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From temporary deployments of seismic ar-
rays and a dense seismic network at Aso volcano,
Japan, we determine the location and the source
mechanism of short-period (0.5-1 sec) tremors
which often occur in synchronization with long-
period (15 sec) tremors. The source of the short-
period tremors are located at the top part of
a crack-like conduit which generates the long-
period tremors, and the result of moment tensor
inversions indicates a cylindrical deformation at
the source. We thus attribute these short-period
tremors to the flow induced vibration at a junc-
tion between a deep crack-like conduit and a shal-
low cylindrical conduit. Our results suggest these
two phenomena at different frequency bands are
generated by a fluid motion in a single conduit
system.

1. Introduction

Aso volcano is one of the most active volca-
noes in Japan, and located in central Kyushu
(Figure 1). The volcano consists of a large el-
liptical caldera and several central cones. It
erupts in Strombolian style repeatedly with in-
tervals of 5-10 years, and recent activities take
place at the youngest central cone named Naka-
dake, which is composed of seven craters aligned
in the northwest-southeast direction. The last
magmatic activities occurred in the beginning of
1990s at the first crater located at the northern-
most of the chain of craters, and after that its
surface activities has been restricted to the con-
tinuous fumarolic activities at the crater.

At Aso volcano, various types of volcanic

tremors have been observed after the pioneering
work by Sassa [1935]. These tremors include the
long period tremors (LPTs) with a period of 15
sec and the short period tremors (SPTs) with a
period of 0.5-1.0 sec [e.g., Kawakatsu et al., 2000].
Although it has long been reported that these
tremors often occur in synchronization with each
other [e.g., Sassa, 1935; Kikuchi , 1974; Churei ,
1985], the relationship between these tremors has
not been well understood.

In this paper, to obtain more detailed image of
SPTs and to understand the relationship between
tremors, we study the source location and the
source mechanism of SPTs. We first locate the
source of SPTs using data obtained by short pe-
riod array observations, and then determine the
source mechanism using data obtained by a dense
short period seismic network.

2. Seismic observations

To constrain the source of SPTs, in November,
1999, we deployed two seismic arrays at west and
north of the first crater of Naka-dake (Figure 1:
hereafter called West array and North array, re-
spectively). Each array was set at a distance of
about 700m from the first crater, and consisted
of 29 stations deployed along concentric semi-
circles. Respective aperture of arrays was 160m
for the West array and 200m for the North array.
Stations at the center and on the outermost semi-
circle of each array were equipped with Lennartz
LE-3D three component velocity seismometers
with a natural period of 1 sec, and all other sta-
tions were equipped with Mark Products L-22D
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vertical component velocity seismometers with a
natural period of 0.5 sec. At each of the sta-
tions, output from the seismometer was recorded
by DataMark LS8000SH data logger with a sam-
pling rate of 100 Hz. The position of each station
was determined using the quick static GPS, and
relative station position was measured precisely
enough for the subsequent analyses. The clock
of each data logger was locked with GPS timing
signals, and kept enough accuracy throughout the
observation. We conducted the array observation
in three nights from November 24 to 26 to avoid
human noises, and obtained record of total length
of 33 hours. Detail of the array observations is
also described in Takagi et al. [2006] in which
the nature of high frequency tremors (3-10Hz) is
studied by these array observations.

In addition to data from the array observa-
tion, we also use data from the ASO98 exper-
iment (Sudo et al., 2002). The ASO98 experi-
ment was a controlled-source seismic experiment
conducted in November, 1998, where total of 296
temporary seismic stations were deployed around
the central cones of Aso volcano. Most of the
stations were equipped with the same seismome-
ter and the data logger as used in our array ob-
servation in 1999. Although the main scope of
the ASO98 experiment was to constrain the sub-
surface structure of the volcano, SPTs were also
clearly recorded at more than 70 stations within
about 1 km from the first crater.

3. Short-period (0.5-1 sec) tremor

Figure 2 shows an example of 20-minute-long
seismogram at the center of the North array and
enlarged view of SPTs. As shown in the fig-
ure, on the observed raw seismogram, high fre-
quency (3-10Hz) continuous tremors dominate,
and SPTs occur intermittently with an interval
of a few minutes. These SPTs are accompanied
by LPTs observed in the broadband record, and
each SPT consists of a decaying signal with a pe-
riod of around 0.5 sec which lasts for a few cy-
cles. Such characteristics of SPTs are common
between events, and the similarity of waveforms
is still high even before-and-after a one-year-long
interval as seen in the figure. This fact seems to
suggest a non-destructive process as the source of
SPTs.
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Figure 1. Aso volcano is located in central
Kyushu, Japan, and one of the central cones
Naka-dake is composed of seven craters (starts)
aligned in the NW-SE direction. We deployed
two semi-circular short period seismic arrays rep-
resented by dots at north and west flank of Naka-
dake in 1999. A part of the ASO98 network is
shown as black and dark circles, and we use sta-
tions in black in our inversion of source mecha-
nism of SPTs.
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Figure 2. Top panel shows a 20-minute-long
seismogram starting at 04:00 on November 27,
1999 observed at the center of the North array
and bandpass filtered (0.03-0.1 Hz) seismogram
observed at a broadband station close to sta-
tion 36 in Figure 1. These two traces show fre-
quent occurrence of SPTs appeared as spikes in
the short-period record, and simultaneous occur-
rence of SPTs with LPTs appeared in the broad-
band record. Bottom two panels show examples
of SPTs observed in 1999 and 1998. Waveforms
of SPTs show high similarity between events.
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3.1 Source location

To locate the source of SPTs, we use the
semblance method [Neidell and Taner , 1971].
Since the distances between a roughly estimated
hypocenter and each array are several times
larger than the aperture of the array, the effects
of the curvature of a wave front is not so sig-
nificant [e.g., Almendros et al., 1999]. We thus
first constrain the epicenter of SPTs under the
assumption of plane wave propagation, and then
refine the estimation of location including depth
assuming spherical wave propagation. We set a
three-dimensional grid of size of 50×50×100m
around the epicentral region estimated by the
plane wave analyses within the depth range of
-100 to 1500m from the ground surface, and com-
pute semblance values for all the pseudo-sources
on the grid assuming a spherical wave in a homo-
geneous isotropic medium. We use medium veloc-
ity of 1.0-3.5 km/sec, and compute the propaga-
tion delay for every velocity step of 0.01 km/sec.
After a computing semblance for each array, we
determine the source location by averaging the
semblance values obtained from the two arrays.

Figure 3 shows the result of the analysis. The
source is located a few hundred meters south-
west of the first crater and at a depth of about
600m. Although the resolution of depth is not
high partly due to the relatively small aperture of
the arrays, the estimated source region is almost
consistent with the top of the crack-like conduit
detected as the source of LPTs [Yamamoto et al.,
1999].

3.1 Source mechanism

To further understand the physical process and
the nature of SPTs, we next analyze the source
mechanism of SPTs using a point source inver-
sion method. In the analysis, we use data from
the ASO98 experiment, and determine the mech-
anism of SPTs with consideration of independent
source time functions for moment tensor compo-
nents and the effect of topography.

We use the linear inversion method of Ohmi-
nato et al. [1998], and determine the source time
function for each component of the moment ten-
sor such that the variance reduction between ob-
served and synthesized bandpass filtered (0.33-
5Hz) velocity seismograms is maximized.
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Figure 3. Three panels show the projection
of the distribution of averaged semblance coeffi-
cients on NS-EW, NS-Depth, EW-Depth planes.
Semblance coefficients are represented as the
darkness of the shade, and grids with semblance
coefficient larger than 0.73 are plotted with con-
tour lines of every 0.05. The coordinate origin in
the figure corresponds to the horizontal location
of the first crater and the elevation of the center
of the West array.

Green’s functions used in the inversion are
computed by the finite difference method of
Ohminato and Chouet [1997]. We use the digital
elevation map published by Geographical Survey
Institute of Japan, and the topography of Aso
volcano is approximated by a staircase composed
of cubic cells with a size of 10m. The velocity
structure inside the volcano is assumed to be one-
dimensional with depth, and we use a linear ve-
locity gradient of 2 km/s per 1 km based on the
result of Tsutsui et al. [2003].

Since the number of stations is large enough
and the azimuthal coverage around the source
is sufficient, we randomly select 30 stations with
good signal quality from the stations surrounding
the crater, and perform inversions using several
different data sets. Based on the fact that the co-
herence of waveforms recorded in 1998 and 1999
are fairly high, in the following analyses, we as-
sume the source location of SPTs is not changed
during this period, and use the epicenter of SPTs
obtained by the array analysis and a depth of 600
m from the ground surface.

Figure 4 shows the results of inversions for

3



three different data sets of a SPT at 01:17,
November 26. The results of the inversions are
stable and consistent each other except slight dif-
ference in the later parts. Fitting of the observed
and synthetic waveforms is also shown in the fig-
ure for the data set #1. In each solution, the di-
agonal components of the moment tensor clearly
dominate, and the off-diagonal components that
slightly precede diagonal components are also re-
solved.
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Figure 4. Top panel shows results of moment
tensor inversions of a SPT on 01:17, November
26. Inversions using three different data sets show
consistent results, and the results suggest that
the source mechanism of SPTs consists of a radial
deformation and a slight shear faulting. Bottom
panel shows the waveform match between ob-
served (solid lines) and synthesized (dashed lines)
waveforms. Synthetic waveforms are calculated
using the inversion result for the data set #1.

4. Discussion

The ratio of three eigenvalues of the obtained
moment tensor is about 2:2:1 with a minimum
value corresponding to the eigenvector pointing

to the nearly vertical direction. Thus the vol-
umetric component in the moment tensor may
represent a radial deformation of the sidewall
of a nearly vertical cylindrical source. This
kind of source mechanism has been also observed
at other volcanoes and it is interpreted as an
expansion and/or contraction of volcanic con-
duits. The moment of the volumetric compo-
nent is about (2, 2, 1) × 107 Nm from our inver-
sions, and it corresponds to a volumetric change
of 4.8 × 10−3 m3 assuming Lame’s constants of
λ = μ = 4.2×109 Nm. Here we use an expression
of the moment tensor for an infinite cylindrical
source whose eigen values are ΔV ·(λ+μ, λ+μ, λ)
[e.g., Fukuyama and Takeo, 1990] where ΔV is
the volume change of the unconfined volume [e.g.,
Kawakatsu and Yamamoto, 2007]. The amount
of the volumetric change is fairly small, and the
result may suggest SPTs are generated by an in-
flux of fluid pressure and fluid itself with small
bulk modulus into the cylindrical source region.

P and T axes of the shear fault component
suggest a dislocation on a fault trending north-
south or east-west. Considering the existence of
a crack-like conduit aligned along the chain of the
craters and the stress field around Aso volcano, it
may be natural that the shear dislocation occurs
in north-south direction.

Single force components are also involved in
obtained solutions. However, the contribution of
the single forces is relatively small, since the cal-
culated Green’s functions show that the surface
motion due to a single force of 103 N is about one
order smaller than the one due to a moment ten-
sor component of 107 Nm. Such small amplitude
of single force components may be below the reso-
lution limit of our inversion. However, numerical
tests indicate that the single force components
are resolvable from our data, and thus the weak
single forces seem to reflect a real property of the
source mechanism of SPTs. This fact may sug-
gest that the fluid in the source region has rel-
atively low viscosity and the exchange of linear
momentum between the source volume and the
Earth through the viscous drag force is not so
effective.

Figure 5 schematically illustrates a conceptual
model we have constructed for the SPT source
and the volcanic conduit system beneath Aso
volcano from the results of geophysical observa-
tions: There exists a conduit system of a magma
chamber, a reflector void, and a crack-like con-
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duit (LPT source) beneath the volcano [Sudo
and Kong, 2001; Tsutsui and Sudo, 2004; Ya-
mamoto et al., 1999] that transports gases and
heat from the deep part to the surface. At a
depth of about 600m, the crack-like conduit nar-
rows down to a cylindrical conduit extending to-
ward active fumaroles at the ground surface. In
this conduit system, the continuous flow of gases
exists. The flow may cause some flow instabil-
ities, such as the density wave oscillation [e.g.,
Iwamura and Kaneshima, 2005], and the resul-
tant pressure perturbation in the crack-like con-
duit excites the vibration of the entire crack-like
conduit which is observed as LPTs. The resonant
oscillation of the crack and the accompanied fluid
motion may build up a pressure excess at the top
of the crack-like conduit, and cause the outward
opening of the cylindrical conduit which gener-
ates a vibration observed as a SPT.

The results of this study suggest that tremors
with different frequency bands that have been
separately studied are driven by fluid dynamics
in a single conduit system. Further quantitative
study including the simulation of the triggering
mechanism of LPTs may reveal the behavior of
the total system beneath the active volcano, and
shed new light on the transport system beneath
volcanoes.
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Figure 5. A conceptual model for SPTs source
and the volcanic conduit system beneath Aso vol-
cano. Reflector voids and a crack-like conduit
compose an open-conduit system from a postu-
lated magma chamber to the surface crater. Cou-
pled fluid motions in the conduit system generate
both SPTs and LPTs.
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