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Abstract

Locations and focal mechanisms of long-period volcanic events observed at Aso volcano, Japan, are determined by wave-
form inversion. Near-field broadband three-component seismograms of four to seven stations are simultaneously inverted in the
time domain in order to find the six-component seismic moment tensor. A linear inversion is performed at each point of a 3D
grid located under the volcano in order to constrain the centroid position and the focal mechanism of the source. The complete
displacements, including near-field waves, in a homogeneous half-space for a general point source are taken into account.
Inversions of 43 long-period tremors and six phreatic eruptions exhibit mainly an isotropic mechanism, with a minor deviatoric
component that may originate from a north–south-trending crack. These events are all located in a small region at about 1.3 km
depth beneath the active crater. The high accuracy, both of locations (a few hundred meters) and of focal mechanisms given by
the inversion, is partly attributed to the rapid variation of the amplitude of the static displacement seen in the long-period part of
the near-field seismograms.q 2000 Elsevier Science B.V. All rights reserved.

Keywords: waveform inversion; seismic moment tensor; isotropic component; volcanic tremor; near-field waves; broadband seismometers;
crack

1. Introduction

Short-period seismometers have historically domi-
nated in the monitoring of active volcanoes; however,
broadband seismometers have been used recently to
understand the physical processes of several volca-
noes (e.g. Kawakatsu et al., 1992; Neuberg et al.,
1994; Kaneshima et al., 1996; Ohminato and Eredi-
tato, 1997; Ohminato et al., 1998; Rowe et al., 1998;
Kawakatsu et al., 2000 – this issue). These authors
show the presence of unusually long-period signals

that cannot be observed by conventional short-period
seismometers. One of the advantages of observing
such long-period seismic signals is that we can easily
analyze the waveforms to infer the physical processes
occurring in the volcanoes (e.g. Kanamori and Given,
1981; Uhira and Takeo, 1994).

It is important to know the force systems or the
focal mechanisms responsible for volcanic seismic
signals. Different techniques have been used to find
the focal mechanisms and/or locations of local earth-
quakes. Waveform inversions of near-field volcanic
events recorded by a single broadband station have
been used to retrieve the focal mechanism (e.g.
Legrand, 1995). Focal mechanisms of volcanic events
are conventionally determined by the use of polarities
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of P-waves and/or polarization of S-waves (e.g. Foulger
and Long, 1984; Julian and Foulger, 1996), or by
waveform modeling of far-field waves (Julian and
Sipkin, 1985). Locations are usually performed by
the use of arrival times of P- and S-waves. Such
conventional methods to determine both focal
mechanisms and locations cannot be easily applied
for volcanic tremors, because the first arrivals are
not clear and S-waves generally cannot be identified.
Others techniques such as relative locations of multi-
plets by cross-spectral methods may alternatively be
used (e.g. Poupinet et al., 1982; Fre´mont and Malone,
1987; Lesage and Surono, 1995).

We present here a technique to jointly locate and
find focal mechanisms for volcanic tremors and
phreatic eruptions observed at Aso Volcano. The
focal mechanisms are found by a linear waveform
inversion in the time domain of the whole seismo-
grams (near-field and far-field waves) performed at
each grid point of a specified region below the
crater. The locations are found by a systematic
search of the best point-source focal mechanism in
the region.

We show that the use of the filtered static displace-
ments (hereafter noted as FSD) recorded in the near-
field improves the accuracy of location because of the
rapid spatial variations of their amplitudes, even for
data filtered at long periods (15 and 7.5 s).

2. Data

We analyze the broadband seismic data collected
by the Aso94 campaign (Kawakatsu et al., 2000 – this
issue). For details of the observed data, readers are
referred to this paper. At Aso Volcano, Kyushu,
volcanic signals with very long periods (longer than
7 s) and with rather short durations (several tens of
seconds) have been observed (e.g. Sassa, 1935; Kawa-
katsu et al., 1994). They are called long-period
tremors (LPTs) by Kaneshima et al. (1996). We use
“long-period” for periods substantially longer than
1 s; note that this convention is different from those
based on recordings of short-period seismometers
(e.g. Chouet, 1996). The spectrum of such LPTs
stacked over 1 day shows generally four dominant
peaks at 15, 7.5, 5 and 3 s (Kaneshima et al., 1996;
Kawakatsu et al., 2000 – this issue). For several years,

LPTs have been emitted continually by the volcano
even when there is no surface activity. Examples of
LPT and a phreatic eruption are shown in Fig. 1. We
locate such LPTs and phreatic eruptions using data
from up to seven broadband stations and determine
their focal mechanisms at the same time. The most
energetic period of 15 s is always clearly recorded,
because it is out of the range of frequencies of the
microseisms. The events filtered at the 7.5 s period
are inverted only when the signals at this period are
clear enough (e.g. September 1994).

3. Waveform modeling

3.1. Determination of location and focal mechanism
by waveform inversion

Waveforms emitted from a point source may be
described as follows (e.g. Aki and Richards, 1980):

ui�x; t� � Mjk�j; t� p gij ;k�j;0; x; t� �1�

whereu, M andg are the displacement, the seismic
moment tensor and Green’s functions tensor, respec-
tively. The asteriskp represents the temporal convo-
lution andx and j the locations of the receiver and
seismic source, respectively.

The observed shapes of LPTs are almost identical at
all the components of all the stations (Figs. 3 and 4),
indicating that these near-field recordings at long peri-
ods have little sensitivity to the spatial variation of the
moment release at the source and are mainly propor-
tional to the source time function (discussed in more
detail in Section 4). We therefore select one of these
components to represent the source time function
(north component of KHE station). We further assume
a homologous source time functionf(t), i.e. the seis-
mic moment tensor can be expressed asMjk�j; t� �
Mjk�j�f �t�: Hence, the waveform fitting is achieved
mainly by modeling the relative amplitude of the
source time function (or the FSD), rather than the
shape of the waves.

A linear inversion of displacement has been
performed in the time domain at each point of a 3D
grid �800× 800× 800 m3 sampled each 100 m) under
the crater in order to find the seismic moment tensor.
The corresponding RMS errors between data and
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synthetics are calculated by:

RMS error� 1
N1=2

X3N

i�1

Z
�Oi�t�2 Ci�t��2 dt

( )1=2

X3N

i�1

Z
�Oi�t��2 dt

( )1=2 �2�

whereN is the number of stations, andOi(t) andCi(t)
denote observed and calculated waveforms, respec-
tively. The best location corresponds to the point of
the grid with the smallest RMS error, and the asso-
ciated seismic moment tensor corresponds to the best
focal mechanism.

For the Green’s functions, we used a simple homo-
geneous half-space model for which the exact expres-
sions of the complete displacement field, i.e. the near-
field waves and the far-field waves, are calculated in
the time domain (Johnson, 1974). These Green’s func-
tions are calculated only one time for each point of the
grid and each station, are stored in memory, and are
used for the inversion of all the events. The correction
for the station altitude is made as follows: each station
is assumed to be at the free surface of the half space,
and the relative elevation of the station to the source is
equated to the depth of the source in the half space.
The relative distance between a source and a station is
used to calculate Green’s functions for each station.
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Fig. 1. Summary of the Aso94 campaign (Kawakatsu et al., 2000 – this issue). Top: locations of the broadband seismic stations around Aso,
Kyushu. The star represents the position of the active crater. The altitude of the active crater (1.16 km) is taken as reference for the depths
calculated in this study. Top right: the square around the first crater corresponds to the region where the 3D grid inversion is performed. Bottom
left: example of vertical component seismograms of long-period tremor recorded at three stations (KHE, SUN and TAK) band-pass filtered
around 15 and 7.5 s. Bottom right: example of vertical velocity component seismogram of a phreatic eruption (94/09/15 at 10:20 GMT)
recorded at station SUN. (a) raw record, (b) filtered between 10 and 30 s (hereafter called 15 s period for the sake of rapidity).



The altitude of reference is 1.16 km, and corresponds
to the surface of the crater lake represented by a star in
Fig. 1. We justify the use of this simple model on the
grounds of wavelength of the signals considered. With
an assumedVP of 1.5 km/s andVS of 0.8 km/s (Matsu-
bayashi, 1995), source size of no more than several
hundred meters (Kaneshima et al., 1996) and domi-
nant periods of 15 and 7.5 s, the wavelengths will be
on the order of 20 km and should be relatively unaf-
fected by small-scale heterogeneities of the unknown
structure, permitting the use of a simple half-space
model and an assumed point source.

3.2. Results of inversions

We analyzed the data recorded in September and
November of 1994 when several phreatic eruptions as
well as many LPTs were observed. We inverted six
phreatic eruptions and 43 LPTs. Temporary stations
(UMN and THG, Fig. 1) were installed in November
1994 for a duration of about 2 weeks. During this
period, seven nearby stations were available (THG,
AWS, SUN, UMN, KHE, TAK and HKB, Fig. 1).
Records from up to these seven broadband stations
are used for the inversion. Records of five other
stations (MTT, SKM, AVL, MGR and MKN) are
used (when available) to check the quality of the
obtained seismic moment tensor. They are not used
in the inversion because of the lower quality of the
signals. The lack of precise knowledge of the seismic
velocity structure between the crater and these
stations also hampers incorporating their seismograms
in the inversion.

3.2.1. LPTs at 15 s
Figs. 2 and 3 show the results of inversions for a

typical LPT (94/11/23, at 07:25 GMT) inverted with
seven stations filtered between 10 and 30 s (hereafter
called 15 s for the sake of rapidity). The best seismic
moment tensor of the LPT shown in Fig. 2 is listed in
Table 1. The focal mechanism found by the inversion
plotted in Fig. 2 is mainly isotropic (97%, cf. Appen-
dix A). Fig. 3 shows the corresponding seismograms.

3.2.2. Phreatic eruptions at 15 s
Fig. 4 shows the results of inversions for a phreatic

eruption (94/09/15, at 10:20 GMT) using displace-
ment seismograms low-pass filtered at 15 s. The

amplitude of that eruption is about 10 times bigger
than the amplitude of a typical LPT, and the signal-
to-noise ratio is correspondingly larger. The best seis-
mic moment tensor is listed in Table 1. The focal
mechanism is again mainly isotropic (98%, cf. Appen-
dix A). Compared to LPTs, the spectra of phreatic erup-
tions show rather broad continuous peaks. To
demonstrate that the study is not highly dependent on
the narrow filter we used for phreatic eruptions, we have
inverted the event of Fig. 4 without applying any filter.
The result of the waveform modeling is shown in Fig. 5,
verifying the method for unfiltered data.

3.2.3. LPTs at 7.5 s
We inverted 17 LPTs (17 September 1994) around

a period of 7.5 s, the second most energetic peak. At
this period (7.5 s), the waveform fit is a little worse
than that of the 15 s inversion. This is probably
because both structure and source complexity are
likely to affect the 7.5 s waves more they affect the
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Fig. 2. Location of an LPT (94/11/23 at 07:25 GMT) filtered around
15 s. Contour plot of RMS errors projected onto three orthogonal
planes which include the smallest RMS error corresponding to the
best location. The corresponding seismic moment tensor is isotropic
(97% of the total moment) with a small deviatoric part. The lower-
hemisphere projections of the two components are shown in the
relative size of the definition of Iso and Crack in Section 4.2.
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Table 1
The best moment tensor solutions for LPTs (15 s), phreatic eruptions (15 s) and LPTs (7.5 s) are given (the left most solutions in Fig. A1). The
error of each component is estimated from the standard deviation of the distribution of the component of all the solutions studied (there are 43, 6
and 17 of such solutions, respectively). In order to combine the information available in the moment tensors of different magnitude, the moment
tensors are first normalized by the total seismic momentMM

0 (Appendix A). The scaled moment tensors are then used to estimate the standard
deviation of each component, which is further scaled back to the value in the table usingMM

0 of the best solutions. Corresponding eigenvalues
and eigenvectors are given as North, East, Vertical. The eigenvalues of LPTs (15 s) suggest that the non-isotropic part corresponds mainly to a
vertical crack in the direction of 158NNW–SSE. Notations:I � 1=3�Muu 1 Mff 1 Mrr �; C � 1=3�Muu 1 Mff 2 2Mrr �; D � 1=2�Muu 2 Mff�

Mij LPT at 15 s

(1011 N m)

Phreatic eruption at 15 s

(1011 N m)

LPT at 7.5 s

(1011 N m)

I 23.54^ 0.19 263.82^ 3.92 22.04^ 0.09

C 20.24^ 0.24 23.38^ 5.33 0.06̂ 0.11

D 0.67^ 0.14 11.31̂ 2.52 0.41̂ 0.06

Mru 0.01^ 0.02 0.79̂ 1.28 0.12̂ 0.02

Mrf 20.11^ 0.03 20.24^ 0.28 0.13̂ 0.02

Muf 0.39^ 0.07 3.32̂ 1.15 0.11̂ 0.02

Eigenvalue Eigenvector

(North, East, Vertical)

Eigenvalue Eigenvector

(North, East, Vertical)

Eigenvalue Eigenvector

(North, East, Vertical)

24.44 (0.257 0.962 20.091) 277.31 (0.143 0.99020.021) 22.47 (0.080 0.944 0.321)

23.29 (0.068 0.076 0.995) 260.52 (20.105 0.036 0.994) 22.10 (20.285 20.287 0.914)

22.88 (0.964 20.261 0.045) 253.64 (0.984 20.140 0.110) 21.55 (0.95520.165 0.246)

Fig. 3. Data (thick curves) and synthetics (thin curves) calculated from the result of inversion of the event of Fig. 2. The data are filtered
displacements and expressed in microns.



15 s waves. Fig. 6 shows the result of the inversion of
the best LPT filtered around 7.5 s. At this period, all
LPTs also have mainly isotropic mechanisms (cf.
Appendix A).

Some examples of the best solutions of LPTs at
periods of 15 and 7.5 s and phreatic eruptions at
15 s are represented in Appendix A. Solutions for
the different events are very stable. The mechanisms
are mainly isotropic, and all events have more than
84% of isotropic component. The isotropic partI is
defined asM � I 1 D; whereD is the deviatoric part
(i.e. tr�D� � 0�: The deviatoric parts of the solutions
of LPT at 15 s and phreatic eruption at 15 s show
consistent patterns (Fig. A1(a) and (b)). The eigen-
vector associated with the largest absolute eigenvalue
of the deviatoric part is very stable. A similar obser-
vation also holds for the solutions of LPT at 7.5 s (Fig.
A1(c)), although the directions of the axes corre-
sponding to the largest eigenvalues are perpendicular
to those mentioned above. We tested the influence of
the different number of stations used for the inversions
on the solutions as follows. For those events for which

data from the seven stations were available, inversions
using only four or five stations data were performed.
The solutions (both location and focal mechanism) of
the inversion using fewer stations (four to five) are
consistent with full (seven) station inversions. The
primary source of difference in the seismic moment
tensor is the poor constraint of the deviatoric part for
noisy events. For phreatic eruptions with a large
signal-to-noise ratio the deviatoric parts are generally
stable.

3.2.4. Centroid locations
The RMS error contour plots in Figs. 2, 4 and 6

cover a cubic region with an 800 m-long side, repre-
sented by a small square in Fig. 1. The uncertainty of
the location is about 100–200 m horizontally and
about 200–400 m vertically for the events of Figs. 2
and 4. These values correspond to the region within
which the RMS errors are no larger than 10% of the
minimum value. The value 10% is chosen such that
the gradient of the contour lines changes quickly
around the value. The uncertainty is a little bigger
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Fig. 4. Similar to Figs. 2 and 3 for a phreatic eruption of 94/09/15 at 10:20 GMT.



for noisier data, but never exceeds a few hundred
meters.

The locations of all the solutions are shown in Fig.
7. Locations of the six phreatic eruptions around 15 s
are concentrated 50 m east and about 250 m south of
the first crater, at a depth around 1.1 km. Locations for
the LPTs around 15 s are about 140 m west and 250 m
south of the first crater, at a depth of 1.3 km. Locations
for the LPTs around 7.5 s are about 70 m east and
360 m south of the first crater, and at 1.1 km depth
(Table 2). These values are obtained as the mean of
the events shown in Fig. 7. The 7.5 s-filtered LPTs
seem to occur a little shallower than the 15 s ones,
but we are in the limit of accuracy of location and
we cannot claim here that this difference is signif-
icant. Locations of LPTs found by this grid search
for both the 15 and 7.5 s data are similar to those
found by directions of polarization (cf. Appendix
B). They are also generally consistent with the
location determined by the three-component
semblance method introduced by Matsubayashi
(1995) and Kawakatsu et al. (2000 – this issue),
and by the Mogi deformation model for a buried

sphere in a homogeneous half space (Mogi, 1958;
Kaneshima et al., 1996).

3.3. Constraint of the isotropic and deviatoric parts

When the six components of the seismic moment
tensor are used for a waveform inversion, it is impor-
tant to check if all the components (especially the
isotropic component) are well constrained. We invert
both for a pure deviatoric seismic moment tensor (five
parameters) and for a pure isotropic seismic moment
tensor (one parameter). The RMS error for the event
of Figs. 2 and 3 corresponding to the deviatoric part is
0.364, which is significantly larger than that for the
pure isotropic model (0.173). In short, the one-para-
meter isotropic model better explains the data than the
five-parameter deviatoric model. Hence, the isotropic
component must contain a significant part of the total
seismic moment tensor. The six-component seismic
moment tensor, however, has a RMS error of 0.098,
significantly smaller than the previous values, which
compels a full moment tensor analysis.

Because of the same azimuthal independency of the
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Fig. 5. Same event as in Fig. 4 for unfiltered displacements. The same source location is assumed for the inversion.



radiation amplitude, there is often a trade-off between
I � 1

3 �Mrr 1 Muu 1 Mff� (the isotropic part) and
C � 1

3 �Muu 1 Mff 2 2Mrr � (the vertical CLVD
part) (Knopoff and Randall, 1970) orMrr andMuu 1
Mff (e.g. Kawakatsu, 1996). In order to distinguishI
andC, it is necessary to have stations at a variety of
distances from the source. In our problem we could
use data from five additional stations located further
away from the crater (MTT, SKM, AVL, MGR and
MKN of Fig. 1). We have inverted the seismograms
for the four closer stations KHE, SUN, TAK and
AWS available for the phreatic eruption of Fig. 4,
and calculated synthetic seismograms for the other
stations (when these stations are included, the quality
of the solution of inversion is substantially aggra-
vated, which may due to the lack of knowledge of
the detailed structure). Fig. 8 compares the data and
synthetics corresponding to theI andC components.
Synthetic seismograms ofI and C components are
quite different for the radial horizontal component

of HKB. They are negatively correlated for the
vertical component of MTT and HKB and for the
vertical and radial horizontal component of THG,
AWS, SUN, UMN, KHE, TAK and positively corre-
lated for the other components. So the use of both
sets of data, (THG, AWS, SUN, UMN, KHE,
TAK) and (MTT, HKB, SKM, AVL, MGR,
MKN), should allow us to distinguish theI and
C components. Comparing the data and synthetics
as shown in Fig. 8, we conclude that the isotropic
component,I, can explain the data whereas the
vertical CLVD, C, cannot.

If we include the single-force component for the
source description (e.g. Kanamori and Given, 1982),
the situation becomes more complicated. The RMS
error between the data and the seismograms calcu-
lated from a vertical single force source is 0.243,
not so different from that (0.173) of a pure isotropic
model. Based solely on the RMS error between data
and synthetics, it appears difficult to distinguish a
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Fig. 6. Result of the best LPT filtered around 7.5 s of 94/9/17 at 15:34 GMT.



single vertical force from an isotropic source;
however, we believe that a single force component
is unlikely to be significant, because no substantial
material except gas, water and small rocks is emitted
from the volcano.

4. Discussion

4.1. Long-period near-field seismograms and FSD

In the near-field, the near-field terms are predomi-
nant (e.g. Aki and Richards, 1980). These waves
travel with a velocity between P- and S-waves velo-
cities, and are very low frequency in nature. They are
not simply linearly polarized, and contribute to the
static displacement. To illustrate the nature of the
near-field waveform data that we analyze, we show
in Fig. 9 the synthetic displacement seismograms
calculated for an isotropic source at a variety of
distances for the radial component which corresponds
to the direction of the station from the source. At
stations close to the source (0.05 km, top of Fig. 9a),
the seismogram resembles the source time function
(0.2 s ramp function), whereas at more distant stations
(20 km, bottom of Fig. 9a) the seismogram resembles
the derivative of the source time function. Fig. 9b
shows the synthetic seismograms for a source located
at the depth of 1 km seen at different distances and at
different frequencies. The amplitudes of 15 s filtered
signals are larger for distances shorter than 5 km and
again larger for distance greater than 10 km. This is
due to the presence of near-field terms filtered at 15 s
which decay rapidly for distances smaller than 5 km
and due to the arrival of surface waves for distances
larger than 10 km.

Amplitudes of synthetic seismograms shown in Fig.
9b are plotted in Fig. 10 as a function of the radial
distance and frequency. Very near the source (Fig.
10a), the amplitudes of the band-pass filtered
synthetic seismograms for different periods (15, 7.5,
1 and 0.5 s) decay with distance as 1=r2

; exactly as
static displacements are expected to do. In the very
near field, we thus should observe static displace-
ments (i.e. the source time function) for all frequen-
cies listed above. Fig. 10b shows the case of
intermediate distances for synthetics originating
from a source at a depth of 1 km, corresponding to a
typical modeled source depth at Aso Volcano. Within
the radial distance of 5 km, which corresponds to the
distance of our data used for inversions, the ampli-
tudes of seismograms filtered at 15 and 7.5 s still
decay as 1=r2

; as the static displacements do. At
shorter periods the decay rate is between 1=r2 and
1=r ; so that the waves are a mixture of near-field

D. Legrand et al. / Journal of Volcanology and Geothermal Research 101 (2000) 155–169 163

Fig. 7. Location of events corresponding to the point of the smallest
RMS of the 3D grid (100 m sampled). The size of the circles is
proportional to the number of events located at the grid point. The
origin of the coordinate system corresponds to the active crater.
Left: locations of the six phreatic eruptions around 15 s (September
1994). Middle: locations of the 43 LPTs around 15 s (September–
November 1994). Right: locations of the 17 LPTs around 7.5 s (17
September, 1994).



waves, static displacements and far-field waves. At
large distances (Fig. 10c), the amplitudes of the
filtered synthetic seismograms decay as 1=r ; as for
far-field P- and S-waves, for all the periods tested
(15, 7.5, 1 and 0.5 s).

We illustrate this effect on the actual data (Fig. 10d)
for a phreatic eruption (crosses) and for a LPT
(diamonds) at 15 s of period. At short distances, the
waves decay as 1=r2

; whereas at large distances the

waves decay as 1=r; the decay is between 1=r2 and 1=r
for intermediate distances.

To summarize these observations shown in Fig.
10, the waveform data (both 15 and 7.5 s within
5 km from the crater) we analyzed in this paper
mainly consist of the FSD. The waveforms resemble
the source time function. By the inversion, we effec-
tively invert the spatial variation of the amplitude of
the FSD. Although the differences in travel time from
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Table 2
Locations found by the grid inversion. Depth is with respect to reference level situated at 1.16 km altitude (the top of the first crater)

Events Period of study
(s)

North direction
(km)

East direction
(km)

Depth
(km)

LPTs 15 2 0.250^ 0.2 2 0.140^ 0.2 1.3^ 0.4
Eruptions 15 2 0.250^ 0.2 0.050̂ 0.2 1.1^ 0.4
LPTs 7.5 2 0.360^ 0.2 0.070̂ 0.2 1.1^ 0.4

Fig. 8. Comparison of synthetics and data for all stations of event of Fig. 4. Synthetic seismograms corresponding to an isotropic source (thick
solid line) and a vertical CLVD (thin solid line) are shown. They are scaled such that the radial horizontal components at KHE have identical
amplitude. As the data (dotted line) fit better with the component I (isotropic), and not with the component C (vertical CLVD), the source is
mainly isotropic (see text).



station to station are also taken into account in the
inversion via Green’s functions, the large uncertainty
on the difference of travel time at low frequency does
not give a good constraint on the location. The good
constraint of location is partly attributed to the rapid
variation of amplitudes of the FSDs.

When FSD dominates at near-field stations, wave-
forms are similar on the three components of a same
station. Hence the polarization is linear, pointing to
the source direction and the signal appears like
P-waves. This justifies the usage of polarization to
determine the source location (Appendix B; three-
component semblance method of Matsubayashi,
1995; Kaneshima et al., 1996; Kawakatsu et al.,
2000 – this issue). We should, however, note here
that there could be another effect that may destroy
the linearity in the polarization to some extent.
When the source has a finite size and when the stations
are very close to the source, polarization will become
non-linear. At Aso, this appears to be the case for two
stations (UMN and THG); therefore, these two
stations are not used in the study of polarization for
which a point source is assumed. The effect of a finite
source will be discussed in future work.

4.2. The source mechanism

The best solution for LPTs and phreatic eruptions
and errors of each component of the moment tensors
are listed in Table 1. The error of each component is
estimated by the standard deviation of the distribution
of the component of all the solutions. Focal mechan-
isms of LPTs at 15 s and phreatic eruptions are very
similar (cf. Appendix A). The similarity of locations
and focal mechanisms of all solutions suggests that
both LPTs and phreatic eruptions are manifestations
of similar physical processes originating from similar
locations. Kaneshima et al. (1996) interpreted this as
the pressurization and de-pressurization of a hydro-
thermal reservoir located beneath the active crater.

Interpretation of the very small deviatoric compo-
nents of the moment tensor (,10%) at this point
requires caution. Best constrained are the eigen-
vectors associated with the greatest absolute value
of the deviatoric component; these correspond to the
P-axis for LPTs and phreatic eruptions at 15 s andT-
axis for LPTs at 7.5 s in Fig. A1. For the first two
groups, the largest eigenvalue dominates the solution,
and the other two eigenvalues have similar values in

D. Legrand et al. / Journal of Volcanology and Geothermal Research 101 (2000) 155–169 165

Fig. 9. (a) Synthetic seismograms for a homogeneous half-space of the radial component for three source depths: 0.05, 1 and 20 km (for stations
situated right above the source). The radial direction here is defined as the direction of the receiver from the source (i.e. synthetics are actually
for the vertical component in this plot). The synthetics on the left columns are enlarged versions of the corresponding ones on the right column.
The source time function is a ramp with a rise time of 0.2 s. (b) Comparison of synthetic seismograms seen at different frequencies and different
distances. The distance here is the radial distance, i.e. source–receiver distance. Radial component seismograms for an isotropic source located
at a depth of 1 km are shown. Plotted from left to right; unfiltered, band-pass filtered around 15, 7.5 and 1 s. In each column, signals are
normalized by a 1=r factor. The filtered signals are further multiplied by a constant factor given in the parenthesis on the top of each column.
Note that the short-period signals in unfiltered and 1 s synthetics exhibit nearly constant amplitude at all distances, suggesting they are far-field
signals decaying as 1=r : On the other hand, long-period signals at distances within 5 km decay much more rapidly, indicating that they are the
FSD. This is the nature of the signals analyzed in the present paper.



magnitude (Table 1). In this case it is natural to decom-
pose the moment tensor into opening crack and isotropic
components with common principal axes (e.g. Foulger
and Long, 1984); i.e.M < a × Iso1 b × Crack;where
Iso is the unit isotropic part whose eigenvalues are
(1:1:1) (different from the isotropic partI defined
previously) and Crack is a unit openingcrack part
whose eigenvalues are (1:3:1) for a Poisson material.
From Table 1, we finda , 22:41× 1011 N m andb ,
20:68× 1011 N m for the best LPT solution at 15 s.
This suggests that the source of LPT and phreatic erup-
tion may be represented as a combination of isotropic
and crack parts with the ratio of 3.6:1. This decomposi-
tion into vertical opening crack and isotropic parts is
consistent with the suggestion of Kaneshima et al.
(1996); however we need more extensive spatial cover-
age of broadband stations to confirm its validity.

5. Conclusion

We present a method to invert and locate LPTs and
phreatic eruptions recorded at low frequencies in the
near-field at Aso Volcano. We show that the good
accuracy of location (a few hundred meters) at long
periods (15 and 7.5 s) is related to the use of the long-
period (15, 7.5 s) FSD. All the LPTs and phreatic
eruptions show similar focal mechanisms and similar
locations, confined in a narrow region of a few
hundred meters, between 1.1 and 1.5 km below
the first crater. This suggests a common origin for the
low-frequency part of the signal of all the eventsstudied.
Focal mechanisms are mainly isotropic, with a small
deviatoric component. This isotropic component may
be interpreted as a combination of an opening crack
plus an additional isotropic part.

D. Legrand et al. / Journal of Volcanology and Geothermal Research 101 (2000) 155–169166

Fig. 10. Amplitude of the filtered signals at 15, 7.5, 1 and 0.5 s as a function of distance. The distance here is defined as the total distance of the
receiver from the source, and not the horizontal (epicentral) distance. The amplitudes of the static displacement are also shown. (a) Focal depth
of 0.05 km: all the filtered signals decay as 1=r2

: (b) Focal depth of 1 km: only the static and the 15 and 7.5 s filtered signals decay as 1=r2
: (c)

Focal depth of 20 km: only the static displacement decays as 1=r2
: At all other frequencies, the decay is as 1=r : (d) Real data at Aso filtered at 15 s

(diamonds are for an LPT, crosses are for a phreatic eruption). For each event, the amplitude is normalized by the value at about a distance of
1.4 km. For large distances, the observed amplitudes decay as 1=r ; whereas for short distances, they seem to decay as fast as 1=r2

:



A simple notion that the location of a seismic event
cannot have a precision better than the wavelength of
the waves is not obvious in the case of near-field. Our
long-period data used for the inversion consists
mainly of the FSD, whose amplitude is proportional
to the source time function. The FSD decays as 1=r2

;

more rapidly than the far-field waves, enabling us to
constrain the source location within the precision of a
small fraction (a few hundreds meters) of the wave-
length (,20 km).

Using a combination of the closest broadband
stations and those at the remote sites successfully
discriminates the isotropic and vertical CLVD compo-
nents, as synthetic seismograms for the two models
are oppositely polarized at these sets of stations. We
have shown that the isotropic model fits the Aso data

well, whereas a vertical CLVD cannot, especially for
the second set of stations.

In the near-field, to constrain the location and
source mechanism well, it is important to have
stations at a variety of distances and azimuths.
Stations close to the source are especially important
to record the rapid decay of FSD.

Acknowledgements

H.K. and D.L. thank the Inoue Foundation for
financial support (1995–1997) through the Inoue
Fellowship. We thank an anonymous reviewer
for carefully reading and commenting on the
manuscript.

D. Legrand et al. / Journal of Volcanology and Geothermal Research 101 (2000) 155–169 167

Fig. A1. The deviatoric parts of the moment tensors are shown in a lower hemisphere, equal area (Schmidt) projections: (a) LPTs filtered at 15 s;
(b) Phreatic eruptions filtered at 15 s; and (c) LPTs filtered at 7.5 s. Event identification are indicated by the above mechanisms, and the RMS
error percentage of the isotropic component and the number of stations used are indicated below.



Appendix A. Best focal mechanisms

Examples of the best focal mechanisms are shown.
The isotropic component is written as a percentage of
the total seismic moment tensor as defined by Silver and
Jordan (1982). They define the isotropic scalar seismic
moment as:MI

0 � 1=
��
6
p

tr�M � and the deviatoric scalar

seismic moment (Fig. A1) as:MD
0 �

�����������������
1=2

P3
i�1 ulD

i u2
q

;

wherelD
i are the eigenvalues of the deviatoric seismic

moment tensor. They also define the isotropic percen-
tage with respect to the total seismic moment tensor as

�MI
0�2=�MM

0 �2;whereMM
0 �

�����������������
1=2

P3
i�1 ulM

i u2
q

is the total

scalar seismic moment andlM
i is the eigenvalue of the

total seismic moment tensorM . It can be shown that
�MM

0 �2 � �MI
0�2 1 �MD

0 �2 (Silver and Jordan, 1982).

Appendix B. Location from polarization

As shown in the discussion, in the near-field,
we mainly record the FSD which is linearly polar-
ized pointing to the source (like P-waves). So the
polarization can be used to locate LPTs and phrea-
tic eruptions.

A non-linear polarization filter (Flinn, 1965) is
applied to the data filtered around the first two peaks
of the spectrum (15 and 7.5 s of period) for LPTs of 17
September 1994. The polarizations of stations KHE,
SUN, TAK and AWS at 15 and 7.5 s are mostly recti-
linear. On the other hand, the polarizations at stations
UMN and THG are not rectilinear and these stations
are not used in the analysis. The direction of the main
polarization are plotted on a 3D diagram, a projection
in the horizontal plane and two vertical planes (Fig.
B1). The directions of polarization may not cross in
3D, nevertheless projections in a horizontal plane and
two vertical planes as shown in Fig. B1 give a rough
idea of the locations, which are similar to the ones
found by the 3D grid method. The solutions given
by the polarization analysis for the periods of 15
and 7.5 s are (0.3 km south, 0.1 km west, 1.1 km
depth) and (0.1 km south, 0.1 km west, 1.1 km
depth), respectively. The origin of the coordinate
system is again the center of the active crater. The
error of location with the polarization is bigger than
that with the inversion, and is estimated to be about
500 m horizontally and about 800 m vertically based
on Fig. B1.
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Fig. B1. Directions of polarization for different LPTs of 17 September 1994. Top: for data filtered around 7.5 s. Bottom: for data filtered around
15 s. The cross gives the location of highest density of the directions in 3D. The star corresponds to the first crater. Altitude corrections are
included. A 3D diagram and a projection in the horizontal plane and two vertical planes are shown. Note that apparently converging directions
of polarization in 2D projections are shown to be non-intersecting in 3D; hence, interpretation of event locations made from projections may be
misleading.
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