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[1] Large earthquakes are often assumed to influence the
eruptive activity of volcanoes. A major challenge to better
understand the causal relationship between these phenomena
is to detect and image, in detail, all induced changes,
including subtle, non-eruptive responses. We show that coda
wave interferometry can be used to image such earthquake-
induced responses, as recorded at Yasur volcano (Vanuatu)
following a magnitude 7.3 earthquake which occurred 80 km
from its summit. We use repeating Long-Period events to
show that the earthquake caused a sudden seismic velocity
drop, followed by a slow partial recovery process. The spatial
distribution of the response amplitude indicates an effect
centered on the volcano. Our result demonstrates that, even if
no major change in eruptive activity is observed, volcanoes
will be affected by the propagation of large amplitude seismic
waves through their structure, suggesting that Earthquake-
volcano interaction is likely a more common phenomenon
than previously believed. Citation: Battaglia, J., J.-P. Métaxian,
and E. Garaebiti (2012), Earthquake-volcano interaction imaged by
coda wave interferometry, Geophys. Res. Lett., 39, L11309,
doi:10.1029/2012GL052003.

1. Introduction

[2] A wide variety of volcano responses have been
recorded following large earthquakes, depending on the
earthquake magnitude, distance that separates the volcano
from the earthquake as well as the type of on-going eruptive
activity or state of equilibrium of the magmatic system. Such
interactions occur at short distances by static stress diffusion
[Walter and Amelung, 2006; Walter, 2007] as well as at
distances of several hundred kilometers or more by dynamic
stress transfer [Hill et al., 2002; Gomberg and Johnson,
2005]. They may result in the triggering of new effusive or
explosive eruptions or bring changes to the dynamics of
ongoing eruptions. Most commonly, increases in local tec-
tonic or volcanic micro-seismicity have been observed
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following the passage of seismic waves, sometimes leading
to swarms of local seismic events [Moran et al., 2004; West
et al., 2005; Okubo and Wolfe, 2008] which may end in a
new eruptive sequence [Cannata et al., 2010]. Several global
studies found a statistically significant increase in the number
of eruptions following large earthquakes [e.g., Linde and
Sacks, 1998]. For volcanoes with on-going eruptive activity,
large earthquakes may bring changes to the eruption dynamics
leading to increases in heat flux [Harris and Ripepe, 2007;
Delle Donne et al., 2010], degassing [Cigolini et al., 2007] or
extrusion rate [Walter et al., 2007]. More subtle changes have
also been observed such as changes in tremor activity [Moran
et al., 2004; Speranza and Carniel, 2008] or increases in
fumarolic emissions [Walter et al., 2007]. In many cases,
however, large earthquakes occur without apparently influ-
encing activity at nearby volcanoes, showing that interactions
are not systematic and/or that insufficient data are available to
understand the cause-effect relationship. Moreover, because
triggering may occur with variable time delays, ranging from a
few minutes to several days, weeks, months or years [Delle
Donne et al., 2010; Manga and Brodsky, 2006; Marzocchi,
2002], the causal relationship is sometimes difficult to estab-
lish or is, at best, controversial.

[3] To understand the effects of large earthquakes on vol-
canoes we need to have quantitative measurements to image
the full array of induced changes. While modifications in
surface activity or new eruptions may be detected by visual
observations, changes in the eruptive dynamics or subtle sub-
surface modifications to the volcanic system, require moni-
toring of appropriate geophysical and geochemical para-
meters. The use of similar seismic signals and coda wave
interferometry (CWI) technique [Poupinet et al., 1984;
Snieder et al., 2002] has proved to be an efficient tool for
identifying subtle sub-surface changes like increases of the
propagation velocity of seismic waves preceding volcanic
eruptions [Brenguier et al., 2008] or velocity decreases, near
the epicenter of large earthquakes [Schaff and Beroza, 2004].
The technique relies on the comparison of similar seismic
signals whose source can be natural (earthquakes) or artificial
(explosions), or which may be generated by seismic noise
correlation [Campillo, 2006; Shapiro and Campillo, 2004].
Changes in the medium (shallow subsurface) induce changes
in the travel times of seismic waves and distortions in the
waveforms which can be detected by comparing the seismic
signals. The technique has previously been used to monitor
temporal changes in volcanic interiors [Ratdomopurbo and
Poupinet, 1995; Snieder and Hagerty, 2004; Grét et al.,
2005]. However, a major drawback in most studies is the
limited, and irregular, temporal coverage of the similar signals.

[4] In this paper, we use highly repetitive seismic events
and CWI to monitor rapid temporal changes in the structure
of Yasur volcano during a period of two months including
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Figure 1. Geological settings and layout of the seismic network. (a) Location of Yasur volcano and epicentral location of
the magnitude 7.3 subduction earthquake which occurred at a depth of about 35 km on April 9, 2008 (longitude-latitude
coordinates in degrees). (b) Location of the seismic stations in the Southern part of Tanna island and (c) around Yasur
volcano (UTM coordinates in km). The epicentral location of LP events is indicated by a red ellipse. (d) Typical sensor dis-
tribution for a 7-sensor seismic station: one 3-component sensor surrounded by 6 vertical sensors at distances of 20 or
40 meters. Stations with four sensors (Y11 and Y02) only include 3 peripheral seismometers.

a M = 7.3 subduction earthquake which occurred 80 km
from the volcano.

2. Data and Methods

[5] Yasur volcano is a small scoria cone (360 m a.s.l.)
located on Tanna island, in the southern part of Vanuatu
Archipelago. The volcano is characterized by permanent
Strombolian (repeated, low intensity) explosive activity,
experiencing events at rates of up to several explosions per
minute. Between January 2008 and February 2009, we
operated a temporary seismic network around Yasur. This
included 12 short period seismic stations (Figure 1): 9 com-
posed of 7 sensors, 2 composed of 4 sensors (Y02 and Y11)
and 1 with a single 3-component sensor (Y12). The instru-
ments recorded intense seismicity dominated by numerous
explosion quakes directly generated by surface (explosive)
activity, but also including LP events [Chouet, 1996] related
to deeper (sub-surface, conduit) processes. This seismicity
comprised families of events with similar waveforms. One
family of LP events in particular occurred regularly during
the whole study period at a rate of about 10 events per hour
(Figure 2a). According to two independent methods based on
the use of (a) seismic antennas techniques [Perrier, 2011]
and (b) first arrival times picked using stacks with well
identified onsets, source locations for LP events are found

below the southeastern part of the crater rim at a depth
ranging from 400 to 800 m b.s.l. depending on location
parameters and technique. The high rate of occurrence of
these events provides us with an unprecedented sampling rate
for applying the CWI technique to examine the effect on the
volcano of the M=7.3 subduction earthquake which occurred
80 km to the southeast on April 9, 2008 at 12:46 UT (TO, the
time of occurrence of the earthquake).

[6] To compare waveforms, and identify distortions, we
used the cross-correlation moving window technique in
which we calculated delays along the waveforms by cross-
correlating 5.12 s sliding windows. We selected 8500 similar
LP events between March 1 and May 10 which were iden-
tified by cross-correlating, to detect the similar signal win-
dows, continuous data from a station that clearly recorded
LP waveforms (Y07 in Figure 1) with a reference LP trace.
To identify suitable reference events to apply the CWI
technique (with high quality signal-to-noise ratios), we
generated, for each station and component, several synthetic
stacks, before and after TO, by summing the 30 largest
events recorded on any one day. Comparing these daily
stacks to the 8500 LP events with the moving window
technique, we commonly observed drops in similarity for the
later part of the signals, and a progressive dephasing of the
waveforms with an almost linear trend whose slope (dt/t) we
determined by linear regression (Figure 2b). Among the
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Figure 2. Similar waveforms and application of the cross-
correlation moving window technique. (a) Example of simi-
lar LP events recorded at station Y05. (b) Correlation Mov-
ing Window technique applied to two stacks for station Y03
(vertical component 3): a stack composed of events collected
during the hours preceding TO and a stack of events after TO.
The upper part shows the waveforms aligned on their onsets,
middle part shows delays along the waveform calculated
using 512-point windows, with linear interpolation and eval-
uation of the slope dt/t, and lower part shows corresponding
correlation value.

comparisons, we selected the results providing a good linear
fit and plotted them as a function of time.

3. Changes Induced by the M = 7.3 Earthquake

[7] Figure 3a shows examples of temporal variations in
dt/t for two reference stacks, collected before and after TO, at
two vertical components of stations Y01 and Y03. These
curves are representative of those obtained at all stations.
Variations for each time frame (before or after T0) are better
recovered using stacks collected during the corresponding
period. Nevertheless, the resulting curves outline a clear
increase in the value of dt/t at TO, indicating a quasi-
instantaneous response to the distal earthquake. During the
days following TO, we detected a partial relaxation process,
characterized by a decrease in dt/t, whose values did not
return to their initial pre-TO levels. Apart from the rapid step
observed at TO, dt/t displayed rather smooth variations,
especially prior to TO. However, we note for several stations
a significant change in the trend began about 4 days before
TO (Y011 for example in Figure 3a), prior to the first M =
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5.1 foreshock which occurred on April 6. To examine the
spatial distribution of the amplitude of the step observed at
TO, we compared, for each station and component, a stack
composed of LP events collected during the hours before TO
to a stack composed of events collected after the same event.
The distribution shows a maximum value for station Y05
and a rough decay as a function of distance to the summit
(Figure 3b).

[8] CWI theory directly relates dt/t to changes in the
average seismic velocity (dv/v) of the medium sampled by
the seismic waves, where dv/v = —dt/t [Poupinet et al.,
1984]. In the present case, we favor the hypothesis of a
medium change as compared to a source change [Haney
et al., 2009] because in the later case we would expect
comparable variations to be observed at all stations. There-
fore our data indicate that the distant earthquake induced
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Figure 3. Temporal and spatial variations of dt/t, the slope
of the linearized delay between similar events. (a) dt/t
between 2 reference stacks collected at dates indicated by
black and blue arrows and 8500 LPs for stations YOI (com-
ponent 4) and Y03 (component 7). Vertical dashed line is
drawn at the time of occurrence of the M=7.3 earthquake
(Tp). Individual measurements are shown in the background
in light color, in foreground are average curves calculated
over 20 point moving windows. (b) dt/t between stacks of
LP events collected during the hours before and after TO.
Slopes have been calculated at each station for all vertical
components providing for each station a mean value and
standard deviation. Results are plotted as a function of the
distance to the summit of the volcano.
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a sudden velocity drop, by a few percent, at the volcano.
The fact that the amplitude of the drop was maximum near
the summit suggests that the induced change affected
mostly the medium in the vicinity of the volcanic conduit.
While the seismic waves reaching stations close to the
summit mostly sampled the medium surrounding the conduit
and are strongly delayed, waves reaching more distant
stations sampled increasingly less affected media and
therefore show reduced distortions. Calculations done using
Coulomb 3.3 software [e.g., Toda et al, 2005] indicate
normal and shear stresses induced by the M=7.3 earthquake
at the location of Yasur volcano on the order of 10 kPa.
These low values for static stress suggest that the interaction
mode was rather by dynamic stress transfer. The opening
of cracks or the exsolution of gas from the conduit due to
enhanced permeability caused by large amplitude shaking
[Rojstaczer et al., 1995] could be a possible explanation for
the rapid medium change.

4. Conclusions

[s] The earthquake which occurred 80 km from Yasur did
not bring any clear change to the seismic activity of the
volcano in terms of radiated energy or number of generated
transient events, nor did it bring any clear modification to its
morphology. Despite this apparent lack of impact on the
eruptive dynamics, examination of waveforms for LP events
around the event shows that the distal earthquake induced
measurable changes to the medium of the volcano. Here we
demonstrate that repeating seismic events and CWI are an
efficient tool to image these changes. Because similar events
are commonly observed at volcanoes around the world, the
technique could provide important information on the effect
of large tectonic earthquakes on the internal structure of
volcanoes, thereby providing important clues on the nature
of earthquake-volcano interaction and eruption triggering.
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