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Continuous long-term array analysis of seismic records observed during the
2011 Shinmoedake eruption activity of Kirishima volcano, southwest Japan
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We deployed a seismic array at a site 5 km east of Shinmoedake volcano, in the Kirishima volcanic complex
of southwest Japan, five days after the sub-Plinian eruption on 26 January, 2011. The array record between
February and September 2011 included explosion earthquakes and episodes of weak continuous tremor during
eruption periods. We estimated slownesses and back azimuths of seismic waves on a sliding 1-min window
using the semblance method. The slownesses of the weak continuous tremor clustered within the range 0.2–0.8
s/km, consistent with a mix of body and surface waves. A probabilistic approach based on a grid search was
used to estimate the source locations of the explosion earthquakes and weak continuous tremor. The sources of
the explosion earthquakes were beneath the crater at depths of −0.5–1 km above sea level, while the source of
the weak continuous tremor was beneath the northern part of Shinmoedake at depths between 1 km below sea
level and 1 km above sea level. This latter region corresponds to a shallow low-resistivity layer, suggesting that
hydrothermal processes are more plausible than magmatic processes as the generating mechanism of the weak
continuous tremor.
Key words: Explosion earthquake, volcanic tremor, seismic array, semblance analysis.

1. Introduction
The Kirishima volcanic complex is a group of more than

20 volcanoes in southern Kyushu Island, Japan, of which at
least 3 volcanoes have historical eruptions and more than 10
have been active during the past 22,000 years (Imura, 1992,
1994). Shinmoedake volcano, in the Kirishima group, has
documented eruptions in 1716, 1717, 1771, 1822, 1959,
1991, 2008, 2009, and 2011. The 2011 eruptions began as
a small phreato-magmatic eruption on 19 January that was
followed by a sub-Plinian eruption on 26 January, with an
eruption column reaching more than an elevation of 7 km
(Hashimoto et al., 2012). Explosive eruptions started on 28
January and occurred several times during the first half of
February. The largest of these was on 1 February, associated
with intense pressure waves affecting the residential area
around Shinmoedake, and the eruption plume reached over
3 km (Japan Meteorological Agency, 2012a). From Decem-
ber 2009 to just before the 2011 Shinmoedake eruptions,
inflation of the Kirishima group was observed by a GPS
network (Japan Meteorological Agency, 2012b). Deflation
of the volcano was observed subsequently from 26 January
to 1 February (Japan Meteorological Agency, 2012b). The
modeled pressure sources of inflation and deflation were
5 km northwest of the summit crater of Shinmoedake at
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depths of 7.5 and 8.5 km, respectively (Fig. 1) (Japan Mete-
orological Agency, 2012b). Inflation resumed after 1 Febru-
ary and continued until November 2011(Japan Meteorolog-
ical Agency, 2012b). Explosive and non-explosive activity
mainly occurred between early February and the middle of
April, and several non-explosive eruptions occurred in late
June and from late August to early September 2011 (Japan
Meteorological Agency, 2012a). No eruptions have been
reported since September 2011. It is important to reveal the
magmatic process below the volcano for the period from the
early stage of the eruptive activity to the last eruption.

Volcanic tremor is a seismic signal commonly observed
at active volcanoes during quiescent and eruptive stages
(e.g., Chouet, 1996; Konstantinou and Schlindwein, 2002).
Various models have been invoked to explain its source
mechanisms (e.g., Chouet, 1986; Julian, 1994; Jellinek
and Bercovici, 2011), all involving interaction between hy-
drothermal or magmatic fluids and their host rocks. Explo-
sion earthquakes are seismic signals excited by explosive-
type (e.g., Vulcanian or Plinian) eruptions (e.g., Kanamori
et al., 1984; Nishimura and Hamaguchi, 1993; Tameguri et
al., 2002). Therefore, the quantitative analysis of seismicity
is a fundamental step toward a better understanding of the
dynamics of volcanic processes.

The first step is to locate the origin of seismic signals
from volcanoes. Because of the lack of clear body-wave
phase arrivals and the rapid loss of signal coherence with
distance, tremor and explosion earthquakes cannot be pre-
cisely located using conventional hypocenter determination
methods based on phase arrivals. However, seismic arrays
have been used successfully to locate tremor and explo-
sion earthquake sources at a number of volcanoes, such as
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Fig. 1. (a) Location of Shinmoedake volcano, in the Kirishima volcano group, and the seismic array used for this work. The inset shows the study
site location in southwest Japan. The contour interval is 100 m. Solid and open circles show inflation and deflation pressure sources, respectively,
estimated from GPS data (Japan Meteorological Agency, 2012b). The inflation occurred from 1 December, 2009, to 15 January, 2011, before the
2011 eruption, and the deflation was associated with the sub-Plinian eruption of 26 January, 2011. A conceptual model (Fig. 12) is illustrated along
the approximate orientation of the cross-section AB. (b) Configuration of the seismic array (open circles). The station marked with a gray circle was
not used due to a timing problem. (c) Beam-forming array response at 2.5 Hz for east and north components of the slowness from −0.8 to 0.8 s/km.

Colima (Palo et al., 2009), Etna (Di Lieto et al., 2007),
Hawaii (Goldstein and Chouet, 1994; Almendros et al.,
2001b), Izu-Ohshima (Furumoto et al., 1990), and Strom-
boli (Chouet et al., 1997; Saccorotti et al., 1998; La Rocca
et al., 2004). We deployed a seismic array to observe and
locate tremor episodes and explosion earthquakes of Shin-
moedake volcano, beginning after the sub-Plinian eruption
of 26 January, 2011, and continuing to the present.

In this paper, we report our array analysis of continuous
waveform data from the period February to September 2011
to detect coherent waves from the volcano. Using a proba-
bilistic method to locate explosion earthquakes and tremor,
we offer some insight into the probable source process of
tremor. Given that explosion earthquakes can be assumed
to originate in the shallow part of the erupting crater, we
also evaluate the location of tremor by comparison with the

location of explosion earthquakes.

2. Seismic Array Observation and Data
We deployed a small-aperture seismic array, consisting of

16 stations, on the east flank of the Kirishima cluster on 30–
31 January, 2011, at a site 5 km east of the active crater of
Shinmoedake (Fig. 1). The site has a relatively smooth to-
pography with gentle slopes, allowing the array to be set up
on a roughly planar ground surface. The elevations of seis-
mometers are between 660 m and 700 m above sea level.
The aperture of the array is 400 m. The 40 m difference in
sensor elevation is not significant for seismic array analysis
as it is an order of magnitude smaller than the aperture. The
relative positions of all array components were determined
by GPS with an accuracy on the order of 10−2 m, and the
precision of their absolute locations was 0.5 m. Each station
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Fig. 2. Waveforms and particle motions recorded by the KR07 station (location in Fig. 1) filtered in the 2–3 Hz band for the beginning part of the
explosive event at 23:19 JST on 1 February, 2011. (a) Filtered vertical, radial, and transverse waveforms. The radial direction is from the crater to the
station; the transverse direction is perpendicular to the radial direction and clockwise. Particle motions of the signals within the windows marked by
solid lines (P wave) and dashed lines (S wave) are plotted in (b) and (c), respectively. Particle trajectories start at the circles and end at the triangles.
(b) The left panel, where vertical motion is plotted against radial motion, displays P wave motion with subhorizontal incidence. (c) The left panel,
where vertical motion is plotted against radial motion, displays S wave motion. The middle and right plots (vertical-transverse and radial-transverse)
show that both SV and SH components were present in the wavefield.

has a three-component Sercel L-22D seismometer with a
natural frequency of 2 Hz and a sensitivity of 60 V/m/s. Sig-
nals from the seismometers were recorded by Keisokugiken
HKS-9550 data loggers, which are 24-bit recorders storing
data at 200 samples per second per channel. We used data
from 15 of the 16 seismic stations, discarding data from the
station (gray circle in Fig. 1(b)) that had timing problems
(M. Nakamoto, personal communication on 22 July, 2012).
The directional sensitivity and resolution power of the array
are described by the beam-forming array response at 2.5 Hz
in Fig. 1(c). There was no distinct side lobe in the array
response.

3. Array Analysis of Continuous and Explosion
Earthquake Records

We used the semblance technique (Neidell and Taner,
1971) to measure apparent slownesses and back azimuths
of the coherent wave phases that crossed the array. We cal-
culated the semblance values for the selected array data at
all the apparent slowness and back azimuth grid nodes. The

position of the nodes with the maximum semblance value
provides an estimate of the apparent slowness and back az-
imuth of the incoming wavefronts. The method works in the
time domain, giving an advantage over techniques based on
Fourier transforms in that the results are less sensitive to
the length of the signal time window selected for the anal-
ysis (Almendros et al., 1999). This method requires much
more computer time than frequency domain techniques, but
less than the zero-lag cross-correlation technique (Frankel
et al., 1991).

The semblance analysis was performed on the vertical
component of the seismograms. After the waveform data
were filtered using a bandpass filter of 2–3 Hz, the sem-
blance coefficient was calculated for a time window of 0.5 s.
This window length, determined after trying several values
and observing the dependence of the results, was chosen be-
cause it guaranteed stable results and was greater than the
one-cycle period at the middle of the dominant frequency
band. We performed a continuous long-term array analysis,
in which the time window started from the beginning of a
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Fig. 3. Onset of an explosion earthquake at 23:19 JST on 1 February, 2011, in the 2–3 Hz band, recorded by the seismic array along with analytical
results. The time axis starts at 23:19:15 JST. Shown from top to bottom are the seismograms of the 15 array channels, the semblance values, the
apparent slowness, and the back azimuth. Solutions with semblance values greater than 0.7 (dashed line) are shown with open circles and the others
with dots. Vertical lines with circles indicate the uncertainties of the solutions. The region in the apparent slowness and back azimuth panels with
semblance values above 90 percent of the maximum provides an estimate of the uncertainty of the solution. The dashed line in the back azimuth
panel represents the direction from the array center to the crater of Shinmoedake. The vertical gray bands indicate wave arrivals discussed in the text;
the P and S arrivals are also shown in Fig. 2.

continuous waveform 1 h long and was moved successively
by the length of 0.125 s until the end of the waveform, re-
peated for each 1 h continuous record in the observation pe-
riod from 1 February to 30 September, 2011. We adopt the
time shift length to reduce necessary computation time and
to obtain enough time resolution for the wave propagation
parameters.

The range of apparent slowness was searched from 0.05
to 3.00 s/km in steps of 0.05 s/km, and the range of back
azimuth was searched from 0◦ to 355◦ (measured clockwise
from north) in 5◦ steps over this continuous long-term anal-
ysis. We extracted the waveforms of nine explosion earth-
quakes that occurred during the observation period. For the
analysis of these earthquakes, we adopted the same time
window and time increment but finer step intervals: 0.01
s/km steps for apparent slowness and 1◦ steps for back az-
imuth.

4. Seismic Signatures and Results of Array Anal-
ysis of Explosion Earthquakes

In Fig. 2, we present the initial portion of three-
component waveforms and particle motions for an explo-
sion earthquake at 23:19 JST on 1 February, 2011, at sta-

tion KR07. These data were bandpass filtered at 2–3 Hz, a
frequency band that includes the main energy band of the
earthquake. At the signal onset (Fig. 2(a), interval marked
P), the particle motion was mainly radial in the vertical-
radial and radial-transverse domains (Fig. 2(b)), which sug-
gest that P waves with a near-horizontal ray direction were
dominant in this time window. During the time window 2 s
later (Fig. 2(a), interval marked S), particle motions in the
vertical-transverse and radial-transverse domains (Fig. 2(c))
can be explained by SV to SH motion.

Sources of explosion earthquakes have been estimated to
be beneath active craters at shallow depths, less than 2 km
(e.g., Tameguri et al., 2002; Chouet et al., 2005; Ohmi-
nato et al., 2006). If we assume that the source depth of
the explosion earthquakes at Shinmoedake is similar to the
results of previous works for other volcanoes, comparison
with explosion earthquakes and tremors is useful to evalu-
ate the wave property and location of tremor, which will be
described in the following sections. Here, we present our
array analysis for the nine recorded explosion earthquakes,
using data from vertical-component sensors. In vertical-
component data, only P , SV , and Rayleigh waves are ob-
servable, while SH and Love waves are excluded owing
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Fig. 4. Rose diagram of the back azimuths from the seismic array (shown as the small black dot) of the P wave time window obtained for the nine
recorded explosion earthquakes. The rose diagram has a 3◦ interval. The back azimuths are those with maximum semblance values in the P wave
time window of each explosion earthquake. Most back azimuths point to Shinmoedake crater, and a few point slightly north of the crater. The inflation
source estimated with GPS data (Japan Meteorological Agency, 2012b) is shown by the large black dot.

Fig. 5. One-dimensional velocity structures (J. Oikawa, personal com-
munication on 12 July, 2012) used for calculating slowness values to
estimate the depths of the explosion and tremor sources. The velocity
structure is based on P wave velocity structures (Tsutui et al., 1996;
Nishi and Kagiyama, 2002). A Poisson’s ratio of 0.25 is assumed.

to their predominantly horizontal motion. Figure 3 shows
array results for the same explosion earthquake shown in
Fig. 2. The first phases of the event between 7 and 7.7 s,
roughly corresponding to the P wave time window in
Fig. 2(a), were characterized by slowness values around
0.21–0.28 s/km. The corresponding apparent velocity, ap-
proximately 3.6–4.8 km/s, was consistent with P waves im-
pinging at a large incident angle. The phases in the time
window between 9 and 9.7 s, roughly corresponding to the
S time window in Fig. 2(a), were characterized by slowness
values around 0.35–0.39 s/km. The corresponding apparent
velocity, approximately 2.6–2.9 km/s, was consistent with
S waves impinging at a large incident angle. The back az-
imuths during both of these time windows pointed roughly
toward Shinmoedake crater around 255◦. About 3.5 s after

the S wave arrival, slowness increased to 0.7 s/km and the
back azimuth again was around 255◦, coincident with the
arrival of Rayleigh waves (Fig. 3). An acoustic phase arriv-
ing at 15–16 s had a slowness of 3.1 s/km, corresponding
to an apparent velocity of 0.32 km/s, and a back azimuth of
255◦.

For all nine explosion earthquakes, back azimuths of
P waves, when maximum semblance values in the P
wave window met or exceeded a threshold value of 0.7
(Fig. 4), pointed mostly directly toward Shinmoedake crater
or slightly north of it. The corresponding apparent slowness
ranged from 0.20 s/km to 0.37 s/km. The mean apparent
slowness was 0.30 s/km and the mean back azimuth was
260◦ for the explosion earthquakes.

Hypocenters for the explosion earthquakes, determined
by using the conventional method, are at a depth of −0.5–
1 km below sea level beneath the crater (Japan Meteo-
rological Agency, 2012a). The apparent slowness for P
waves was calculated from these hypocenters using a one-
dimensional velocity structure (Fig. 5) as 0.21–0.23 s/km,
which is within the apparent slowness range of 0.21–0.28
s/km determined from our array observations. As a ref-
erence, this velocity structure is based on results of the
seismic exploration in 1994 using artificial seismic sources
around Kirishima volcano (Tsutui et al., 1996; Nishi and
Kagiyama, 2002). It is possible that the explosion earth-
quake sources are shallower than the hypocenters deter-
mined by the conventional method, because the observed
apparent slownesses are greater than the calculated ones.

5. Results of Continuous Long-Term Array Anal-
yses and Detection of Weak Continuous Tremor

Our continuous long-term array analysis also detected
tremor episodes during the observation period from 1
February to 30 September. Since the tremor of each episode
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Fig. 6. Spectrogram of 10 minutes of a weak continuous tremor recorded by vertical seismometer of KR07. The window’s starting time is 03:50 JST
on 5 February, 2011, which is the same as Fig. 7. The spectrogram was calculated for a 4 s window 75% overlap using the FFT.

Fig. 7. Record and analysis of a weak continuous tremor in the 600 s time window starting at 03:50 JST on 5 February, 2011. Shown from top to
bottom are seismograms of the 15 array channels, the semblance values, the apparent slowness, and the back azimuth. Solutions with semblance
values greater than 0.7 are shown with open red circles and the others with black dots. The line in the semblance panel is the 0.7 threshold.

continued for several days and has small amplitudes (100–
200 nm/s), we call the tremor episode a weak continuous
tremor. The durations and periods of the tremor episodes
will be specifically described later. Figure 6 shows a 10-
min-long spectrogram of the vertical component at station
KR07 during a period of volcanic tremor. There is neither a
clear dominant frequency nor a harmonic nature in the spec-
trogram. The spectral energy distributes between 2 and 24
Hz and has no clear temporal variation. Although there is no
clear spectral peak, relatively stronger energy is seen around

6 Hz through the 10-min-long records. Figure 7 shows 10
min of the array record and its analysis during a period of
volcanic tremor, showing coherent phases with semblance
values greater than or equal to 0.7. The amplitude of the
tremor was two orders of magnitude smaller than that of
the explosion earthquake (Fig. 3) and an order of magni-
tude smaller than that of the harmonic tremor episode on
2 February, 2011 (Kyushu University, 2012). The apparent
slownesses in Fig. 7 were clustered within the range of 0.2–
0.8 s/km, suggesting that a mix of body (P-S) and surface
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Fig. 8. Temporal evolution during the study period of apparent slowness and back azimuth derived from the array analysis of vertical components.
The gray scale maps the hourly histograms of slowness (0.05 s/km grid interval) and back azimuth (5◦ grid interval) measurements. Blue lines show
the maximum amplitude of the vertical component in every 1 h window. Red and orange triangles show the times of explosive and non-explosive
eruptions, respectively. The red and orange solid circles near the time axes show the times of volcanic tremor and low-frequency volcano earthquakes,
respectively.

Fig. 9. Temporal evolution of high-semblance data on average apparent slowness and back azimuth derived from the array analysis of vertical
components. Circles show the average apparent slownesses or back azimuths that are calculated from two horizontal slowness values within 1-min
time windows. Averages are calculated only for windows in which slowness values with semblance greater than or equal to 0.7 occurred 30 times or
more. The gray scale inside the circles shows the average semblance value. Other symbols are the same as in Fig. 8.

waves came from a shallow source, because the range is
consistent with the ranges of the apparent slowness of P , S
and surface waves of the explosion earthquakes. The back
azimuths were clustered around the west direction (270◦)
within the range 240◦–290◦, which is north of the crater di-
rection (255◦).

Figure 8 shows the frequency distribution of apparent
slowness and back azimuth values for each hour during the
whole analyzed period from February to September 2011.
High frequencies occurred in early February and in late

February to early March for both slowness and back az-
imuth. Slightly high frequencies occurred in late June and
in late August to early September. The apparent slownesses
and back azimuth with high frequency are clustered within
the ranges of 0.2–0.8 s/km and 240◦–290◦, respectively, and
the same as those for the weak continuous tremor (Figs. 6
and 7), suggesting that the weak continuous tremor also oc-
curred in these periods. These periods correspond to explo-
sive and non-explosive eruptions, although there were a few
eruptions when no tremor was detected in middle and late
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March.
Figure 9 shows the time-dependent distribution of the

average apparent slownesses and back azimuths for every
1 min window in the analyzed period in which the aver-
age semblance values was equal to, or greater than, 0.7 for
the window. The average apparent slownesses were clus-
tered within the range of 0.35–0.65 s/km between Febru-
ary and April; however, in June and August the average
slownesses were around 0.45–0.8 s/km, suggesting that the
tremor source was shallower than it was earlier. The aver-
age back azimuths were clustered around 250◦–280◦ from
February to March, then shifted slightly to 255◦–290◦ in
April, to 250◦–270◦ in late June, and to 260◦–300◦ at the
end of August. This progression suggests that the tremor
source moved from slightly north of the crater to the north
and then back in the period from February to August 2011.

6. Source Locations of Explosion Earthquakes
and Weak Continuous Tremor

We estimated the source location of the explosion earth-
quakes and the weak continuous tremor using a procedure
based on the probabilistic inversion of the horizontal slow-
ness vectors (SX , SY ) observed at the array site. The relia-
bility of the source location is expressed by a spatial proba-
bilistic density function (PDF) (Saccorotti et al., 1998; Sac-
corotti and Del Pezzo, 2000; La Rocca et al., 2004). The
maximum probability for the source location is associated
with the minima of a misfit function, defined through the
weighted differences between the observed slowness vec-
tor Sobs and the vectors Scal calculated by ray tracing in the
one-dimensional velocity structure shown in Fig. 5. The ob-
served slowness Sobs was obtained from our estimated ap-
parent slownesses and back azimuths. For each grid node x
of the model space, we traced direct rays to the array loca-
tion, thus computing the slowness vector Scal(x). Assuming
a Gaussian error distribution of slowness with a standard
deviation of σ , the conditional PDF (likelihood function) is
expressed as

L(S|x) = 1√
2πσ

exp
−

(
Sobs−Scal(x)

)2
/2σ 2

(1)

The standard deviation σ includes the uncertainties in the
estimate of observed and predicted slowness vector com-
ponents. Although the predicted uncertainty depends on
the velocity structure (Saccorotti and Del Pezzo, 2000), we
only consider here the standard deviation for the observed
slowness. We calculate the standard deviations for the ob-
served slownesses in the P and S time windows of the ex-
plosion earthquake, as shown in Fig. 3, to be 0.025 and 0.04
s/km, respectively. For safety’s sake, we adopt twice the
standard deviations as σP = 0.05 s/km and σS = 0.08
s/km, which are slightly larger than those used for locat-
ing explosion earthquake sources at Stromboli (Saccorotti
et al., 1998; Saccorotti and Del Pezzo, 2000; La Rocca et
al., 2004).

As described in Section 4, the means of the apparent
slownesses and back azimuths for P waves of the explosion
earthquakes were 0.3 s/km and 260◦, respectively, which
we used to locate their sources. As shown in Section 5,

the apparent slownesses and back azimuths of tremor corre-
sponded to a mix of body and surface waves. It is difficult
to discriminate phases of tremor for assigning wave types to
the estimated apparent slowness. We assumed an apparent
slowness of 0.4 s/km, corresponding to S waves, which is
comparable to the slowness of 0.35–0.39 s/km for S waves
from the explosion earthquakes (Fig. 3). We adopted the
back azimuth of 265◦ for locating the source of the tremor.

The spatial likelihood distributions are shown in Figs. 10
and 11 for the explosion earthquakes and tremor, respec-
tively. The likelihood becomes large along the ray path
of waves that approach the array in the direction estimated
by the array analysis. For the explosion earthquake source,
the area of highest likelihood includes Shinmoedake crater
(Fig. 10). The E-W and N-S vertical cross-sections of the
spatial likelihood distribution that intersect the crater show
that high likelihoods occur just below the crater at depths of
−0.5–1 km above sea level. This depth range is shallower
than the depths of explosion earthquakes (−0.5–1 km below
sea level) determined from first arrival times (Japan Meteo-
rological Agency, 2012a). The high-likelihood area for the
tremor source (Fig. 11) is located between the volcanoes
Karakunidake, Ohnamiike, and Shinmoedake and between
Shinmoedake and the inflation source inferred from geode-
tic data (Japan Meteorological Agency, 2012b). The E-W
and N-S vertical cross-sections intersect at a point between
Karakunidake and Shinmoedake, where the high-likelihood
maximum is at depths between 1 km below sea level and 1
km above sea level.

As seen in Figs. 7–9, the propagation parameters of
the tremor were somewhat scattered. The causes of the
scatter may include the action of multiple nonisotropic
sources, measurement errors associated with departure from
the plane-wave assumption, severe ray bending associated
with medium heterogeneities, and focusing effects result-
ing from free-surface interactions related to the volcano to-
pography (e.g., Ripperger et al., 2003). Assessing all these
effects would require inverting the estimated propagation
parameters using theoretical slowness fields obtained from
wavefield simulations in three-dimensional, heterogeneous
media, and including the free-surface effect of topography
(e.g., Almendros et al., 2001a). However, that task is un-
feasible without information on the velocity structure at a
scale comparable to the wavelengths analyzed in this study.

7. Discussion and Conclusions
Based on knowledge of previously published studies

and the results of this study, we can construct a possi-
ble configuration of the volcano-hydrothermal system of
the Kirishima group (Fig. 12). Magnetotelluric observa-
tions have revealed a widespread low-resistivity layer in
the central and northwestern volcanoes of the Kirishima
group, such as Shinmoedake, beneath a more resistive sur-
face layer about 100 m thick (Kagiyama, 1994; Utada et al.,
1994; Kagiyama et al., 1996). The low-resistivity layer ex-
tends down to the depth of sea level below the central and
northwestern part of the Kirishima group, but is much shal-
lower beneath the southeastern Kirishima volcanoes such as
Ohachi and Takachihonomine. It is interpreted as a water-
saturated porous layer, consistent with hydrothermal activ-
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Fig. 10. Horizontal and vertical cross-sections of the likelihood distribution for the source location of the explosion earthquakes. Vertical exaggeration is
0.5. Depths are shown relative to sea level. Solid squares show the location of the seismic array. Solid and open circles represent inflation and deflation
pressure sources, respectively, estimated from GPS data (Japan Meteorological Agency, 2012b). The map represents a horizontal cross-section at sea
level; dashed lines are the locations of the vertical cross-sections. The P wave apparent slowness and back azimuth were assumed to be 0.3 s/km and
260◦, respectively, for likelihood calculations. The standard error for the observed slowness was assumed to be 0.05 s/km.

Fig. 11. Horizontal and vertical cross-sections of the likelihood distribution for the source location of the continuous tremor. Graphical details are the
same as in Fig. 10. The S wave apparent slowness and back azimuth were assumed to be 0.4 s/km and 265◦, respectively, for likelihood calculations.
The standard error for the observed slowness was assumed to be 0.08 s/km.
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Fig. 12. Possible configuration of the volcano-hydrothermal system beneath the study area, which is along the approximate orientation of the
cross-section AB (Fig. 1). Light grey areas show the aquifer layer, which corresponds to the low-resistivity layer suggested by magnetotelluric
observations (Kagiyama, 1994; Utada et al., 1994; Kagiyama et al., 1996). Dark gray areas show the magma reservoir and pathway to Shinmoedake,
which correspond to the pressure sources (Japan Meteorological Agency, 2012b) and the low-resistivity layers. Open circles and stars show locations
of tremor and explosion earthquakes, respectively. More details are given in the texts.

ity, and it plays an important role in controlling eruptions
and associated eruptive phenomena through interaction of
magma and water in the saturated layer (Kagiyama, 1994;
Kagiyama et al., 1996). A deep low-resistivity layer ap-
pears about 10 km below the surface in the central and
northwestern parts of the Kirishima group, but is shallower
beneath Shinmoedake at elevations of 2–3 km below sea
level (Utada et al., 1994; Kagiyama et al., 1996). The pres-
sure sources estimated by GPS data (Japan Meteorologi-
cal Agency, 2012b) roughly correspond to the deep low-
resistivity layer, suggesting a magma source. Kagiyama
(1994) proposed that a path for rising magma or volcanic
gas exists between the deep and shallow low-resistivity lay-
ers because this region matches the locations of an earth-
quake swarm before the small eruption of Shinmoedake in
1991 and the deflation source after the eruption. Ohba et al.
(1997) investigated chemical and isotopic composition of
hot spring waters and fumarolic gases from the Kirishima
group. They elucidate the hydrothermal system, where a
hypothetical parent fluid emitted from a heat source (proba-
bly molten magma) is supposed to mix with meteoric water
forming thermal water beneath Shinmoedake.

As shown in Section 6, a high-likelihood region for the
tremor source is shallower than 1.5 km below the northern
part of Shinmoedake (Fig. 11). This region corresponds to
the low-resistivity layer, suggesting that hydrothermal pro-
cesses are more plausible than magmatic processes as the
generating mechanism of the tremor. The magma transport
path would be between the estimated pressure source region
and the summit of Shinmoedake, because that is where the
significant deflation of the volcano associated with the 26

January sub-Plinian eruption occurred (Japan Meteorolog-
ical Agency, 2012b). The volatiles that exsolved from the
magma would enter the water-saturated porous layer. Fur-
thermore, the magma may encounter groundwater and sup-
ply some of its heat to the hydrothermal system. Several
models for the tremor source involve fluids-water, magma,
exsolved volatiles, or all three (e.g., Kumagai and Chouet,
2000; Fujita et al., 2004; Iwamura and Kaneshima, 2005).
Tremor caused by boiling of water is generally weaker
than tremor involving magma movement (McNutt, 1996).
Therefore, the weak continuous tremor may originate in the
heated water-saturated layer.

Volcanic tremor frequently occurs as a precursor of erup-
tions as well as accompanying eruptions. A clear relation-
ship between tremor and eruptions is seen in our study pe-
riod from February to September 2011 (Figs. 8 and 9), al-
though the relationship is unclear in middle and late March
2011, when seismic waves from the 11 March, 2011, To-
hoku earthquake and its large aftershocks affected the con-
tinuous long-term array analysis. The synchronization of
weak continuous tremor and eruptions suggests that hy-
drothermal activity is also activated by magma transport
during eruption periods.

In conclusion, we used a single seismic array to locate
weak continuous tremor in the Kirishima group and eval-
uate its activity. However, the deployment of several seis-
mic arrays compensates for the limited quality of individual
slowness measurements and possible structural effects on
the wave field, enabling successful estimates of the loca-
tions of volcanic tremor and earthquakes with emergent ini-
tial phases (Métaxian et al., 2002). Therefore, a multi-array
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analysis is required to better determine the source locations
of the tremor and emergent earthquakes. A probabilistic ap-
proach using a three-dimensional (3D) velocity structure is
efficient in constraining source locations of explosion earth-
quakes and tremor (Almendros et al., 2001a, b; La Rocca et
al., 2004). The next stage of seismic array observation at
volcanoes, then, would use multiple arrays and a 3D veloc-
ity structure for the array analysis. Furthermore, the proce-
dure described in this study, which requires limited comput-
ing time, can be adapted to real-time volcano monitoring, in
which data from a seismic array are transmitted from seis-
mometers to a central office in real time. These advances
will contribute to our understanding of magmatic systems
and our ability to forecast eruptive activity.
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