0.125-2] Hz.

clipping of the signal. For example, this process transforms a sine
into a rectangular function of the same frequency f;. The spectrum
of the latter function contains harmonics peaks at frequencies 3f;,
5fo. . . with amplitudes decreasing as the inverse of frequency. Thus,
the one bit normalization generates high frequency noise that might
modify the real components of the wavefield and produce spurious
features in the NCF (Sabra et al. 2005).

In order to evaluate the importance of this effect, we compare
NCF calculated using the one bit normalization with NCF obtained
with another approach. We introduce here a new normalization
which consists in dividing the signal x(7) by its envelope e(?):

eg ; withe(r) = /x2(t) + X2(¢),

xnorm (t) =

where X(r) = T H[x(¢)] is the Hilbert Transform of the signal.
This type of amplitude normalization does not produce any clip-
ping of the signal, but it is more computer time consuming.
Fig. B1 displays a record that contains noise and a seismic event,
the corresponding normalized signal, and an enlargement of both
signals. It shows that the amplitude of the normalized signal, be-
fore and after the arrival of the event, is approximately constant
and that it is in phase with the original signal. The NCF calcu-
lated with the two types of normalization are almost identical and
the corresponding AV Vs are very similar (Fig. B2). We conclude
that the one bit normalization does not produce major artefacts and
that it can be used even with relatively large bandwidth seismic
noise.
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