
CHARACTERISTICS AND SOURCE MODELING OF BROADBAND SEISMIC SIGNALS 

ASSOCIATED WITH THE HYDROTHERMAL SYSTEM AT SATSUMA-IWOJIMA 

VOLCANO, JAPAN 

 

Takao Ohminato  

 

Earthquake Research Institute, Tokyo University  

1-1-1 Yayoi, Bunkyo-ku, Tokyo, 113-0032 JAPAN  

 

Phone: +81-3-5841-5810,  Fax: +81-3-3812-6979 , E-mail: takao@eri.u-tokyo.ac.jp  

 



 1

Abstract 

 

The broadband seismic data observed at Satsuma-Iwojima volcanic island in southwestern Japan 

show a wide variety of interesting features. One of them is the periodic and frequency-dependent 

amplitude modulation of volcanic tremors. Another interesting feature is the occurrence of very 

long-period (VLP) seismic pulses synchronized with the tremor amplitude modulation. Both the 

tremor amplitude modulation and the VLP pulses have fairly regular intervals of 46-50 min, 

suggesting a spatially fixed, non-destructive repetitive source. We performed waveform inversions 

to reveal the source mechanism of the VLP pulses, assuming a point source embedded in a medium 

that realistically represented the topography of the island. Numerical tests showed that the Green's 

functions used in the inversion were significantly affected by the topography. The observed VLP 

pulses were well explained by the rapid expansion of an inclined crack 100 m beneath the floor of 

the summit crater, which had a seismic moment of 3 × 1010Nm. Both the characteristic amplitude 

modulation and the VLP pulses are explained systematically by a model consisting of a water-filled 

crack and a network of gas paths. The water-filled crack was heated above the boiling temperature 

of the water in it. A sudden break of the unstable superheated state caused sudden vaporization and 

a pressure increase, which was observed as the VLP pulse. The network of gas paths consisted of 

swollen portions and constricted portions, which worked as tremor generators when vapor from the 

water-filled crack passed through. 
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1. Introduction 

 

Satsuma-Iwojima is a volcanic island located on the northwestern rim of the submarine 

Kikai Caldera (Fig.1 a), whose last eruption occurred about 6300 years ago with an emission of 

more than 170 km3 of tephra (Machida and Arai, 1992). The western part of Satsuma-Iwojima is 

composed of andesitic to rhyolitic lava and the eastern half of the island is occupied by a rhyolitic 

cone called Iwodake, which has an active crater at its summit of 400 m in diameter. At the bottom 

of the crater, there is a gradually expanding fumarolic vent, which continuously and steadily emits 

high-temperature volcanic gas at nearly 900°C (Shinohara et al., 2002). In April 1997, the vent was 

roughly 30 m in diameter. By November 1999, the diameter had increased to 40 m (Shinohara et al., 

2002). In addition to the central vent, there are many small, active fumarolic vents in and around 

the summit area of Iwodake. Volcanic gas emitted from the summit vent and fumaroles is mainly 

composed of H2O, HCl and SO2. The current emission rates of H2O and SO2 are estimated at 1.6 × 

104t/day and 5.5 ×102 t/day, respectively (Kazahaya et al., 2002). The volcanic gas emission from 

the summit crater is thought to have continued for over 800 years (Yoshida and Ozawa, 1981). 

From April 17 to 21, 1997, we installed a seismic network composed of 5 short period 

sensors and 3 broadband sensors around Iwodake, from the bottom to the top, as shown in Fig.1. 

This was the first broadband seismic observation conducted at Satsuma-Iwojima. The broadband 

seismic signals recorded by the network exhibit a wide variety of interesting features. One of the 

most interesting is a periodic amplitude modulation of volcanic tremor with a characteristic 

envelope. Another interesting feature is the occurrence of very long-period (VLP) seismic pulses, 
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which are perfectly synchronized with the tremor amplitude modulation (Ohminato and Ereditato, 

1997). 

There have been various types of periodic seismic signals observed in and around 

volcanoes worldwide. Periodicities in volcanic tremor are often manifested as sharp spectral peaks 

in the frequency domain. Such spectral peaks of volcanic tremor are widely observed at many 

volcanoes with a typical frequency range of 0.5-5Hz (e.g., Kamo et al., 1977; Benoit and McNutt, 

1997). Some of the periodicities of seismic signals are seen more clearly in the time domain than in 

the frequency domain. An example of periodicity clearly seen in the time domain is the 

quasi-periodical or sporadic excitations of a series of volcanic tremors or the activation of swarms 

(e.g., Fig.1K in McNutt, 1996). Another example of time domain periodicity is the saw-toothed 

signal observed at Kilauea volcano, Hawaii, during the volcanic crisis on February 1, 1996. In that 

signal, the intervals between saw teeth were 2 to 3min (Ohminato et al., 1998). Periodic seismic 

signals are observed not only in volcanic areas, but also in geothermal ones. The periodic seismic 

signals observed at Old Faithful Geyser, Wyoming, are presumably independent of either magma 

transportation or volcanic gas flow. Typical eruptions of the Geyser last 1.5-5.5min, with intervals 

ranging from 30 to 100 min (Kieffer, 1984). The source of seismic signals at Old Faithful Geyser is 

most likely caused by individual bubble collapses, occurring at the top of the super-heated water 

column. The observed change in the event rate is attributed to widening and narrowing of the water 

filled conduit (Kedar 1996). 

The periodic signals observed in volcanic or geothermal areas originate from various 

types of physical processes. Some of the source processes are associated with magma transportation 

and others are associated with the boiling of ground water, although their frequency ranges are not 
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necessarily separated from each other. Thus, determining the locations of dominant frequency 

peaks does not provide sufficient information to specify the physical processes behind periodic 

signals. In the periodic seismic signals observed at Satsuma-Iwojima during our observation, 

however, not only the frequency peaks but also frequency-dependent amplitude modulation was 

observed. Using these two different types of information, we are able to discuss the source physics 

in much greater depth than when using only one type of information. 

In this paper, we perform not only a spectral analysis on the volcanic tremor to 

investigate the physical processes behind it, but an investigation of the source mechanism of the 

highly periodic VLP pulses which was conducted by applying a waveform inversion technique to 

the broadband seismic data. Waveform inversion of the source mechanisms and source time 

functions using broadband seismic data obtained in and around active volcanoes has become one of 

the standard techniques in the field of volcanic seismology (e.g., Uhira and Takeo, 1994; Ohminato 

et al., 1998; Nishimura et al., 2000; Legrand et al., 2000; Cruz-Atienza et al., 2001, Nakano et al., 

2003). However, the results of waveform inversions in previous studies may have been distorted 

due to the usage of relatively simple Green's functions computed without considering the steep 

volcanic topography, which may significantly affect the waveforms observed. Ohminato and 

Chouet (1997) qualitatively noted the effect of steep topography on seismic waveforms in the lower 

frequency range based on the results of numerical simulations. The importance of topographic 

effects in the frequency range higher than 1Hz was shown by Almendrus et al. (2001) in the 

analysis of seismic array data obtained at Kilauea, Hawaii. Chouet et al. (2003) analyzed broadband 

seismic data associated with eruptions at a 2-30s period range at Stromboli volcano, Italy, taking 

into account the effect of topography. Chouet et al. (2005) applied the same technique to the VLP 
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signals accompanying vulcanian activities at Popocatepetl volcano, Mexico. To analyze the VLP 

signals observed at Satsuma-Iwojima, we used Green's functions computed by using a finite 

difference method (FDM) in which arbitrary structure and topography can be included (Ohminato 

and Chouet, 1997). 

In the following sections, we begin with a brief description of the data acquisition. We 

then proceed to a detailed description of the characteristics of the observed seismic signals, 

including the results of frequency analyses of volcanic tremors whose amplitude is modulated at 

quasi-regular intervals. We then move on to an analysis of waveform inversions of the low-pass 

filtered broadband data. Finally, we discuss possible models that can explain both the modulating 

tremors and VLP signals. We use the term very long period (VLP) for signals whose characteristic 

period is above 5 sec, following the classification of period range proposed by Chouet (1996). 

 

2. Data and characteristics of broadband data 

 

We conducted broadband seismic observations at Satsuma-Iwojima from April 17 to 21, 

1997. Due to high ground temperature and corrosive volcanic gases, only very limited areas were 

suitable for seismic sensor installation in the summit area of Iwodake. To avoid erosion by volcanic 

gas, all the sensors and data loggers were sealed in plastic bags. We installed 5 Mark Products L4 

vertical sensors and 3 Guralp CMG-40T 3-component sensors (Fig.1b). The characteristic periods 

are 1 sec for the former and 30 sec for the latter. The velocity outputs were recorded using Data 

Mark LS8000SH portable recorders equipped with 20 MB of storage. The sampling rate was 100 

Hz. The internal clock was synchronized with GPS timing every 2-3 hours. Due to the storage 
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limitations of the data loggers, and to avoid man-made noise from nearby mines, the period of 

continuous recording for the three component sensors (CMG-40T) was restricted to the hours of 

10pm to 8am the following morning. The continuous recordings at the single component stations 

lasted three times longer than at the three component stations. In addition to 100 Hz recordings, a 

recording at 200 Hz at station ST1 was also performed on April 18th. This 200 Hz recording made 

it possible to see characteristic features of volcanic tremors in the frequency range higher than 40 

Hz. The recording system SAM manufactured by Guralp Co. recorded 10 hours of 200 Hz 

seismograms at ST1 before the corrosive gas damaged the recorder. 

 

2.1. Tremor amplitude modulation and VLP pulses 

 

We here summarize the features of the seismic records reported by Ohminato and 

Ereditato (1997). One of the most interesting features is regular amplitude modulation of volcanic 

tremor (Fig.2, top).  The amplitude modulation is particularly clear at ST3, possibly due to its 

close proximity to the source. Another significant feature is the presence of VLP pulses that can 

best be recognized in the low-pass filtered traces at 0.2Hz recorded by the broadband sensor at ST1 

(Fig.2, bottom). It is difficult to recognize VLP pulses in short period seismograms without using 

the broadband record as a timing reference. The intervals of pulses are fairly regular (Fig.3). Most 

of the pulse intervals fall into the period range of 46-50 min. No interval shorter than 38 min or 

longer than 78 min was found during the observation period. 

As we observed the tremor record in more detail, we saw that the periodical amplitude 

modulation was frequency dependent. Fig.4a shows the vertical component of a seismic trace 
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observed at ST1 on April 18, 1997. From the top to the bottom, the figure shows an unfiltered trace, 

an envelope of the top trace, a high-pass filtered trace at 40 Hz, and a low-pass filtered trace at 

0.2Hz. These four panels clearly show frequency-dependent characteristic features of the amplitude 

modulation. The envelope in the second panel of Fig.4a most clearly shows the characteristic 

property of the amplitude modulation in the intermediate frequency range (1-40Hz, the frequency 

range we call an IMF-range in this paper). In this frequency range, the modulation is composed of 

two stages, an amplitude-increasing stage and a decreasing stage. Hereafter, we call these two 

stages the Inc-Stage and Dec-Stage, respectively. Inc-Stages last for about 10-15 minutes, and 

Dec-Stages for about 30-35 minutes. In an Inc-Stage (an amplitude increasing stage), the shape of 

the envelope is always an upward convex, while in a Dec-Stage (an amplitude decreasing stage), 

the shape of the envelope is always concave. In the IMF-range, the amplitude modulation is 

composed of the repetition of these two stages occurring alternately. 

In the frequency range higher than 40Hz (which we call the HF-range in this paper), the 

amplitude modulation is composed of four stages: (1) a stage of abrupt onset, (2) a stage of gradual 

amplitude decay, (3) a stage of rapid amplitude decay, and (4) a stage of low amplitude as shown in 

the third panel from the top of Fig.4a. The abrupt onset of the tremor in the HF-range is perfectly 

synchronized with the time when the envelope of the tremor in the IMF-range changes from its 

concave stage (Dec-Stage) to its upward convex stage (Inc-Stage). The end of the stage of rapid 

amplitude decrease in the HF-range coincides with the timing when the tremor envelope in the 

IMF-range changes from an Inc-Stage to a Dec-Stage. These characteristics are summarized in the 

schematic diagram shown in Fig.4b. 

As shown in the bottom panel of Fig.4a, pulse-shaped signals are clearly seen in the 
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frequency range below 0.2Hz (which we call the LF-range in this paper). The peak frequencies of 

these signals are around 0.1 Hz. We will call these signals VLP pulses hereafter. Each VLP pulse is 

perfectly synchronized with the abrupt onset of the HF tremor. This timing coincides with the 

beginning of an Inc-Stage of the tremor envelope in the IMF-range (see the second panel in Fig.4b).  

In Fig.4b, the frequency-dependent characteristics are schematically summarized. The 

tremor envelope at the IMF-range is composed of alternate occurrences of Inc-Stages and 

Dec-Stages. The HF tremor has 4 stages ((1), (2), (3), and (4) in Fig.4b). An occurrence of each 

VLP signal is perfectly synchronized with the abrupt onset of tremor in the HF-range and with the 

beginning of an Inc-Stage in the IMF-range. The synchronicities between features in different 

frequency ranges are also clearly seen in spectrograms. The synchronicity between the HF-range 

and the IMF-range is shown in Fig.5. 

 

2.2.The features seen in the spectrograms 

 

Figs.6 and 7 show spectrograms of the 3-hour records that were obtained from 15:21 to 

18:21 on April 18, 1997 at 4 summit stations, ST1, ST2, ST3, and ST4. The amplitude modulation 

occurred over a wide frequency range. The most important feature of these spectrograms is the 

existence of banded structures. Although the positions of the horizontal spectral bands are stable at 

each station, the frequencies corresponding to these horizontal spectral bands differ from station to 

station. 

In active volcanoes or geothermal areas, distinct spectral peaks in seismic records are 

often observed. The appearances of spectral peaks differ from place to place and event to event. In 
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some cases, peak locations shift with time. In other cases, peak locations are stable for a long 

period of time. An example of time-variable peak locations is the behavior of spectral peaks of 

volcanic tremor observed at Arenal Volcano, Costa Rica (Benoit and McNutt, 1997). The spectral 

peaks observed at Arenal Volcano shift systematically with time, and the shift is interpreted as a 

change in the resonating frequency of magma-filled conduit due to a change in the gas content of 

the magma. Similar types of peak shift in spectrograms have been observed worldwide; Sakurajima, 

Japan (Kamo et al., 1977), Langila, Papua New Guinea (Mori et al., 1989), Semeru, Indonesia 

(Schlindwein et al., 1995), Erebus in Antactica (Rowe et al., 2000), and Montserrat (Neuberg et al., 

2000; Powell and Neuberg, 2003). Generally speaking, variable spectral peaks are often attributed 

to a source effect. In contrast, time independent spectral peaks are also observed in volcanic or 

geothermal areas and are often attributed to a site effect. The spectral feature of the tremor observed 

at Old Faithful Geyser is an example of a case in which the spectral peaks do not change 

significantly with time. The stable behavior of spectral peaks observed at Old Faithful Geyser has 

been interpreted as a site effect (Kedar et al., 1996). 

Many of the spectral peaks observed at Satsuma-Iwojima do not change its position with 

time, suggesting the existence of a site effect. However, some of these peaks are the same for all 4 

summit stations, as shown in the stacked spectra in Fig.8. Are these common peaks explained solely 

by the site effect? The spectra of the volcanic tremor are shown on the left-hand side, and the 

spectra of a non-volcanic (tectonic) earthquake on the right-hand side. When a volcanic tremor 

(Fig.8a) occurs, both common spectral peaks (e.g., a peak at around 20 Hz) and spectral peaks that 

are not common to all 4 summit stations are seen. By contrast, there is no spectral peak common to 

all 4 stations when there is a tectonic event (Fig.8b). Since the common peaks observed when 
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volcanic tremor occurs do not appear each time a tectonic event occurs, these common spectral 

peaks strongly suggest the existence of source effects. In addition, tremor amplitude modulations 

with high periodicity are found at all 4 summit stations. This observation also suggests a source 

effect. Thus, our observations strongly suggest the coexistence of path effects and source effects in 

the characteristic tremor spectrum.  

 

2.3. Polarization of VLP pulses  

 

At the stations (ST1, ST2, ST3 and ST4) in the summit area of Iwodake, VLP pulses are 

clearly seen. However, the signal-to-noise ratio is low at stations at the flank and at the bottom of 

Iwodake (ST5, ST6, ST7 and ST8). Since most of the VLP pulses observed at ST1 have almost 

identical shapes, we can assume that the source locations and the source mechanisms are almost 

identical for all of the identical pulses. In order to improve the signal-to-noise ratio, we conducted 

stacking of waveforms using the onset time of each pulse at ST1 as a reference of timing under the 

common source assumption. As shown in Fig.9, an application of stacking dramatically improved 

the signal-to-noise ratio at all 8 stations, and made it possible to see the waveforms in detail. The 

success in the waveform stacking also justified the assumption that the source mechanisms are 

almost identical for all of the VLP pulses. 

The vertical component of the stacked velocity at ST1 reveals the interesting feature of 

the VLP signal much more clearly (Fig.9a). The stacked VLP signal in the velocity is composed of 

two peaks with durations of 1 s and 2-4 s, respectively. The total duration of the stacked VLP pulse 

is roughly 3-4 s. A downward initial motion is clearly seen in the stacked signal of ST8 (Fig.9b). 
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The downward initial motion observed at a seismic station is often interpreted as a dilatational 

source mechanism when it is presumed that the source elevation is lower than the station elevation. 

In a volcanic environment, however, the source elevation can be higher than the station elevation, 

and thus the observed downward onset does not necessarily mean a dilatational source. If a source 

is shallower than the station, then the initial onset at the station can be downward even if the source 

mechanism is compressional. The vertical components of all the summit stations except for ST4 are 

characterized by upward initial motions. However, the vertical components of the three stations at 

the foot (ST5, ST7 and ST8) and the one station at the flank (ST6) have downward initial motions. 

These observations suggest that the source mechanism consists mainly of volumetric expansion, 

and that the source depth from the surface falls between the summit and bottom of the edifice of 

Iwodake. 

In Fig.10, the particle velocities of the stacked waveforms at the three component stations, 

ST1, ST6, and ST7, are shown in the plan and sectional views of a schematic diagram of Iwodake. 

The particle velocity of the VLP pulse at ST1 has high rectilinearity, suggesting that the seismic 

signal is mainly composed of P waves radiated from a volumetric expansion source. The initial 

portion of the particle velocity at ST1 points almost eastward and slightly upwards with a shallow 

angle from beneath the summit crater. However, the initial directions of the particle velocities 

observed at ST6 and ST7 are not as clear as those observed at ST1. Probably due to the relatively 

long source-receiver distance of ST6 and ST7, only the very beginnings of the stacked signals 

exhibit rectilinearity. The particle velocity at ST6 exhibits an outward and slightly downward 

motion. At ST7, located at the base of Iwodake, the particle velocity points downwards and 

outwards from the summit. These particle velocities observed at ST1, ST6 and ST7 give us a rough 
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estimate of the source location. A fumarolic vent with a diameter of 30m at the center of the summit 

crater of Iwodake is located approximately 400m west of ST1, and emits high temperature volcanic 

gases continuously. If we assume that the source of the VLP pulses is located beneath the center of 

the summit crater, the source depth is estimated to be approximately 40 m beneath the bottom of 

the summit crater. 

Particle velocity analyses of VLP for estimating source location have been widely 

adopted at Stromboli (Neuberg and Luckett, 1996; Chouet et al., 1999), Aso (Kawakatsu et al., 

2000), Usu (Yamamoto et al., 2002), Erebus (Rowe et al., 1998, 2000; Aster et al., 2003), and other 

volcanoes. We used the waveform semblance method proposed by Kawakatsu et al. (2000), which 

uses not only the arrival time differences, but also the rectilinearity of the particle motions. This 

method is an extension of the original semblance method of Neidel and Tarner (1971). Neuberg and 

Luckett (1996) and Rowe et al. (2000) suggest that particle motions do not necessarily point to the 

source location due to the existence of the free surface boundary. However, Ohminato et al. (1998) 

show that the source location obtained by the particle velocity analysis method is in close vicinity 

to the source location derived from a waveform match. Almendros et al. (2003) test the effect of the 

flat free surface to the apparent incident angle by generating synthetic seismograms with periods of 

2 sec and 20 sec. According to their test, the particle motions tend to define a diffuse region 

shallower than the actual source when the wavelength is short, while when the wavelength is long, 

the particle motions point to the correct source location. Their test results suggest that the 

topographic effect is less sensitive to a longer period. 

In our case, the dominant period of VLP pulses were roughly 10sec, and thus the source 

depth estimated by the particle velocity analyses would be shallower than the actual depth. In fact, 
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the estimated depth of 40m is shallower than the depth of 100m that was obtained by the waveform 

matching described in the next section. The location indicated by the particle velocity analysis will 

be used as an initial guess around which a grid search is conducted for an exact source location. 

As the initial source location has been estimated, we will now move on to the next step of 

waveform analysis. In the following sections, we perform waveform inversions using the source 

location estimated here by the particle velocity analysis as an initial source location. We then 

conduct a grid search to find the best-fit solution. Note here that there is the limitation originated 

from the instrumental passband. It is possible that the apparent dilatational onset of the signals may 

simply be a manifestation of this limitation (e.g., Rowe et al., 1998; Neuberg et al., 1994). Our 

observation was totally blind to physical processes with a time constant longer than 30s. The result 

of the waveform analysis explained below and the following discussion are based on this limited 

passband. 

 

3. Inversion method 

 

In conducting waveform inversions, we need to compute Green's functions, which 

represent the response of a medium to a given impulsive force. Omitting the topographic effect on 

Green's functions may be justified as long as the characteristic length of topography is not 

comparable to the dominant wavelength of the seismic signals under consideration. In the case of 

the VLP signals observed at Iwodake, the dominant frequency is below 0.2Hz, and thus the 

wavelengths of P and S-waves are roughly 15km and 9km, respectively, which is much larger than 

the size of the volcanic edifice. However, we cannot omit the effect of topography, because 
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topography can change even the relative location between sources and receivers. Ohminato and 

Chouet (1997) developed a FORTRAN code based on the finite difference method (FDM) for the 

computation of synthetic seismograms including free surface boundary conditions for arbitrary 

topography. Chouet et al. (2003) and Chouet et al. (2005) conducted waveform inversions of 

broadband seismic data obtained at Stromboli, Italy, and Popocatepetl, Mexico, respectively, taking 

into account the effect of topography using the above-mentioned FDM code. 

Iwodake is a rhyolitic volcanic cone with a height of about 700 m, a radii of about 0.4 km 

at the top and about 1.5 km at its base. Fig.1(c) shows a bird's-eye view of the digitized topography 

of Satsuma-Iwojima. The source location of the VLP signals estimated from the particle velocity 

analyses is shallower than the three seismic stations at the base of Iwodake cone, and we therefore 

must incorporate the topography of Iwodake into the computations of Green's functions. A digitized 

elevation model (DEM) with a grid size of 17 m was used in the Green's function calculation.  

Before conducting a grid search around the initial source location for the best-fit solution, 

Green's functions must be given at each grid point. Since the number of grid points that has to be 

searched is large, extensive computer resources are needed. To reduce the total computational cost, 

we made use of the reciprocity theorem (Aki and Richards, 1980). The reciprocal relation for 

source and receiver is shown by 

);();( 1221 xxxx nmmn GG =     (1) 

where Gmn(x1;x2) is the m-th component of displacement at x1 originating from the unit impulse 

applied at x2 in the n-direction. The reciprocity tells that the m-th component of displacement at x1 

originating from the unit impulse applied at x2 in the n-direction is the same as the n-th component 

of displacement at x2 originating from the unit impulse applied at x1 in the m-direction. Instead of 
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computing Green's functions by putting a source at all the grid points one after another, we 

computed and stored at each grid point three displacement components from impulsive sources 

located at the positions of the eight stations. In our case, we needed to perform computer runs for 

eight receiver locations and three displacement components. Thus, we needed 8×3=24 computer 

runs total. An increase in the number of grid points N increases the required storage that is 

proportional to N, but the total number of computer runs is the same.  

Suppose we have to compute the Green's functions at all the grid points to be searched 

without using the reciprocity theorem. Six moment tensor components and 3 single force 

components are needed for each source location, and we therefore need 9 × N runs. The total 

number of computer runs is proportional to the number of grids N and thus easily exceeds the 24 

runs that are required when the reciprocity theorem is used. We tested the reciprocity theorem by 

comparing the Green's functions computed with and without using the reciprocity theorem. In all 

the cases, the waveforms computed by these two different ways matched each other within a 

numerical error. There were some exceptional cases in which the waveforms computed by the two 

methods had discrepancies in the later portion of the waveforms. This happened when the later 

portion of the waveform was contaminated by an artificial reflection from numerical absorbing 

boundaries. The reason why the reciprocity theorem did not work perfectly for the later portion of 

some of the waveforms may be due to the fact that the homogeneous boundary condition that is 

required by the reciprocity theorem was not completely satisfied at the artificial absorbing 

boundary condition of Clayton and Engquist (1977) used in the FDM code. 

We used the Green's functions computed by using the reciprocity theorem in the 

waveform inversions for the following reasons. First, the usage of reciprocity significantly reduces 
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the computational time. Second, the discrepancy between waveforms obtained in two different 

manners is small in the main portion of each of the Green's functions. The discrepancy in the latter 

portion of the Green's functions will not affect the results of the inversion significantly, due to its 

relatively small amplitude. 

Fig.11 illustrates comparisons between the synthetic waveforms calculated for the model 

including realistic topography of Satsuma-Iwojima and those calculated for a laterally 

homogeneous 1D model. In Fig.11, x, y, and z correspond to the east-west, north-south and vertical 

component, respectively. In both cases, synthetic seismograms were calculated by the FDM code 

assuming an isotropic expansion source placed at a depth of 50 m below the ground surface. 

Synthetic seismograms with realistic topography were significantly affected by the topography in 

both amplitude and phase. The most marked feature seen in Fig.11 is that the amplitude of the 

horizontal x-component at ST1 computed with topography is several times larger than that of the 

same component computed without topography. 

We adopted the inversion method developed by Ohminato et al. (1998) to analyze a 

seismic event recorded at Kilauea Volcano, Hawaii. We will briefly explain this method here. 

Assuming a time-dependent moment tensor, the n-th component of displacement can be written as 

(Chouet, 1996, eq. (8)) 

),()()()()( , tGtMtGtFtu qnppqnppn ∗+∗=  ,,,, zyxqp =   (2) 

where Fp(t) is the time history of the force applied in the p-direction, Mpq(t) is the time history of 

the pq-element of the moment tensor, and Gnp(t) is the Green tensor, which relates the n-component 

of displacement at the receiver position with the p-component of impulsive force at the source 

position. The notation ,q implies spatial differentiation with respect to the q-coordinate, and * 
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denotes convolution. Summation over repeated indices is implied. This equation is discretized and 

the discretized weighting functions are unknowns to be determined. The discretized equations are 

written in matrix form and solved by using standard numerical packages. 

 

4. Data analysis and results 

 

The compressional and shear wave velocities used in the analyses were 3 and 1.8 km/s, 

respectively after Kamo (1976). We used the density of  for degassed rhyolite in 

Satsuma-Iwojima after Kazahaya and Shinohara (1996). The heterogeneous velocity and density 

structure of the edifice of the Iwodake cone was not taken into consideration because: (i) we have 

no information on the velocity structure of Iwodake, and (ii) the wavelength of VLP pulses is long 

enough not to be affected by the heterogeneous velocity and density structure. Since the distances 

of all the observation stations from the source were shorter than or comparable to the wavelength 

under consideration, no anelastic attenuation was included in the calculation of Green's functions. 

Based on the results of the particle motion analysis, the initial source location was assumed to be 2 

grid points (34 m) below the floor of the summit crater. We performed a grid search around the 

initial source location to find the best-fit source position. The optimum solution was chosen in 

terms of the variance reduction. 

3/4.2 cmg=ρ

 

4.1. Inversion results 

 

To evaluate the effect of topography on the inversion results, we performed two 
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inversions using two different sets of Green's functions: (1) using the velocity model with the 

topography of Satsuma-Iwojima, and (2) using the velocity model with a flat free surface. In the 

latter case, we didn’t include elevation corrections because the elevations of the 4 base stations 

were below the source elevation and we could not apply the ordinary elevation correction equally 

to both the stations above the source and the stations below the source. For both cases, we used the 

same values of P and S wave velocities and density of the medium as stated above. After 

conducting a grid search around the initial source location, the best source location was found at a 

depth of 100 m beneath the floor of the summit crater. Figs.12 (a) and 12(b) show the source time 

functions obtained by the waveform inversions for both cases, with topography and without 

topography. The waveform matches for the two cases were very similar, and thus only the case with 

topography is shown in Fig.13. In the inversion, we used the same weight for each trace and thus 

the higher the amplitude of the trace was, the more the results were influenced. The signal observed 

at ST1 was prominent in its amplitude among the signals observed at eight stations, and thus it 

strongly governed the results of the inversion. The variance reductions for the two cases were 

almost the same, because the variance reduction came mainly from the waveform match of the ST1 

data. The three velocity components at ST1 were almost perfectly explained in both cases. 

Based solely on the variance reduction, it was difficult to say which solution was better. 

However, we could distinguish two solutions based on the amplitude ratio of the moment tensor 

components. Solutions with and without topography indicate that the three diagonal components 

(Mxx, Myy, Mzz) of the moment tensor components have almost identical time histories and the 

off-diagonal components (Mxy, Myz, Mzx) are small. The amplitude ratios of three eigenvalues 

obtained by the two inversions are shown in Table 1 with the orientation of the corresponding 



 19

eigenvectors. The amplitude ratio of the three eigenvalues are (5.9, 3.7, 2.9) × 1010 Nm ≈ (2±0.1, 

1±0.2, 1±0.1) × 3.1 × 1010 Nm for the case with topography, and (15.7, 9.1, 3.4) × 1010 Nm ≈ 

(2±0.2, 1±0.3, 1±0.5) × 7.1 × 1010 Nm for the case without topography. Both solutions are 

characterized by the amplitude ratio of (2:1:1). 

What kind of source geometry corresponds to the eigenvalue ratio of (2:1:1)? When the 

Poisson ratio 41=ν , then the Lamé coefficients λ  and μ  are equal and the eigenvalue ratio 

corresponding to the crack opening is ( ) ( )1::2 1:3: =+ λλμλ . If the Poisson ratio 31=ν , 

then μλ 2=  and the amplitude ratio of the three eigenvalues corresponding to the crack opening 

is (2:1:1). The latter case of a high Poisson ratio may occur when the rock matrix in the vicinity of 

the crack is heated and has small rigidity (Ohminato et al. (1998), Chouet et al. (2003)). The 

solution which takes into account the topography can be interpreted as an opening of an inclined 

crack at the source region, as illustrated in Fig.14. The solution without topography can also be 

interpreted as an opening of a nearly vertical crack. 

Both solutions, with and without topography, can be interpreted as a crack opening. 

However, the latter solution has a much larger discrepancy from the pure crack solution than the 

former. Recall that the x-component of the Green's function at ST1 is amplified owing to the 

topography. In the flat model case (or without topography), the observed eastward-oriented 

amplification may be attributed not to the effect of topography, but to the source. This explains why 

the largest eigenvalue in the case without topography is too large, and why the corresponding 

eigenvector is almost horizontal and oriented almost to the east. Thus, the solution corresponding to 

an inclined crack opening obtained by considering the effect of topography is much more plausible. 

We omitted the contribution of the single force components to the observed waveforms 
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because its influence was minimal. The peak-to-peak amplitudes of the single force component and 

moment tensor component obtained by the inversion are of the order of 107N and 1011Nm, 

respectively. In our case, numerical tests showed that the contribution of a single force component 

with a strength of approximately 107N was comparable to the contribution of a moment tensor 

component of 109Nm. Thus the contribution of the observed single force component is only 1% of 

the moment tensor components. The time histories of the single force components are shown in 

Figs.12 (a) and 12(b), but their contributions to the waveforms are not included in the following 

discussion. 

 

5. Discussion 

 

As was shown above, both slow and rapid physical processes contributed to the seismic 

signals observed at Satsuma-Iwojima. The periodic amplitude modulation of tremor and the long 

interval between VLP pulses are manifestations of the slow process, while the VLP pulses with 

rise-times of 3-4 s are considered to be manifestations of the rapid physical process. Moreover, the 

modulation pattern of the tremor amplitude differs from frequency to frequency, suggesting that the 

physical processes behind them are frequency-dependent. Furthermore, the results of the waveform 

inversion of the VLP pulses show that the force system applied at the source region corresponds to 

the opening of an inclined crack. The repetitive characteristics of tremor amplitude modulation and 

identical waveforms of VLP pulses strongly suggest that the above-mentioned source processes are 

non-destructive and repetitive. Any models of physical processes from which the observed seismic 

signals are emitted must satisfy these characteristics of waveforms. 
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How about simple discrete seismic events superimposed on a low-amplitude background 

tremor? What if the discrete events are broadband, and the volcano’s medium has 

frequency-dependent intrinsic attenuation? If this is the case, it is still necessary to explain the 

regular interval of the "discrete seismic events." We also have to assume that such a 

“frequency-dependent attenuation” must also be “time-dependent,” because the amplitude ratio of 

the IMF and HF-components are different in the Inc-Stage and Dec-Stage. It is more natural, we 

believe, to attribute the three different signals observed, the VLP, IMF-tremor and HF-tremor to 

three different mechanisms that are connected and interacting with each other. 

Neuberg et al. (2000) analyzed tremor and low-frequency earthquakes observed at 

Soufriere Hills volcano in Montserrat. They modeled the shifting spectral lines of the seismic 

signals in terms of changes in the gas content of the magma as well as in terms of a time-dependent 

triggering mechanism of low-frequency resonances of a vertical conduit beneath a dome-shaped 

structure. Although their model seems to have a potential to explain the modulating tremor 

observed at Satsuma-Iwojima, it seems that the gas content of the magma in the resonating conduit 

needs to change periodically and abruptly. 

As summarized in Fig.4 (b), the behaviors of the tremor amplitude modulation are 

classified into three types: VLP signals in the LF-range, amplitude modulations in the IMF-range, 

and amplitude modulations in the HF-range. The three types of modulation are all synchronized 

with one another, and the way they are synchronized obeys certain rules. We can confirm that the 

occurrence of VLP signals and the tremor amplitude modulation in the IMF and HF-ranges are 

synchronized only at a timing labeled as (1) in Fig.4 (b). On the other hand, we can confirm the 

synchronized occurrence of tremor amplitude modulations in the IMF and HF-ranges at two 
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timings labeled as (1) and (3) in Fig. 4. These observations suggest that the source system can be 

divided into two parts, one associated with VLP signals and the other associated with the IMF and 

HF-range signals. By taking this into consideration, we assume that the entire system is composed 

of an active part and a passive part. The active part corresponds to the behavior of VLP signals in 

the LF-range, while the passive part of the system corresponds to the other two behaviors in the 

IMF and HF-ranges. The active part is the part that generates VLP signals and drives the rest of the 

system. The passive part actually generates modulating tremors by responding to the driving part.  

As a model of the active part, we consider a pressure source that exerts periodically 

varying pressure to the passive part. A temporal change in the pressure of the active part consists of 

two stages that occur alternately. One is a high-pressure stage, which corresponds to the Inc-Stage 

of the tremor amplitude modulation that lasts for about 10-15 min. The other stage is a low-pressure 

stage corresponding to the Dec-Stage of observed tremor amplitude modulation. The duration of 

this stage is about 30-35 min. As a model of the passive part, we consider a network of distributed 

gas-pockets connected by narrow gas-paths. One end of the network is attached to the pressure 

source via a valve whose opening and closure are controlled by pressure differences. The other 

ends of the network branch off in many directions. Each branch reaches the ground surface and is 

observed as an active fumarole. 

 

5.1. Driving part of the source 

 

We will start with an explanation of the model of the driving part. Our model is based on 

the sudden vaporization of water in a water pocket. In this model, a water-filled pocket beneath a 



 23

shallow aquifer works as a repetitive pressure source that drives the passive part of the whole 

system. The cyclic change in pressure is composed of two stages, a stage of sudden amplitude 

increase and a stage of gradual amplitude decrease. The pocket and the responding part are 

connected through a pressure-controlled valve. Water is supplied gradually to the pocket through 

bedrock with low permeability. The geometry of the pocket will be an inclined crack as suggested 

by the results of the waveform inversions of the VLP pulses. 

Initially, the pocket is filled with water (Fig.15a). The water pocket and the narrow path 

are connected through a pressure-controlled valve. The pocket is heated by magma or high 

temperature volcanic gas. At this stage, the pressure in the pocket has not yet become high enough 

to open the valve, and thus there is no gas flow out of the pocket. When the water temperature 

exceeds the vaporization point, the water in the pocket is vaporized. 

Note that if the water in the pocket is always in equilibrium, an increase in water 

temperature follows the phase diagram of water and no sudden pressure increase will occur. 

However, if the water in the pocket is superheated, the temperature of the water in the pocket can 

exceed the boiling temperature determined by the phase diagram without increasing the pressure. 

The more the water temperature increases, the more unstable the superheated state becomes. Finally, 

at a certain temperature, the superheated state will be broken and sudden vaporization and pressure 

increase will occur. 

If the vaporization proceeds quickly enough, the increase in pressure will be observed as 

a VLP pulse. The valve opens and the vapor in the pocket starts to flow into the passive part 

composed of a dendritic gas path. We have no idea whether the valve itself excites the VLP signals 

when it opens. It will presumably work as a seismic source of the HF-tremor because the valve 
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itself chokes the gas flow. The sharp onset of the HF tremor corresponds to the beginning of this 

gas flow into the passive gas-path network (Fig.15b). The ground water in the permeable rock 

surrounding the pocket will also be pushed back some distance from the pressurized water pocket.  

As the vapor starts escaping from the pocket, the pressure in the pocket starts declining. 

At the same time, the pressure in the gas chamber increases and the pressure difference at the two 

sides of the valve decreases. The ground water that was once pushed back from the pocket by the 

sudden pressure increase of the pocket permeates and gradually seeps back towards the pocket 

through the bedrock. It takes 15 minutes for the water to reach the surface of the pocket and start 

refilling the pocket again. Once the ground water starts entering the pocket, the pressure in the 

pocket declines rapidly due to the condensation of the vapor in the pocket back into water. The 

differential pressure at the valve then falls below a certain threshold. The valve then closes, and the 

vapor flow from the water pocket is terminated. This termination of the vapor flow corresponds to 

the end of the tremor modulation in the HF-range (Fig.15c). This 15 minute stage is observed as the 

Inc-Stage of the tremor amplitude modulation. 

Water keeps being supplied gradually to the pocket through the surrounding rock, which 

has low permeability. At some point in time, the temperature in the pocket begins to increase rather 

than decrease, and the gradual water supply and temperature increase continue simultaneously. 

Initially, the temperature increase in the pocket will be slow because of the relatively low 

temperature of the refilling ground water. Once the pocket is filled with water and the water supply 

is terminated, the rate of temperature increase will accelerate. This is a stage preparing for the next 

cycle of expansion, and lasts for about 30 min (Fig.15d). The slowness of the process shown in our 

model is due to the low permeability of the surrounding rock. 
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5.2 Passive part of the source 

 

We will now explain the passive part of the system that generates tremor in response to 

the active pressure source explained above. In our model, it is assumed that the gas flow in a 

narrow constricted path can generate seismic signals. It is also assumed that the tremor amplitudes 

are the function of the gas flow rate through the path, namely, as the gas flow rate increases, the 

amplitude of the tremor also increases. The tremor-generating gas flow through a narrow 

constriction is modeled by Morrissey and Chouet (1997), who conducted extensive numerical 

simulations of an excitation of seismic signals by fluid flow through a narrow constriction. There 

have been several other reports arguing that volcanic tremor originates from a gas flow through a 

constricted portion of the gas path inside volcanoes (e.g., Steinberg and Steinberg, 1975; Chouet et 

al., 1994). 

Presumably, an actual gas path that connects the pressure source and the ground surface 

is composed of a sequence of swollen portions and constricted portions of the path, as 

schematically illustrated in Fig.16 (a). Each swollen portion of the gas path works as a small gas 

chamber or a gas pocket along the path. Each constricted portion of the gas path works as a 

resistance to the fluid flow through the path. We considered a simplified model composed of a gas 

chamber and two constrictions connected in series instead of dealing with the above-mentioned 

complicated dendritic geometry of the gas path. Then the whole model, including both the active 

and the passive parts, is regarded as a serial connection of a pressure source, a pressure controlled 

valve, a narrow constriction, a gas chamber, and another narrow constriction, as shown in Fig.16 
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(b). 

The differential equations that describe the above-mentioned model take the following 

form. 
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where q1 is the gas flow rate from the pressure source to the small gas chamber through the 

pressure controlled valve, q2 is the flow rate from the gas chamber to the atmosphere, ps represents 

the pressure of the pressure source, pc is the pressure in the chamber, and pa is the atmospheric 

pressure. R1, R2 are positive constants representing the resistance to the gas flow q1 and q2, 

respectively. C is a positive constant representing the chamber capacity to the gas. The first two 

equations of (3) indicate that the flow rates are proportional to the pressure differences. The third 

equation of (3) shows that the pressure change in the chamber is proportional to the total gas flow 

rate into or out of the chamber. We assume that the lengths of the amplitude increasing stage 

(Inc-Stage) and the decreasing stage (Dec-Stage) are Δt1 and Δt2, respectively. Then the start time of 

Inc-Stage is represented as t = nΔt0, where n is an integer and Δt0 = Δt1 +Δt2. The Inc-Stage lasts 

from t = nΔt0 to t = nΔt0 +Δt1. The Dec-Stage starts at t = nΔt0 + Δt1 and ends at t = (n+1) Δt0. 

We will show that the solutions to (3) well mimic the behavior of the seismic tremors 

schematically shown in Fig.4 (b) under the following assumptions. (i) The source pressure ps is 

higher than the atmospheric pressure pa. (ii) R2 » R1 and thus q1 » q2, so that the gas is stored in the 

chamber during the Inc-Stage. If this condition is not satisfied, then the gas travels through the 
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gas-path to the ground surface without being trapped by the chamber, and thus no Inc-stage. (iii) In 

the Dec-Stage, the valve is closed due to the small pressure difference between the source and the 

chamber, and thus, q1 is zero. (iv) The change in the source pressure ps is small compared to the 

change of the chamber pressure pc during the Inc-Stage, and thus ps can be regarded as a constant 

during the Inc-Stage. (v) The value of ps is always the same for all n. 

The simplest model for the gas flows through the valve or through the gas-path network 

will be Poiseuille flow of viscous fluid through a cylindrical pipe. In this case, the resistance is 

proportional to the fluid viscosity and is inversely proportional to the cross-sectional area of the 

pipe. Our assumption that R2 » R1 corresponds to the condition that the cross-section of the valve is 

much larger than the smallest cross-section of the gas-paths.   

First, we will obtain the chamber pressure pc. The general form of pc as a solution to (3) 

will be 

nt
nnc eBAp τ−+= , ( )L,3,2,1=n ,    (4) 

where An and Bn are some constants decided with given initial conditions. τn are time constants. The 

value of τn differs in the Inc-Stage and Dec-Stage. While n is small, An and Bn varies with n, but 

these coefficients An and Bn approach some constants after some cycles have elapsed. At the limit of 

, pc in the Inc-Stage of different time windows, ∞→n 100 ttnttn Δ+Δ≤≤Δ (n = 1,2,3…), will 

have the same shape time-shifted by 0tΔ . The same can be said for the solutions to (3) in the 

Dec-Stage of different time windows. The limiting values of An and Bn are easily obtained by 

solving simultaneous linear equations that are obtained from the condition that the chamber 

pressure pc is continuous at the boundary between the Inc-Stage and Dec-Stage. Once the chamber 

pressure pc is obtained, then the gas flow rates q1 and q2 are given by the first two equations of (3). 
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The solutions to (3) at the limit of ∞→n  are as follows. 
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where t1 and t2 are the time measured from the beginning of the Inc-Stage and Dec-Stage, 

respectively. ( )21211 RRRCR +=τ  and 22 CR=τ  are time constants of the change in 

chamber pressure during the Inc-Stage and Dec-Stage, respectively, and A1, A2, A3, B1 and B2 are 

positive constants and are given as 
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The solution (5) represents an exponentially decreasing curve. See the portion that is 

labeled (2) in the middle panel of Fig.4 (b) (HF tremor). Note that B1 « 1 since R2 » R1. It means 

that the amount of decrease of q1 is small compared to its initial value. This feature is manifested as 



 29

a characteristic envelope of the tremor amplitude modulation in the HF-range in the Inc-Stage. q1=0 

in the Inc-Stage also matches the behavior of tremor amplitude modulation in the HF-range. See the 

portion that is labeled (4) in the middle panel of Fig.4 (b) (HF tremor). On the other hand, the 

solution (7) represents an increasing curve with a gradually decreasing rate of increase, as seen in 

the tremor amplitude modulation of the IMF-range in the Inc-Stage, while solution (8) represents an 

exponentially decreasing curve, as is seen in the IMF-range modulation in the Dec-Stage. See the 

top panel of Fig.4 (b) (IMF tremor). Thus, the characteristics of q1 and q2 represented by eqs. 

(5)-(8) well explain the behavior of the HF tremor and IMF tremor, respectively, in both the 

Inc-Stage and Dec-Stage. 

  

5.3. Different frequency peaks 

 

The dominant frequency peaks seen in the IMF-range differ from station to station, while 

some peaks are the same for all of the stations (Fig.8). The different frequency peak locations from 

station to station may be explained by the path effect, but the same peaks for all stations cannot be 

explained solely by the pass effect. How does our model explain these observations? 

The frequency peaks common to all the stations can be interpreted as a source effect, 

while the different peaks cannot be explained as a source effect. They will be explained as follows. 

In the above-mentioned model, narrow constricted portions of the gas paths are distributed between 

the pressure source and the ground surface. Each constricted portion works as a tremor source. 

Since the geometrical properties of each constricted portion differ from each other, they will have 

different dominant spectral peaks. Suppose that a constricted portion characterized by a certain 
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dominant frequency is located close to ST1, and another constriction with a different dominant 

frequency is located in the vicinity of ST2. Then the observed dominant frequencies at ST1 and 

ST2 will be different, although amplitude modulations at both stations are synchronized. In Fig. 16, 

this situation is schematically indicated. 

 

5.4. Water pocket model and geochemical observations 

 

The water pocket model discussed above and the geochemical observations conducted at 

Satsuma-Iwojima so far are not consistent with each other. One contradiction is the temperature of 

the volcanic gas. The temperature of the steam emitted from the water pocket should be near the 

boiling temperature under the pressure at the source depth. As the lithostatic pressure at the 

estimated source depth of 100 m is roughly 3 Mp, the vaporization temperature of the water at the 

depth is 234°C. However, the temperatures of the fumarolic gas measured in the summit area of 

Iwodake are nearly 900°C (Shinihara et al., 2002). Another contradicting point is the geochemical 

composition of the water. Although our water pocket requires cold water and the candidate for it is 

meteoric water, the chemical composition of the fumarolic gas is of magmatic origin (Hedingquest 

et al., 1994). 

One possible remedy for these contradictions is that the amount of meteoric water 

involved in the water pocket model is only a fraction of the total amount of the volcanic gas emitted 

from the summit area of Iwodake, and thus the meteoric water may not have been well detected by 

the geochemical measurements conducted so far. In other words, the paths of water flow of 

meteoric origin and of magmatic origin are different. The observed seismic moment of VLP pulses 
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is roughly 3 × 1010Nm. The volume change corresponding to this seismic moment is 4.3 m3. At the 

boiling temperature of 234°C, the mass of the steam of 4.3 m3 is about 80 kg. As the averaged 

number of VLP events per day is around 30, the amount of water participating in the activity is only 

2.4 t/day, which is negligibly small compared to the 1.6 × 104 t/day of H2O emitted from the 

summit (Kazahaya et al., 2002). The fact that the water volume estimated from the seismic signals 

is only a fraction of the amount of water estimated by the geochemical measurement supports the 

abovementioned possible remedy.  

 

5.5 A source model other than the water pocket model 

 

In order to explain the huge amount of volcanic gas emitted from Satsuma-Iwojima, it is 

hypothesized that a gigantic magma reservoir exists beneath the island and that magma convection 

in the volcanic conduit is an efficient magma transportation mechanism from the deep reservoir to 

the shallower part of the volcano (Kazahaya and Shinohara, 1996; Kazahaya et al., 2002). We here 

consider a source process associated with magma convection in the volcanic conduit. First, we will 

briefly explain the magma convection model proposed by Kazahaya et al. (1994). In the magma 

convection model, magma is supplied through a conduit from a deep reservoir to the shallower 

depth by its own buoyancy. When magma reaches a certain depth at which the magma pressure is 

lower than the degassing pressure, H2O, SO2 and other volatiles exsolve from the magma. Since the 

degassed magma is denser than the gas-rich fresh magma, it starts sinking down through the 

upwelling fresh magma. Consequently, degassed magma is returned to the deep magma chamber 

and fresh magma rises to replenish the shallower part of the conduit. By this simple mechanism, 
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gas-rich magma is efficiently transported to the shallow part of the volcanoes and a huge volcanic 

gas emission is maintained. 

The sudden volume expansion observed as VLP signals may be related to the release of 

surface tension resulting from the coalescence of bubbles that are accumulated in the gas-rich 

magma at the top of the conduit. The pressure in each bubble is higher than the ambient pressure. 

The differential pressure between inside and outside the bubbles is proportional to the surface 

tension and is reciprocally proportional to the radius of the bubbles (Leighton, 1994). When 

bubbles coalesce into a single bubble, the volume of the resultant single bubble must be larger than 

the volume sum of the coalesced smaller bubbles in order to compensate for the weaker surface 

tension provided by the larger radius. The bubble would keep swallowing adjacent bubbles and 

eventually burst, allowing internal volcanic gas to be emitted. If the magma transportation rate is 

constant, then this expansion-emission process would occur at a regular interval. The water pocket 

model discussed above can be substituted by the model of bubble expansion and gas emission 

associated with magma convection in the conduit. Bubble dynamics are poorly understood and a 

quantitative discussion of this model will be left open. 

 

6. Conclusions 

 

We conducted broadband seismic observations at Satsuma-Iwojima using a seismic 

network in which 5 short period and 3 broadband sensors were deployed. A regular periodicity in 

the amplitude modulation of the volcanic tremor and the occurrence of VLP pulses was observed at 

intervals ranging from 46 to 50 min. 
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Observed waveforms have characteristics that strongly depend on their frequency range. 

For all the frequency ranges, the repetition period is about 46 to 50 minutes. In a high 

frequency-range above 40 Hz, a sharp beginning of the amplitude increase followed by a slow 

amplitude decay was observed. The high amplitude stage of this frequency band lasts for about 15 

minutes. In the intermediate frequency range from 1 Hz to 40 Hz, amplitude modulation is 

composed of two stages. One is a gradual amplitude increasing stage with an upward convex 

envelope lasting for about 15 minutes. The other is an amplitude-decreasing stage with a concave 

shape of the envelope lasting for about 30 minutes. In the low frequency range below 0.2 Hz, very 

long period (VLP) seismic signals are observed. These signals are pulse shaped, and their pulse 

width is roughly 3-4s. All the observed pulses have almost identical waveforms. Although the 

patterns of amplitude modulation are different from frequency range to frequency range, they are 

all perfectly synchronized. 

Waveform inversions applied to the VLP signals revealed that the mechanism of inclined 

crack opening occurring at about a depth of 100 m from the bottom of the summit crater best 

explains the observed VLP waveforms. 

Both periodical tremor modulation and VLP signals are well explained by the model of a 

heated water pocket that has a pressure-controlled valve, although there are some difficulties 

explaining geochemical observations using this model. In this model, water is supplied to the 

pocket from the surrounding shallow aquifer through low permeable rock. In terms of this model, 

the observed periodical occurrences of VLP signals are explained by the sudden vaporization of 

superheated water in a shallow water pocket. The inferred tremor source is a network of gas 

pockets connected by narrow constricted paths. When an impulsive pressure increase due to 
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vaporization in the water pocket is asserted on the network of the gas paths, the gas flow rate 

through the network mimics the observed amplitude modulation of the volcanic tremor in the 

intermediate frequency range. 
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Figure captions 

 

Fig.1. (a) Location of Satsuma-Iwojima, southern Kyushu, Japan. The Kikai caldera is also shown 

by a broken line. (b) Station locations. The three closed circles are the broadband stations and 

the five open circles are the short-period stations. (c) Bird's-eye view of Satsuma-Iwojima. 

Fig.2. (Top) Five-hour record of vertical components of velocity at ST1 and ST3. The sensors at 

ST1 and ST3 are CMG-40T and L4, respectively. A trace low-pass filtered (LO) at 0.2 Hz is 

also shown in between the two unfiltered records. (Bottom) Expansion of the 1 min portion of 

the top panel. The sensor responses have not been removed. 

Fig.3. Spectrogram of 8-hour record of vertical component at ST1. Frequency range is from 0 to 1 

Hz. The three data gaps are due to the storage limitation. The window length and the time shift 

are both 120s. The corresponding seismic trace is also shown at the bottom. A broad energy 

peak between 0.3 and 0.6 Hz and a peak just below 0.2 Hz correspond to microseisms. The 

equal interval signals below 0.15 Hz marked by arrows are VLP pulses. In the time domain, 

these VLP pulses are buried in the microseisms and are barely seen in the bottom trace. 

Fig.4. (a) Vertical component at ST1 at different frequency ranges. From the top to the bottom, an 

unfiltered trace, an envelope of the top trace, a high-pass filtered trace at 40 Hz, and a 

low-pass filtered trace at 0.2 Hz. Trace length is 280 min. Arrows at the bottom indicate VLP 

pulses that are clearly seen in the low-pass filtered trace. (b) Schematic diagrams representing 

an amplitude modulation of the tremor on the left. From the top to the bottom, an envelope, a 

high-pass filtered trace, and a low-pass filtered trace.  

Fig.5. Spectrogram of a 180 min record of 200 Hz sampling data at ST1. The window length and 
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time shift are both 30 s. The tremor amplitude modulation in the frequency range higher than 

40 Hz is characterized by sharp beginnings and sharp ends. In contrast, the beginnings and 

ends of the tremor amplitude modulation below 40 Hz are unclear. 

Fig.6. Spectrogram for 3-hour record of volcanic tremor from 15:21 to 18:21 for stations ST1 and 

ST2. The window length and time shift are both 30 s. Amplitude modulation occurs over a 

wide frequency range. There are several stable spectral bands. Their positions differ from 

station to station. 

Fig.7. Spectrogram for 3-hour record of volcanic tremor from 15:21 to 18:21 for stations ST3 and 

ST4. The window length and time shift are both 30s. Amplitude modulation occurs over a 

wide frequency range. There are several stable spectral bands. Their positions differ from 

station to station. 

Fig.8. (a) A stacked spectra of volcanic tremor. Sixty-eight windows are extracted from a 3 hour 

record of volcanic tremor and are stacked. The window length is 100 sec and each window 

does not include tectonic events. (b) A stacked spectra of tectonic earthquakes. Seventeen 

events during the same 3-hour record are extracted and their spectra are stacked. 

Fig.9. Improvement of signal-to-noise ratio by stacking. Vertical component of velocity at (a) ST1 

and (b) ST8. At each column, the first five traces are traces before or during the stacking and 

the bottom trace is the result. Thirteen traces are stacked to generate the traces at the bottom. 

After stacking, a downward initial motion at ST8 is clearly seen. 

Fig.10. Schematic diagram of the Iwodake cone with the velocity vector at three component 

stations, ST1, ST6 and ST7. Both the top-view (top) and sectional view (bottom) are shown. 

Fig.11. Comparison of synthetic seismograms computed under two different conditions: with 
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topography (thick line) and without topography (thin line). An isotropic expansion source 

beneath the summit crater at the depth of 40 m is assumed. z, x, and y components refer to the 

vertical, east-west, and north-south component, respectively. 

Fig.12. (a) Source-time functions of six moment tensor components and three single force 

components obtained with inclusion of actual topography. (b) Same as (a) but without 

topography. 

Fig.13. Waveform match obtained with inclusion of actual topography of Satsuma-Iwojima for 

thirteen traces used in the inversion. ST1, ST6, and ST7 are the three component stations. The 

other stations have a vertical component only. The station code and its component are 

indicated at the upper left of each seismogram. The number at the upper right corner of each 

panel indicates the peak-to-peak amplitude of each seismogram. Unit of the amplitude is 10-7 

m/s. 

Fig.14. Source mechanism obtained for the case with topography. 

Fig.15. A model of the VLP pulses and HF tremor. (a) The crack-shaped pocket beneath the shallow 

aquifer is filled with water. Its temperature increases gradually due to heat from the magma or 

hot volcanic gas. The water in the pocket reaches the superheated state. (b) When the 

temperature exceeds the boiling point by a certain amount, the superheated state is broken, and 

the water in the pocket is suddenly vaporized causing a pressure jump in the pocket. This 

sudden pressure increase may correspond to an occurrence of the VLP signal. The valve opens 

and the gas flow out of the pocket generates HF tremors. (c) After 15 min, the pressure in the 

pocket is reduced. The valve closes and terminates the vapor flow. (d) Water starts refilling the 

pocket, which takes about 30 min due to the low permeable bedrock. 
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Fig.16. (a) Schematic diagram of an irregularly shaped gas path with many swollen and constricted 

portions. (b) Simplified model of the tremor generating system composed of a pressure source, 

constrictions and a chamber. 

Fig.17. A network of gas pockets and constrictions, which generates a volcanic tremor with 

frequency peaks which differ from place to place. 
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Table caption 

 

Table 1. Source mechanisms of VLP events. 
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