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Abstract 19 

Very long period (VLP) seismic signals, whose waveform consists of an initial impulsive 20 

signal and a later oscillatory wave with 0.2 or 0.4 Hz in dominant frequency, were observed 21 

before the caldera formation in the 2000 activity of Miyake-jima volcano, Japan. The results 22 

of waveform inversion show that the initial and later parts can be explained by a northward 23 

single-force of 1.5 × 108 N working at a depth of 2 km beneath the summit and a moment 24 

tensor solution at a depth of 5 km below and 2 km southwest of the summit with ~1012 Nm, 25 

respectively. A clear positive correlation of the amplitudes between the two sources strongly 26 

suggests that the shallow single-force triggers the deeper moment source in spite of the 27 

several km distance between the two sources. To analyze the source time functions of the 28 

moment tensor that do not always oscillate in phase, we introduce a new method of moment 29 

tensor diagonalization which is performed in the frequency domain. According to the analysis, 30 

the two principal components have similar amplitudes and are greater than the third principal 31 

component, suggesting an axially symmetric oscillation. One of the possible systems is a 32 

combination of two cracks intersecting perpendicularly. Our interpretation is that the 33 

single-force was generated when magma containing rock blocks suddenly began to move in a 34 

choked subsurface magma path, and the resultant pressure waves propagated and excited a 35 

resonance oscillation of the two cracks. 36 
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1. Introduction 37 

Miyake-jima island, located about 200 km south of Tokyo, is one of the most active 38 

basalt volcanoes in Japan (Figure 1). In most historical events, basaltic magma erupted 39 

mainly from the flank of the volcano over a more or less constant interval [Tsukui and Suzuki, 40 

1998], while the 2000 eruption took place in a quite different way after 17 years quiescence. 41 

The 2000 activity is divided into four stages on the basis of surface phenomena; i.e., magma 42 

intrusion stage, summit subsidence stage, explosion stage, and degassing stage [Nakada et al., 43 

2005].  44 

The volcanic activity started at 18:30 on 26 June (Japan Standard Time; JST) with 45 

an earthquake swarm that began beneath the summit (Figure 1) [Sakai et al., 2001; Uhira et 46 

al., 2005], indicating the propagation of dikes due to magma intrusions [Irwan et al., 2003; 47 

Ueda et al., 2005]. This is the beginning of the magma intrusion stage. According to geodetic 48 

observations during the intrusion stage, a dike that extended to the southwest from the 49 

southern edge of the summit area was formed with its top depth at about 2 km. The first dike 50 

opening, however, ceased approximately two hours after the onset. Immediately after that, a 51 

new dike perpendicular to the first dike began to propagate northwestwardly from the 52 

southwest side of the island. This intrusion further extended offshore of the island by the next 53 

day culminating in a small submarine eruption [Kaneko et al., 2005], and continued to 54 
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migrate to the vicinity of Nii-jima and Kozu-shima islands. The earthquake swarm beneath 55 

the island died out by the next day and the activity in the island became relatively quiescent.  56 

Small volcanic earthquakes began to be recorded beneath the summit at the 57 

beginning of July and the volcanic activity stepped into the next stage, that is, the summit 58 

subsidence stage. On 8 July, a summit eruption occurred accompanied by a subsidence of the 59 

summit area leading to a formation of a caldera. The caldera intermittently enlarged mainly 60 

from July to early August. The final size of the caldera was 1.6 km in diameter and 450 m in 61 

depth [Geshi et al., 2002]. As the subsidence activity of the summit area faded out, 62 

intermittent explosive eruptions began to occur (explosion stage) and eventually led to the 63 

largest explosion on 18 August. After the largest eruption, the volcanic activity was 64 

characterized by a strong volcanic gas emission (degassing stage). By the end of August and 65 

early September, the volcano began to emit substantial quantities of sulfur dioxide, at times 66 

exceeding 100,000 metric tons of SO2 per day [Kazahaya et al., 2004]. 67 

During the 2000 volcanic activity, many types of volcanic earthquakes were 68 

observed, reflecting magmatic activity under the volcano such as magma intrusion [e.g., 69 

Sakai et al., 2001; Uhira et al., 2005], caldera development [e.g., Kikuchi et al., 2001; 70 

Kumagai et al., 2001; Kobayashi et al., 2003], and summit eruptions [e.g., Kobayashi et al., 71 

2005]. In the magma intrusion stage, we detected very long period seismic signals containing 72 



 4

an initial impulsive wave followed by a monotonous oscillation with a period of a few 73 

seconds. 74 

Figure 2 shows an unfiltered seismogram for half a day recorded by a broadband 75 

seismometer at station KAS on 30 June, 2000. In particular, seismic signals oscillating with a 76 

few seconds in period and lasting for approximately one minute can be identified in the figure. 77 

We call these events very long period (VLP) events in this study. The VLP events are clearly 78 

recognized for a few days after the earthquake swarm on 26 June, and the number of the 79 

events gradually increases by the time of the first summit eruption on 8 July. However, the 80 

events are hardly identified after the summit eruption. Several events are identified 81 

exceptionally on 9 July, but the waveform feature changes in that the initial impulsive waves 82 

are obscure and the later oscillatory part decays within a few tens of seconds. 83 

Various types of VLP events have been observed in and around volcanoes 84 

worldwide. The VLP events observed at active volcanoes are generally considered to 85 

represent the behavior of volcanic fluids in magmatic and/or hydrothermal systems. 86 

Compared with short-period events, the VLP events have waveforms that are less 87 

contaminated by reflected and refracted waves associated with complex velocity and density 88 

structures of volcanoes due to their relatively long wavelengths, and are more easily used to 89 

extract source information. Owing to the merits of the VLP waveforms, the analysis of the 90 
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events observed at Miyake-jima provides useful information regarding the magma pluming 91 

system of Miyake-jima volcano and the magmatic processes occurring before the caldera 92 

formation at this volcano. 93 

The method for inversion of VLP waveforms applied to obtain the source location 94 

and mechanism follows that of Ohminato et al. [1998] and Kumagai et al. [2003]. Most of 95 

the published studies dealing with the moment tensor inversion of VLP events have dealt with 96 

the case that an excitation of a VLP event can be explained by a relatively simple mechanism 97 

that consists of a single-force, a moment tensor, or a combination of the force and moment 98 

applied at a point source. However, the VLP events we consider cannot be explained 99 

satisfactorily by these simple mechanisms, and thus more sophisticated techniques, such as a 100 

method developed in this paper, are required for their analyses. 101 

We determine the source locations and mechanisms of the VLP events observed 102 

before the first summit eruption on 8 July 2000 in Miyake-jima volcano. We first show some 103 

basic features of these VLP waveforms and the observation system in section 2. In section 3, 104 

we conduct waveform inversions to find the source location and mechanism of the VLP 105 

events. In this analysis we suggest that the initial impulsive pulse and the later oscillatory part 106 

of the waveforms are produced by two sources at different locations. In section 4, we 107 

investigate the relationship between the two sources and decompose the moment tensor 108 
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solution of the later oscillatory part into three dipoles that are not always oscillating in phase. 109 

For this analysis, we develop a new technique. In section 5, a series of numerical tests for the 110 

resolution of the inversion method are conducted. Finally, we discuss the physical meaning of 111 

the VLP events in relation to the magma plumbing system and the volcanic processes in 112 

Miyake-jima. 113 

 114 

2. Data and Characteristics of the VLP Seismic Signals 115 

For the waveform analyses in this study, we use broadband seismograms recorded 116 

on a seismic network composed of seven stations. The network configuration is shown in 117 

Figure 1. The solid circles in the figure indicate the locations of the broadband seismic 118 

stations. The broadband seismometers at CND, KAS, and OFN were deployed by the 119 

Earthquake Research Institute (ERI), University of Tokyo. The instrument at each station is a 120 

Guralp CMG-3T, which has a flat response up to 100 s. The broadband seismometers of ERI 121 

were operated from the afternoon on 29 June. The other four stations MKA, MKK, MKS, and 122 

MKT were deployed by the National Research Institute for Earth Science and Disaster 123 

Prevention (NIED), and the instrument at each NIED station is a Streckeisen STS-2, which 124 

has a flat response up to 120 s. These four seismometers had already been in operation before 125 

26 June. All seismometers are velocity sensors. Three component seismograms are available 126 
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for all stations, except at stations CND and OFN. The horizontal components at CND and 127 

OFN are not available throughout the whole period and until 2 July, respectively. 128 

The observed VLP seismic signals consist of two parts. Each of the VLP seismic 129 

signals begins with an impulsive waveform and is followed by a monotonous oscillation. 130 

Additionally, the VLP events are classified into two types according to the dominant 131 

frequency of the oscillatory part; one with the dominant frequency of 0.2 Hz, and the other 132 

with 0.4 Hz. The events with a dominant frequency of 0.4 Hz are observed more frequently 133 

than the 0.2 Hz type, but clear difference in temporal pattern of occurrence cannot be 134 

recognized between the two types. In the following, we will describe two typical events for 135 

these types, and mention their basic features in detail.  136 

We first show an example of the VLP events with a dominant frequency of 0.2 Hz in 137 

Figure 3a. The three component velocity waveforms observed at station KAS are displayed 138 

with their amplitude spectra. Seismograms in the top panels are obtained by applying a 139 

low-pass filter with a cutoff frequency of 0.8 Hz to a VLP event observed on 1 July. The 140 

origin time on the horizontal axis corresponds to 21:37:50 (JST). We call this VLP event 141 

“Event 1” hereafter. An impulsive waveform, whose pulse width is about 1 s, is clearly 142 

identified in the initial part of the waveform. The initial pulse is dominant in the horizontal 143 

components, particularly the NS component, rather than the vertical component. The 144 
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dominant energy in the horizontal components is common to the other stations. The later 145 

portion of the seismic signals consists of a monotonous oscillation with about a 5 s period. 146 

The amplitude spectra of this VLP event are shown at the bottom of Figure 3a. A 147 

sharp peak can be recognized at 0.2 Hz in each component, corresponding to the visible 148 

monotonic later phase in the waveform. Another frequency peak is identified at 0.4 Hz and 149 

several other peaks can also be recognized at around 0.6 and 0.8 Hz, suggesting that they may 150 

be harmonic overtones corresponding to higher modes of resonance. The amplitude of the 151 

dominant frequency component is on the order of 10-4 to 10-3 m/s, which is significantly 152 

larger than that of the microseismic noise that is approximately on the order of 10-6 to 10-5 153 

m/s during the analysis period.  154 

Figure 3b shows a VLP event with a dominant frequency of 0.4 Hz, observed on 3 155 

July. Seismograms in the top of Figure 3b are low-pass filtered with a 0.8 Hz cutoff. The 156 

origin time on the horizontal axis is 18:00:50. We call this VLP event “Event 2” hereafter. An 157 

impulsive initial part is clearly identified in the NS component as is observed in Event 1. As 158 

shown in the bottom panels, a spectral peak at 0.4 Hz corresponding to the later part of the 159 

waveform, is dominant rather than the peak at 0.2 Hz, and several other frequency peaks are 160 

recognized as well.  161 

Hereafter, we expediently call the impulsive portion the “initial part”, and the 162 
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oscillatory signal the “later part”. 163 

 164 

3. Source Location and Mechanism 165 

3.1 Single Source or Composite Source? 166 

To determine the location and the mechanism of the VLP source, we conduct 167 

waveform inversions over a domain centered on the volcano. In this analysis, synthetic 168 

waveforms for trial point sources placed at a grid point in three-dimensional space are 169 

computed, and are compared with the observed waveforms. The source point and source time 170 

functions that give the best waveform fit are regarded as the optimal estimate of the source 171 

for each seismic event. For this waveform inversion, we use the method developed by 172 

Ohminato et al. [1998].  173 

We use a one-dimensional smoothed velocity structure model, obtained using a 174 

layered-velocity structure composed of four velocity layers in the deeper part [Sakai et al., 175 

2001] and a slow-velocity layer of 1.5 km/s at the top [Kobayashi et al., 2003]. For the 176 

construction of the smoothed structure, we interpolate the arithmetic mean of the velocity 177 

values in the upper and lower sides of each discontinuity boundary. The P wave velocities Vp 178 

are 1.50, 1.85, 2.90, 4.80, and 6.35 km/s at 0.0, 0.1, 0.5, 2.5, and 12.5 km in depth, 179 

respectively. We assume that the shear wave velocity is equal to Vp/ 3 , and the density is 180 
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2700 kg/m3.  181 

The Green’s functions are calculated for the velocity structure with station elevation 182 

corrections. For the calculation, no topographic effect is taken into account except for the 183 

station elevation corrections. The reason why we ignore the effect of topography is as follows. 184 

There are two cases where a topographic effect is important. One is when a source is shallow 185 

and waveforms at the surface are significantly distorted by surface waves. The other case is 186 

when stations are close to strong topography such as the summit of volcano. In our case, the 187 

sources expected from the particle motion analysis are deep enough to ignore the surface 188 

wave excitation, and the stations are not close to the summit.  189 

Gaussian pulses with a pulse width of 0.6 s convolved with the Green’s functions 190 

are used as elementary source time functions and the source time histories are represented by 191 

superimposing the elementary functions spaced at 0.4 s intervals. Unknown amplitudes of the 192 

elementary functions are determined so as to minimize the weighted sum of the squared 193 

differences between the observed and synthetic waveforms over the entire time window for 194 

all stations. The residual errors are influenced by weights given to seismic data, namely, 195 

different error definitions might produce serious difference on the inversion results. The 196 

weights should be given to seismic data according to a quality of noise, but it is difficult to 197 

know in advance how noise is included in seismic data. Ohminato et al. [1998] propose two 198 
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definitions of squared error for evaluation of the misfits between the observations and the 199 

synthetics; “definition A” and “definition B”, which emphasize different aspects of the noise 200 

included in the data. In this study, we employ the two errors for the waveform inversion and 201 

investigate whether or not the difference of error definitions give rise to serious influences on 202 

the inversion results for the data we consider. Resultantly, both the obtained source positions 203 

and the source time functions are essentially indistinguishable between the two error 204 

definitions. Thus, in this study, we will show the results obtained from the definition A only. 205 

This procedure is repeated for all the grid points in the searched domain. The 206 

searched domain is from -5.0 to 4.0 km in the NS-direction, -4.0 to 5.0 km in the 207 

EW-direction, and 10.0 km in vertical extent, with the horizontal center at the summit of 208 

Miyake-jima (34.081°N, 139.530°E). The grid search is conducted first with coarse grids of 209 

0.5 km, and then with finer meshes of 0.1 km in a domain of 1 km × 1 km × 1 km 210 

surrounding the source location determined in the previous step for the final estimate of the 211 

source location. Before conducting the waveform inversions, we apply a low-pass filter with 212 

a cutoff frequency of 0.8 Hz to the observed waveform and then resample them every 0.2 s.  213 

We first apply the waveform inversion method to the entire waveform assuming a 214 

single point source. We conduct the above inversion procedure for three types of source 215 

mechanisms; a single-force with three components, a moment tensor with six components, 216 
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and a combination of a moment tensor and a single-force with nine total components. The 217 

estimated residual errors between the observations and synthetics for each VLP event for each 218 

source type are listed in Table 1. The solution derived from the combination of moment and 219 

force gives the minimum residual errors for both VLP events, but the lowest residuals do not 220 

always mean the optimal solution because of the different number of free parameters. 221 

Akaike’s Information Criterion (AIC) [Akaike, 1980] is a useful tool to estimate the optimal 222 

number of free parameters. In this study, we evaluate AIC values as one of the indicators for 223 

the selection of optimal source mechanism although the conditions required for the use of 224 

AIC may not necessarily be satisfied in certain cases [Sakamoto et al., 1986]. Consequently, 225 

the source type with a combination of moment and force yields the minimum values of the 226 

AIC for both the events (Table 1), that is, the inversion results show that both the moment and 227 

force significantly contribute to produce the VLP events. However, investigating the 228 

inversion results in detail, there are several unnatural features so that we cannot accept the 229 

obtained solutions without question, as we enumerate below. 230 

Figures 4a and 4b show the source time functions obtained from the waveform 231 

inversion assuming the combined source mechanisms for Event 1 and Event 2, respectively. 232 

The Cartesian coordinates are set with x axis positive eastward, y axis positive northward, and 233 

z axis positive upward. The left six and right three diagrams give the source time functions of 234 
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the moment tensor and the single-force components, respectively. The results show that the 235 

source mechanisms appear to be rather complicated. For the resulting moment tensor 236 

solutions, the source time functions are dissimilar and there is a significant phase difference 237 

among the components. The eigenvectors obtained by a sample-by-sample eigenvalue 238 

analysis of the six moment tensor components show that the principal axes of oscillation 239 

rotate with time and are not fixed spatially, and that the ratios among the three eigenvalues 240 

are not constant but vary with time. The complex features do not indicate an oscillation of a 241 

simple-shaped source such as a crack and a cylinder [Chouet; 1996]. The single-force 242 

solutions are also complex for both the events. They have oscillatory time histories with 243 

dominant period of a few seconds for all the components, and the time histories are dissimilar 244 

among the three components, suggesting that the force works in different orientations over 245 

time. These complexities of the source time functions prevent an easy interpretation of the 246 

obtained solutions in terms of a realistic source process. 247 

The locations having minimum residuals for the combined solutions involving both 248 

single-force and moment tensor components are indicated by circles in Figure 5. The best 249 

solutions are positioned at the depth of 2 km beneath the summit area for both the events. If 250 

both the moment tensor and force components significantly work at the same position, the 251 

source locations for both the moment only source type and the force only source type are also 252 
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expected to be determined at or near the same locations as the combination of moment and 253 

force source type. For the case of force only source, the optimal sources are located at a depth 254 

of about 2 km beneath the summit (diamonds). However, the best source locations for the 255 

moment only source type are not determined at the shallow beneath the summit area but a 256 

depth of approximately 5 km (triangles). Does this discrepancy in source locations have some 257 

suggestive meaning? 258 

Figures 6a and 6b show the minimum residual errors as a function of depth for the 259 

three types of assumed source mechanisms for Event 1 and Event 2, respectively. If we focus 260 

on the curves corresponding to the combined source mechanism of moment and force 261 

(circles), it is noted that the residual error does not converge monotonically to a global 262 

minimum at a certain depth but has several local minima. The residual curves have a global 263 

minimum at a shallower depth of 2 km and have one small dent (arrows in Figure 6) at a 264 

depth of about 5 km. The depth of global minimum at the shallow seems to correspond to that 265 

of global minimum of the single-force only solution (diamonds), and the small dent at 5km 266 

seems to correspond to the global minimum for the moment tensor only solution (triangles). 267 

Investigating the spatial relationship of the positions having the global/local minima in more 268 

detail, we find that there are good spatial consistencies between the source locations (Figure 269 

5). The locations corresponding to shallower minima (~2 km) for the combined mechanism 270 
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are quite close to the best source positions for the force only source. On the other hand, the 271 

locations corresponding to the deeper local minima (~5 km), which are indicated by stars in 272 

Figure 5, are determined near the source locations for the moment only source. This suggests 273 

that the VLP event is produced by two separated sources at which the moment and the force 274 

work individually. 275 

In this context it is recalled that each waveform is composed of the two parts; the 276 

initial impulse and the following oscillation. The particle motions in the case of the initial 277 

impulsive parts point to a shallow depth of approximately 0 to 1 km, while those in the case 278 

of the later oscillatory waves tend to point to the deeper part. These features of the particle 279 

motions are suggestive of the existence of two spatially separated sources. 280 

The best source location and mechanism are determined under the assumption of a 281 

one-source model where both the single-force and the moment tensor components work at the 282 

same point. However, there are several questionable points in the solutions of one-source 283 

model as mentioned above which suggest that this assumption is not necessarily compatible 284 

with the real feature of the seismic source of the VLP events. Particularly considering the 285 

characteristics of the error distribution and the particle motions, a VLP event is possibly 286 

excited by two separated sources; the actual source may consist of a single-force source at 287 

about 2 km and a moment tensor source at about 5 km. The idea of two separated sources is 288 
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well worth consideration although the abovementioned features may not necessarily be 289 

decisive reasons that completely reject the possibility of one-source model. In the following 290 

section, a possibility of this two-source model will be examined in detail. 291 

3.2 VLP Source Location and Mechanism of Two Sources 292 

In this section, we explore the possibility of the two-source model that the moment 293 

and the force work at different locations individually. It is, however, difficult to constrain the 294 

source locations and the source time functions of the two sources simultaneously from the 295 

observed waveforms of the VLP events alone because of the trade-off between the locations 296 

and the mechanisms. Thus we make use of the waveform property of the VLP events as a 297 

constraint on the source; we divide the waveform into these two parts, which are treated 298 

individually to represent the single-force and the moment tensor.  299 

For each of the initial and later parts of the VLP waveform, we conduct the same 300 

waveform inversion analyses as described in the previous section. We separate the initial and 301 

later parts of the waveforms by using a cosine taper with a length of 2.5 s. In Figure 3 the 302 

taper window is shown by a gray vertical bar in which the taper amplitude diminishes left to 303 

right from unity to zero for the initial part, and right to left for the later part.  304 

The initial and later parts are individually fitted to a single-force solution or a 305 

moment tensor solution. The estimated residual errors and AIC values for the initial and later 306 
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parts are listed in Table 2. For both the initial parts of Events 1 and 2, the AIC value of the 307 

single-force is smaller than that of the moment. The residual error is also lower for the 308 

single-force in spite of the lower number of free parameters. For the later part, the moment 309 

solution gives smaller AIC values for both events compared to the single-force. Therefore the 310 

AIC evaluation suggests that the force and moment solutions primarily excite the initial and 311 

later parts of the waveforms, respectively.  312 

Figure 7 shows the obtained source locations of the single-force and moment 313 

solutions by stars and circles, respectively. Contours surrounding the stars and circles 314 

represent the range of the residual errors within 125 % of the minimum error. The optimum 315 

source location of the single-force is at (34.082°N, 139.526°E, 1.8 km below sea level (b.s.l.)) 316 

for Event 1 and (34.083°N, 139.526°E, 1.9 km b.s.l.) for Event 2, while that of the moment is 317 

(34.059°N, 139.518°E, 5.5 km b.s.l.) for Event 1 and (34.083°N, 139.528°E, 5.1 km b.s.l.) for 318 

Event 2. It is noted that the source positions estimated by the two-source model agree well 319 

with those estimated by the one-source model for each of the assumed source mechanisms. 320 

The optimal source locations for the initial part are determined at a depth of ~2 km beneath 321 

the summit area. These positions coincide with those obtained when we inverted the entire 322 

waveform assuming the force only source. The best solutions for the later parts are located at 323 

the depth of ~5 km, which is good agreement with the results assuming the moment only 324 
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source. 325 

The locations of the force solutions are confined to within a small area at a depth of 326 

about 2 km beneath the summit, but the locations of the deeper moment solutions are 327 

substantially different between Event 1 and Event 2. The error contour of Event 2 is 328 

elongated to the south toward the source location of Event 1. This suggests that the calculated 329 

source location for Event 2 may not be reliable and that the true source may be located at the 330 

same point as the Event 1. To examine this idea, we apply the inversion analysis to the 331 

band-pass filtered waveform of Event 2. The 0.2 Hz component is extracted by applying a 332 

band-pass filter with a passing band of 0.1 to 0.3 Hz. We add to Figure 7 the band-passed 333 

solution of Event 1 to compare it to the result of Event 2 under the same condition. As 334 

expected, the band-passed solution for Event 2 is close to that of Event 1 as shown in Figure 335 

7 (34.058°N, 139.518°E, 5.6 km b.s.l.). The source location estimated using all the frequency 336 

components lower than 0.8 Hz for Event 2 is different from the location of its 0.2Hz 337 

component. It is likely that the higher frequency components of the seismic waves, including 338 

those at 0.4 Hz, are substantially affected by inhomogeneous velocity and/or density 339 

structures and distort the moments in our inversion analysis. The idea that the two events 340 

should have the same moment source is consistent with the observation that the spectral 341 

peaks of these two events in Figure 3 are quite similar and are interpreted to represent 342 
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harmonic overtones of the same resonator. 343 

The source time histories of the single-force components obtained for the initial part 344 

show pulse-like signals which mainly work northwardly with a pulse width of 1.5 s. The 345 

moment solutions have oscillatory time histories and dominant diagonal components. Also 346 

for the solution using the separated waveforms, the source time functions are dissimilar to 347 

each other, and there are phase differences among the components with several tens of 348 

degrees. The scatter of principal axis orientations and the ratios of eigenvalues are still so 349 

large that the source mechanism cannot be explained by an oscillation of a simple-shaped and 350 

spatially-fixed source. 351 

In the above analysis of the source locations and the source time functions, the time 352 

that separates the waveform into the initial and later parts is selected rather intuitively and the 353 

divided waveforms are distorted by the applied cosine taper for the separation. This problem 354 

can be avoided if the source time functions of both the shallower single-force source and the 355 

deeper moment can be constrained by the entire waveforms without any separation. 356 

Unfortunately, this simple method does not work well because of the trade-off between the 357 

two sources. In order to avoid the effects of the trade-off, we use a simple constraint that the 358 

single-force source works for the time before a threshold time Tc at the shallower point and 359 

the moment tensor source works after Tc at a deeper point. The possibilities that the moment 360 
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source is effective before Tc and the single-force source is effective after Tc are neglected in 361 

this calculation. To get a better estimate of Tc, we calculate the source time function and the 362 

residual error regarding its fitness to the observed waveforms for variable values of Tc. In this 363 

analysis, we use only Event 1 and assume the same locations for the shallow and deep 364 

sources as determined above. Figure 8 shows the residual errors as a function of Tc. The 365 

figure shows that the two-source model has a clear minimum, confirming that the single-force 366 

acts first at the shallow point and then a moment tensor source acts at the deeper point.  367 

Figure 9a shows the waveform matches between observed waveforms (dotted line) 368 

and synthetic waveforms (solid line) for the optimal solution of Event 1. The synthetics fit the 369 

observations even at the joint between the initial and later parts, which confirms that the 370 

separation of the waveforms has not resulted in any serious effects on our analysis. The left 371 

three and right six diagrams in Figure 9b give the source time functions of the single-forces 372 

and the moment tensor components, respectively. The single-force solution that accounts for 373 

the initial part of the waveform has a dominant NS component compared to the EW and UD 374 

components. The force works to the north for about 1.5 s with magnitude of 1.5 × 108 N. For 375 

the moment solution, the diagonal components are dominant, indicating an existence of 376 

volumetric variation. Among the diagonal components, the contribution of horizontal 377 

components is larger than the vertical component. The amplitudes of the diagonal 378 
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components are on the order of 1012 Nm. Here it is noted that the source time functions do 379 

not always oscillate in phase from component to component, and the time series of the 380 

eigenvectors show a significant temporal variation in the orientation of the three axes. Since a 381 

possibility that the source time histories of the moment tensor components might be in phase 382 

and stable at different locations cannot be discarded, we investigate the source time functions 383 

calculated at grids adjacent to the optimal source location. At all the grids in proximity to the 384 

optimal location, however, the source time functions have significant phase differences of 385 

several tens of degrees, and the eigenvectors are not stable.  386 

 387 

4. Source Properties 388 

4.1 Amplitudes of the Initial and Later Parts of the VLP Waveforms 389 

According to the results of the previous section, the initial and later parts of the VLP 390 

waveforms can be explained by two separate sources. In order to examine the relationship 391 

between these two sources, we compare the amplitudes of the initial and later parts of the 392 

waveforms as shown in Figure 10. In this figure, we plot the maximum amplitudes of 23 VLP 393 

events observed from 30 June to 5 July, 2000 at station KAS, the nearest station to the 394 

summit. The amplitudes of the later parts are compared with those of the initial parts for the 395 

two frequency components of 0.2 and 0.4 Hz. Band-pass filters with passing bands between 396 
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0.1 and 0.3 Hz, and 0.3 and 0.6 Hz, are used for 0.2 and 0.4 Hz components, respectively. For 397 

the initial impulsive signals, a low-pass filter with a 0.8 Hz cutoff is used. There is a clear 398 

positive correlation between the amplitudes of the initial and later parts, which suggests the 399 

presence of some physical cause-and-effect relationship between the two sources. 400 

Considering the observation that the force solutions producing the initial parts always precede 401 

the moment solutions by a few seconds, it is highly possible that the shallower source of the 402 

single-force triggers the following oscillatory deeper moment source. 403 

 404 

4.2 Temporal Variation of Peak Frequency and Q-1 Value 405 

We next investigate the temporal variation of the waveform properties. Figures 11a 406 

and 11b show the temporal variation of peak frequency (solid circles) and Q-1 value derived 407 

from the half width of the spectral peaks (open circles) for the 0.2 and 0.4 Hz components, 408 

respectively. The left and right vertical axes represent scales of peak frequency and Q-1 value, 409 

respectively. We plot the data from the same 23 VLP events as analyzed in the previous 410 

section. The peak frequency of the 0.2 Hz component shows a change with time that is fitted 411 

to a regression line (solid line) of 12 % decrease from 30 June to 5 July, 2000 (Figure 11a). A 412 

similar trend is also found in the data of the 0.4 Hz component with a regression line (solid 413 

line) of 30 % decrease for the same period. Dotted lines in Figures 11a and 11b represent the 414 
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decrease rates determined from the other components, i.e., 0.4 and 0.2 Hz components, 415 

respectively. The characteristic frequencies decrease between 12 and 30 % over a period of 416 

six days. On the other hand, we cannot obtain any clear trend from the data of the Q-1 values 417 

by applying a linear fitting. This may be because they have much greater scatter.  418 

 419 

4.3. Moment Tensor Diagonalization 420 

In general, a moment tensor can be decomposed into three eigenvalues and 421 

eigenvectors by a suitable rotation of the coordinate axes. The ratios among three eigenvalues 422 

represent the geometry of the source while the eigenvectors specify the orientation of the 423 

source [Chouet, 1996]. This kind of eigenvalue decomposition assumes that the time histories 424 

of the six moment tensor components are similar to each other and the amplitude ratios 425 

among the components are constant irrespective of time. When this assumption holds, the 426 

three eigenvalues and the corresponding eigenvectors can be extracted solely from the 427 

amplitudes of the six moment tensor components. In early studies, since the time histories of 428 

six moment tensor components are approximately similar to each other, the maximum 429 

peak/trough amplitudes for the components were used to evaluate the eigenvalues and the 430 

corresponding eigenvectors [e.g., Ohminato et al., 1998; Kumagai et al., 2001, 2003; Chouet 431 

et al., 2003, 2005]. However, our case is not so simple as the previous studies. The best 432 
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source time histories obtained in our analysis do not show synchronous vibrations but contain 433 

some phase shift, i.e., different time lapses of vibrations among the six components, so that 434 

the conventional treatment cannot be applied to the dissimilar waveforms. To better describe 435 

the source properties, we have to take into consideration the differences of not only the 436 

amplitudes but also the phases in the time histories. For this purpose, analyses in the 437 

frequency domain are more convenient than those in the time domain because we can extract 438 

more directly and easily the source information regarding both the amplitudes and the phases. 439 

In the rest of this section, we employ a new approach in which complex spectra of source 440 

time functions are analyzed in the frequency domain. 441 

Six panels in Figure 12a show the normalized amplitude spectra of the source time 442 

functions for the six moment tensor components for Event 1 depicted in Figure 9b. The 443 

frequency peaks at 0.2 and 0.4 Hz are easily recognized. Amplitudes of the diagonal 444 

components, Mxx, Myy and Mzz, are significantly greater than those of the non-diagonal 445 

components, Mxy, Myz and Mzx, for the 0.2 Hz peaks, while the amplitudes of all the six 446 

components are comparable to one another for 0.4 Hz peaks. 447 

In Figure 12b, we plot the complex spectral values of the moment tensor 448 

components of the 0.2 and 0.4 Hz peaks, respectively. The horizontal and vertical axes 449 

represent the real and imaginary parts of the spectral values, respectively. The complex peak 450 
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values of each moment component give both the amplitude and phase of the oscillation. In 451 

particular, the ratio of the imaginary part to the real one defines the phase of the oscillation. If 452 

the peak values of all moment components are distributed along a single line on the complex 453 

plane, all the moment components should oscillate synchronously without any phase shift. 454 

Figure 12b shows, however, that the peak values of actual moment components are not well 455 

aligned, indicating that there are phase differences among oscillations. 456 

To represent the observed amplitudes and phases of oscillations, we provide a new 457 

method of moment tensor diagonalization which is performed in the frequency domain. In 458 

this method, a seismic source is assumed to be represented by a superposition of three 459 

independently oscillating dipoles which are spatially fixed at the same point and are 460 

perpendicular to each other. For the complex moment tensor components at each frequency, 461 

the complex eigenvalues, which represent the amplitudes and phases of the three dipole 462 

oscillations, can be obtained by a geometrical rotation of the coordinate axes in a least 463 

squares approach (See Appendix A). One of candidates for a seismic source that oscillates 464 

with phase differences among the principal components is a composite model; two or more 465 

seismic sources are combined and oscillate independently. For simplicity, we assume that the 466 

three principle axes of such sources are common in the proposed model. One of the simplest 467 

source models of such a type is a combination of two cracks that cross each other at right 468 
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angles and vibrate with different phases. 469 

Figures 13a and 13b show the evaluated three eigenvalues on the complex plain 470 

(top) and the corresponding real eigenvectors (bottom) for the 0.2 and 0.4 Hz components, 471 

respectively. The eigenvalues are referred to as M1, M2, and M3 and are plotted by black 472 

colored circles with solid error bars. We find in Figure 13 that the magnitude of M3 tends to 473 

be significantly smaller than that of M1 and M2, which are more or less similar. This 474 

indicates that most of the oscillation occurs perpendicular to the M3 axis and almost 475 

symmetrically around the axis. For the 0.2 Hz components, the M3 axis is inclined to the 476 

direction of N25°E by 29° from the vertical axis. The phase difference between the three 477 

components ranges to 50°. For the 0.4 Hz components, the M3 axis is more inclined from the 478 

vertical and the phase difference is almost 130° although the results may be less reliable. 479 

 480 

5. Resolution of the Waveform Inversion Method 481 

The source locations for the later parts of the VLP events are determined at a deep 482 

southern region of the island, whose horizontal location is slightly outside the observation 483 

network deployed in Miyake-jima and its depth is approximately equivalent to the extent of 484 

the network. A question may arise how well the estimated source locations and mechanisms 485 

can be estimated from the data and network. To evaluate the resolution of our waveform 486 
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inversion, we conduct numerical tests in which we assess how precise the source time 487 

functions and source location can be reconstructed through our waveform inversion for a 488 

known source locating at the same position as the estimated moment source. 489 

 490 

5.1 Procedure of Numerical Tests 491 

We first construct theoretical seismic waveforms radiated from a given source, 492 

which are calculated for the seven seismic stations so as to mimic the actual seismic 493 

observations in Miyake-jima (Figure 1). We do not use the waveforms of horizontal 494 

components at stations OFN and CND so as to be in the same calculation condition as the 495 

analysis of Event 1. In this test, we use an oscillation of a crack source, locating at the deep 496 

moment source of Event 1 (Figure 7). Six components of a moment tensor M(t) can be 497 

expressed as a function constituted of a time history of crack oscillation Mo(t), an orientation 498 

of crack θ and δ (Figure 14a), and the Lamé coefficients λ and μ of the country rock [Chouet, 499 

1996]. To represent the elementary source time function Mo(t), we use an oscillatory wave 500 

with the length of 50 s that consists of a cosine function oscillating with a frequency of 0.2 501 

Hz, and pad zeros to the cosine function from 0 to 10 s and apply a hanning window, whose 502 

function is represented by 0.5-0.5cos(2πt/Tl) with Tl = 40 s, to the cosine function from 10 to 503 

50 s. The resulting Mo(t) is shown in Figure 15. In this test, we assume a condition of Lamé 504 
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coefficients λ = 2μ. To imitate actual seismic signals, we add white noises to the theoretical 505 

seismic waveforms. We here use normal random number N(0, σ2) as the white noise, where 506 

5 % of the maximum amplitude among the theoretical waves is given to the variance σ2. Then 507 

we apply the waveform inversion to the theoretical waveforms including the noise in the 508 

same manner as in chapter 3, and finally compare the inferred source locations and source 509 

time functions to the original ones.  510 

 511 

5.2 Reconstruction of Source Time Functions for a single crack 512 

In this test, we assume five types of cracks with different orientations; crack1) a 513 

vertical dike striking EW (θ = 0° and δ = 90°), crack2) a vertical dike striking NW-SE (θ = 514 

45° and δ = 90°), crack3) a vertical dike striking NS (θ = 90° and δ = 90°), crack4) a vertical 515 

dike striking NE-SW (θ = 135° and δ = 90°), and crack5) a horizontal sill (δ = 0°). The 516 

angles of θ and δ are measured from north clockwise and from the vertical, respectively. 517 

Figure 16 shows the calculated source time functions derived from the inversion assuming 518 

the moment tensor mechanism only (solid lines) and the original source time functions 519 

(dotted lines). The sum of squared residual (SSR) between the inferred and original source 520 

time functions is shown at the right top corner on each figure. The source time functions are 521 

reconstructed well except at both the sides of each trace probably because of the relatively 522 
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low signal-to-noise ratio. The results show no phase differences among the six components 523 

for all the cases, indicating that the phase differences of moment solutions are not produced 524 

by insufficient inversion resolution due to the network configuration nor an artificial effect of 525 

a low-pass filter applied to the seismic waveforms.  526 

To investigate how well our inversion method can distinguish the types of source 527 

mechanisms, we evaluate the AIC values for the results obtained assuming three single-force 528 

components only and six moment tensor components only. The AIC values for the force only 529 

case are evaluated to be -4702, -2480, -429, -2811, and -11751 for the crack1, crack2, crack3, 530 

crack4, and crack5, respectively, while for the moment only case the values are -18421, 531 

-19935, -18670, -19497, and -21489, respectively. Additionally, we conduct numerical tests 532 

in the same manner for three cases giving source time functions assuming force only source; 533 

1) a force working in EW direction, 2) a force working in NS direction, 3) a force working in 534 

UD direction. Also in this test, the source is put at the deep moment source of Event 1 (Figure 535 

7) and the same elementary source time function Mo(t) are used (Figure 15). The inversion 536 

results show that the AIC values for the force only case are evaluated to be -17312, -18113, 537 

and -20579 for the three types, respectively, while for the moment only case the values are 538 

-3572, -8376, and -15313, respectively. These results show that the inversion is able to 539 

choose the correct mechanism type with significant difference in AIC values for all the cases. 540 
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Thus our inversion has sufficient resolution to distinguish the force and the moment that 541 

contribute to the excitation of seismic signals even when the source is positioned near the 542 

edge of the observation network. 543 

We carry out grid searches in the same manner as in chapter 3 to confirm how well 544 

our inversion can determine the source location. The differences from the true source position 545 

Δx, Δy, Δz are shown at the bottom of each figure. For all the cases, the source locations are 546 

determined within the discrepancy of 200 m at maximum. 547 

 548 

5.3 Reconstruction of Source Time Functions with Phase Differences 549 

We next investigate how precisely the waveform inversion and the proposed moment 550 

tensor diagonalization methods can extract the given source properties from incoherent 551 

source time functions. To represent the source time histories having phase differences among 552 

the components, we assume two cracks that cross each other at right angles and vibrate at the 553 

same frequency and amplitude but with different phases (Figure 14b). Angles of η and ζ, 554 

which are measured from north clockwise and from the vertical, respectively, represent the 555 

orientation of symmetric axis, and ω is the rotation angle around the symmetric axis 556 

counterclockwise. Here ζ = 0° and ω = 0° describe a pair of vertical cracks striking in NS and 557 

EW directions. We use a phase difference of 3π/4 between the oscillations of the two cracks. 558 
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We assume three types of configurations of intersecting two cracks; type1) NS and EW 559 

striking vertical dikes (ζ = 0° and ω = 0°), type2) NE-SW and NW-SE striking vertical dikes 560 

(ζ = 0° and ω = 45°), and type3) type1 rotated by ζ = 29° and η = 25° so as to be analogous to 561 

the result obtained from the real data by applying the proposed moment diagonalization 562 

approach (Figure 13a). Figures 17a, 17b, and 17c show the source time functions for the 563 

type1, type2, and type3, respectively, derived from the inversion assuming the moment tensor 564 

mechanism only. The black colored solid and dotted lines represent the calculated and the 565 

given source time functions, respectively. The results show that our inversion can reproduce 566 

the given source time histories despite the existence of phase difference. The AIC values for 567 

the moment tensor only source type are evaluated to be -21130, -22071, and -20323 for the 568 

type1, type 2, and type 3, respectively, while for the single-force only source the values are 569 

-3167, -2435, and -930, respectively. The inversion has sufficient resolution to distinguish 570 

between the two mechanism types for the source location even when the source time histories 571 

are different from component to component. The gray colored lines show the source time 572 

histories inverted using a Green’s function representing an oscillation of a cylindrical-shaped 573 

source that is equivalent to the intersecting two cracks oscillating in phase. We can find that 574 

for all the cases the cylinder model cannot explain both the phase and amplitude 575 

appropriately for all the cases, even thought its geometrical feature of axial symmetry is 576 
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similar to that of the intersecting cracks system.  577 

A grid search is carried out to investigate the spatial resolution for the determination 578 

of source locations. The differences from the true source position Δx, Δy, Δz are shown at the 579 

bottom of each figure. In spite of the more complex source time histories, the waveform 580 

inversion can determine the source positions with the errors of 100 m (one grid) at maximum 581 

for each direction for all the cases. 582 

The bottom panels of Figure 17 show the three eigenvalues on the complex plain 583 

evaluated by using the moment tensor diagonalization method proposed in section 4.3. 584 

Circles and stars represent the inferred and the corresponding theoretical values, respectively. 585 

The phase differences among the three principal components are reproduced well with the 586 

error of 7° at maximum. The estimated orientations of symmetric axis (M3) ζ’ and η’ are 587 

shown at the left bottom corner of each panel. For all the three cases the inclination from the 588 

vertical axis ζ can be replicated with the error of 2-3°.  589 

 590 

6. Discussion 591 

The features of the VLP events studied in this paper are summarized as follows.  592 

1. The VLP events are constituted of two parts; the initial part – an impulsive pulse 593 

which is dominant in the horizontal components, and the later part – a very long period 594 
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oscillation with 0.2 or 0.4 Hz in dominant frequency.   595 

2. The initial part can be excited by a single-force solution working northwardly at a 596 

depth of 2 km beneath the summit, while the later part is produced by a moment tensor 597 

solution at 5 km depth and 2 km southwest of the summit. 598 

3. The source of the moment tensor solution can be described as the oscillations that 599 

take place with almost the same amplitudes but somewhat different phases around a nearly 600 

vertical axis. 601 

4. The shallow impulsive source is thought to trigger the deep oscillatory source. 602 

5. Characteristic peak frequencies of oscillatory waveforms tend to decrease by 603 

approximately 10 to 30 % over a period of six days. 604 

 605 

6.1 Physical Interpretation of the Force Solution  606 

A single-force generally arises from an exchange of momentum between the source 607 

region and the Earth [Takei and Kumazawa, 1994]. According to our inversion analysis, the 608 

single-force acted northwardly on the earth. A northward force can be a reaction force of 609 

either a southward acceleration or a northward deceleration of motion. It is thus suggested 610 

that the single-force solution is associated with accelerating or decelerating mass transport in 611 

the interior of the volcano. For example, the observed single-force of 1.5 × 108 N can arise if 612 
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a spherical-shaped rock mass with the density of 2700 kg/m3 and the radius of 10 m is 613 

accelerated to 20 m/s to the south over a period of 1.5 s. The counter-force corresponding to 614 

the termination of the southward movement of mass is expected to be generated at a shallow 615 

depth because the force is almost horizontal. However, the source time function of the 616 

single-force does not involve a clear signal corresponding to the southward motion that 617 

counterbalances the southward acceleration. This may be because the southward movement 618 

of the mass decelerated too slowly in the viscous magma to release seismic energy efficiently. 619 

 620 

6.2 Physical Model of the Moment Solution 621 

As shown in Figure 12a, the moment tensor solution has multiple spectral peaks 622 

with harmonic overtones. This strongly suggests that the source is resonating. Since the 623 

oscillation is symmetric with respect to the M3 axis, the resonator has an axially symmetrical 624 

nature. The simplest geometry of such a resonator is a cylinder, but its size must be as large 625 

as 10 km so as to produce low-frequency oscillation of 0.2 Hz [Biot, 1952; Fujita and Ida, 626 

2003]. On the other hand, a low-frequency resonance can be easily obtained from slow waves 627 

trapped in a fluid-filled crack [Chouet, 1986; Ferrazzini and Aki, 1987]. For example, when 628 

the crack stiffness C that controls the physical condition of resonance is 100 [Figure 17 in 629 

Chouet, 1986], a 1.3 km long square crack with an aperture of 6.5 m can generate an 630 
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oscillation of 0.2 Hz for a fundamental mode, assuming 2.6 km/s and 6.0 km/s for the sound 631 

speeds of the magma and the country rock, respectively, with the common density of 2700 632 

kg/m3 [Morrissey and Chouet, 2001].  633 

Geodetic analyses, in which the crustal deformation associated with the earthquake 634 

swarm on 26 June has been investigated using GPS and tilt data, revealed two dikes striking 635 

NE-SW and NW-SE, whose locations agree well with the hypocentral traces [Irwan et al., 636 

2003; Ueda et al., 2005]. Additionally, the geodetic analyses also suggest a deep pressure 637 

source near the intersection of the two cracks (Figure 1), and the location is in good 638 

agreement with the hypocenter of the moment tensor source. From these observations, a 639 

combination of two intersecting cracks vibrating independently may meet the symmetric 640 

nature of the seismic source with phase differences. We thus examine this intersecting 641 

two-crack model in more detail. The gray colored squares with error bars of dotted lines in 642 

Figure 13 show the eigenvalues M1, M2, and M3 that are calculated from the two-crack 643 

model by a least squares approach (Appendix B). For the calculation, we assume a condition 644 

of Lamé coefficients λ = 2μ because this condition would be more appropriate for volcanic 645 

rock near magma temperature [Murase and McBirney, 1973]. As shown in the figure, the 646 

orthogonal crack model is able to reproduce the observed complex eigenvalues of the 647 

moment tensor. The ratios of oscillation amplitudes between the two cracks a/b are evaluated 648 
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as 1.18 and 1.09 for the 0.2 and 0.4 Hz components, respectively. These ratios are so close to 649 

1 that the oscillations may effectively be regarded as axially symmetric. In this calculation, 650 

the amplitude of the crack oscillation in the maximum principal component is estimated to be 651 

9.4 × 1011 Nm in the time domain, which gives the fluid pressure change of 4.9 × 104 Pa in 652 

the cracks. 653 

We have discussed the source properties and the physical meaning of the deep 654 

moment source obtained under the assumption of two-source model that a single-force source 655 

and a moment tensor source individually work at different locations. The two-source model 656 

can explain the problem of why the solutions obtained from the one-source model have 657 

complicated error distributions and of why the characteristics of particle motions are different 658 

between the initial and the later parts. However the complexities of the source time functions 659 

are not resolved even under the assumption of two-source model without further constraints. 660 

In this sense, it may be difficult to completely reject the possibility of one-source model and 661 

justify the two-source model solely from the results of the waveform inversion analysis in 662 

chapter 3. However, we suppose that the two-source model is more appropriate to the 663 

physical interpretation in the magma plumbing system of Miyake-jima. As discussed above, 664 

the locations of the deep moment source derived from the two-source model agree well with 665 

the locations of dikes and pressure sources inferred from geodetic observations. The 666 
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agreement of the locations enables us to interpret the physical meaning of the moment tensor 667 

source. On the other hand, no dike or pressure source that is capable of exciting resonant 668 

oscillations with periods as long as 5 s has been detected by geodetic observations at the best 669 

source locations inferred from the one-source model. The absence of the volumetric source at 670 

shallow depths prevents a reasonable interpretation of a physical mechanism for the moment 671 

solution. Thus, the two-source model is preferable to the one-source model not only from the 672 

complex features of inversion solutions but also from the physical and volcanological 673 

viewpoints for Miyake-jima.  674 

 675 

6.3 Sources of VLP Events 676 

From the positive correlation of amplitudes between the initial and later parts of 677 

VLP waveforms (Figure 10), it has been concluded that shallower source with a single-force 678 

triggered the deeper moment source. Assuming that the triggering signal travels 4 km from 679 

the shallower source to the deeper one with the sound speed of 2.6 km/s in basaltic magma, it 680 

takes about 1.5 s to reach the deeper source. This time delay is in harmony with the 681 

observations that the later oscillations started within a few seconds of the occurrence of the 682 

initial pulses. This suggests that the triggering signal is carried by an elastic wave in a conduit 683 

filled with magma. Following the estimates in the section 6.1, the pressure change associated 684 
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with the initial pulse is 5 × 105 Pa, if a single-force of 1.5 × 108 N worked on the 685 

cross-sectional area of a spherical mass, 3 × 102 m2. This pressure value is an order of 686 

magnitude larger than the vibrational pressure change of 4.9 × 104 Pa in the cracks. The 687 

pressure difference may be interpreted to represent decay in pressure during transmission of 688 

the pulse signal in the magma.  689 

It has been shown in Figure 11 that the characteristic frequency of the VLP 690 

waveforms decreased by approximately 10 to 30 % over a period of six days. The Q-1 data is 691 

too scattered to completely justify the idea that the Q-1 also decreases with time. However, 692 

considering that the decrease lines of 12 % and 30 % (thin solid lines) shown in Figures 11a 693 

and 11b do not significantly deviate from the Q-1 distribution, we may guess that both the 694 

characteristic frequencies and attenuation factors of the source have decreased at the same 695 

rate. If this is true, the decreases may be interpreted as follows. The eigen frequencies of a 696 

resonance system increase with the sound speed of the resonator. The attenuation factors also 697 

change approximately in proportion to the shift of the sound speed because the attenuation is 698 

determined by the acoustic impedance between the resonator and the surrounding elastic 699 

media [Aki et al., 1977; Aki and Richards, 1980]. The observed changes of frequency and 700 

attenuation are thus explained by decreased sound speed of magma in the resonator, which is 701 

likely attributed to an increase of bubbles in magma by 0.2-0.8 % in volume fraction for pure 702 
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basaltic magma. This trend may reflect that the magmatic activity was gradually enhanced 703 

before the start of the summit eruption on 8 July with the magma becoming more bubbly. 704 

 705 

6.4 Relation to the Magma Plumbing System 706 

We now interpret the mechanisms of the VLP events in relation to the magma 707 

plumbing system and the volcanic process of Miyake-jima (Figure 18a) during the magma 708 

intrusion stage of the 2000 eruption. According to gravity and magnetic observations, a void 709 

space had formed beneath the summit a few days prior to the first summit eruption on 8 July 710 

[Sasai et al., 2002; Furuya et al., 2003]. The location of the void is indicated by a solid star in 711 

Figure 1 and its depth was estimated to be 1.7 km from the gravity analysis. Taking into 712 

consideration that the earthquake swarm on 26 June started at a depth of a few km beneath 713 

the summit [Sakai et al., 2001; Uhira et al., 2005], the vacant space is considered to have 714 

developed with the voluminous draining of magma from a shallow source beneath the 715 

summit. A notable point is that the shallow source of VLP events is quite close to the position 716 

of the void space, suggesting that the single-force is likely to have arisen during the magma 717 

outflow process from the summit to the south. 718 

Our possible scenario regarding the magma draining stage leading to the caldera 719 

formation is as follows (Figure 18b). The magma flowed through two cracks that crossed 720 
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almost perpendicular to each other about 2-3 km southwest from the summit. A voluminous 721 

outflow of magma from shallow depths beneath the summit area resulted in a gravitational 722 

instability beneath the summit, leading to collapses of crustal rocks and resultantly forming a 723 

void space. The top portion of the volcanic conduit beneath the newly formed void was filled 724 

with remained and/or ascending magma and blocks of collapsed rocks, and the mixture of 725 

magma and rocks drained southward. Small pieces of rocks were transported without 726 

interruption, but some of large size blocks were caught at a choked part in the magma path, 727 

temporarily slowing down the flow of magma. The block was then suddenly released due to a 728 

pressure increase behind the constriction, and moved southwardly. Accelerated motion of the 729 

block and magma produced a northward horizontal single-force, and the resultant pressure 730 

wave propagated to the deep source through the magma, triggering a resonant oscillation of 731 

the intersecting two cracks. 732 

The developing void spaces due to the draining of magma facilitated collapses in the 733 

volcanic conduit. When the subsurface rock of the summit area was not able to sustain its 734 

own weight any longer, it collapsed down en masse associated with the subsidence of summit. 735 

The surface phenomenon of this collapse was observed at the first summit eruption on 8 July. 736 

After the first eruption on 8 July, the VLP events are hardly identified. This is probably 737 

because the collapse of the void associated with the large summit subsidence substantially 738 
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changed the magma plumbing system, and the triggering system that had excited the resonant 739 

oscillation was broken.  740 



 42

Appendix A: Calculation of the Amplitudes and Phases of a Complex Moment Tensor 741 

A complex moment tensor matrix )(tMs  can be transformed into a complex 742 

diagonal matrix )(tΛ  by a real orthogonal matrix V, as 743 

 744 

T
s VtVtM )()( Λ= ,  (A1) 745 

 746 

where the complex diagonal elements of )(tΛ  represent the amplitudes and phases 747 

of three independent oscillations and V represents a rotation of coordinate axes in a real space 748 

for the diagonalization. Here the superscript T denotes a transpose matrix. By applying a 749 

Fourie Transform to the source time histories )(tMs , we can obtain the moment tensor in the 750 

frequency domain )(~ ωsM  as follows. 751 

 752 

T
s VVM )(~)(~ ωω Λ= .  (A2) 753 

 754 

Here )(~ ωΛ  represents a complex diagonal matrix in the frequency domain, and V 755 

is a real orthogonal matrix that is independent of the frequency. 756 

When we assume that an observed complex moment tensor oM~  can be modeled by 757 

sM~ , we obtain the following observation equation.  758 
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 759 

MMM so
~~~ Δ+= ,  (A3) 760 

 761 

where M~Δ  is a complex matrix representing an observation error. The variable ω  762 

is omitted hereafter for simplicity. We can extract sM~  from oM~  by minimizing the 763 

Euclidean norm of the observation error 
2~MΔ  that is defined as a summation of products of 764 

a moment tensor element and the corresponding complex conjugate transpose. Using a 765 

condition necessary to minimize 
2~MΔ , i.e., 0~ 2

=∂Δ∂ kM γ  (k = 1, 2, 3), we can derive 766 

the following relationship. Here kγ  are complex eigenvalues of Λ~. 767 

 768 

kko
T

k VMV )~(=γ   (k = 1, 2, 3).  (A4) 769 

 770 

Introducing a squared residual error as 
222 ~~

oMMe Δ≡ , the error e2 can be 771 

expressed using equation (A4) as follows, 772 

 773 

]~~[)~(1 *
3 22

oo
kk

kko
T MMtrVMVe ∑−= ,  (A5) 774 

 775 

where the superscript * denotes a complex conjugate transpose matrix. For the 776 
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determination of Λ~  and V, the rotation angles of V are first determined by a numerical 777 

search so as to minimize the residual error e2, and then the eigenvalues kγ  are determined 778 

from the equation (A4). To quantify the uncertainty of the solutions, we regard 779 

∑⋅±
3

2

k
ke γ  as the error estimate of the predicted principal value in this study.   780 
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Appendix B: Intersecting Two-Crack Model 781 

We consider a moment tensor source associated with two cracks that cross each 782 

other at right angles and vibrate at the same frequency but with different phases. The net 783 

moment tensor can be written in the frequency domain by a linear combination of two 784 

moment tensors for the two cracks [Chouet, 1996] as 785 

 786 
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 788 

where a and b, and 1φ  and 2φ  indicate the amplitudes and phases of oscillations of 789 

the two cracks, respectively. Here λ  and μ  are the Lamé coefficients of the country rock. 790 

In (B1) the planes of the two cracks are assumed to be parallel to the axis of the third 791 

principal component.  792 

The amplitudes and phases of oscillations can be fitted to an observed complex 793 

moment tensor by a least squares approach. We here minimize the following sum of squared 794 

residual E2 between the diagonal components of the observation (M1, M2, M3) and those of 795 

the model (Mc1, Mc2, Mc3). 796 

2222 332211 ccc MMMMMME −+−+−= ,  (B2) 797 
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where M3 component is the smallest value among the three components. Introducing complex 798 

coefficients )exp( 1φα ia ⋅=  and )exp( 2φβ ib ⋅= , the conditions necessary to minimize the 799 

residual E2 are written as follows, 800 
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where α  and β  are the complex conjugates of α  and β , respectively. From these 802 

conditions, we obtain the following relations. 803 
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Note that only two of the four relations are independent. Consequently, we can derive the 805 

following solutions.  806 
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Figure Captions 900 

 901 

Figure 1. Broadband seismic stations (solid circles) used for the present study. The location 902 

of Miyake-jima is shown at the top left with the tectonic setting. Gray dots represent the 903 

hypocenters of the earthquake swarm occurring between 18:00 on 26 to 12:00 on 27 June, 904 

2000 (JST). The outline of the caldera developed during the 2000 eruptions is shown on the 905 

summit area by gray curves. A solid star indicates the location of void space inferred to be 906 

formed prior to the first summit eruption on 8 July [Furuya et al., 2003]. Open and solid 907 

squares indicate the central locations of deep pressure sources determined by Irwan et al. 908 

[2003] and Ueda et al. [2005], respectively, on the basis of the ground deformation 909 

associated with the June 26 earthquake swarm. 910 

 911 

Figure 2. UD-component of velocity seismogram at station KAS from 12:00 to 24:00 on 30 912 

June, 2000 (JST). Ellipses indicate very long period (VLP) events.  913 

 914 

Figure 3. Three component velocity waveforms observed on 1 July (a) and 3 July, 2000 (b) 915 

at station KAS. The origin time in the horizontal axis is 21:37:50 for (a) and 18:00:50 for (b) 916 

(JST). Vertical gray colored bars represent the time window in which a cosine taper is applied 917 
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to divide the waveforms into two parts. The corresponding amplitude spectra are shown 918 

below the waveforms. Two spectral peaks around 0.2 and 0.4 Hz are clearly identified. 919 

 920 

Figure 4. Source time functions obtained for Event 1 (a) and Event 2 (b) by assuming the 921 

combination mechanism that both the force and moment work at the same point. The source 922 

time functions of six moment tensor (Mxx, Myy, Mzz, Mxy, Myz, Mzx) and three single-force (Fx, 923 

Fy, Fz) components are shown.  924 

 925 

Figure 5. Source locations of VLP events obtained from three source types; three 926 

single-force components only (diamonds), six moment tensor components only (triangles), 927 

and the combination mechanism of the force and moment (circles) for Event 1 (solid 928 

symbols) and Event 2 (open symbols). Stars indicate the locations corresponding to the 929 

deeper local minima for the combination mechanism which are indicated by arrows in Figure 930 

6.  931 

 932 

Figure 6. Residual errors of waveform inversion as a function of depth for Event 1 (a) and 933 

Event 2 (b). The residual errors are shown for the sources of three single-force components 934 

(diamonds), six moment tensor components (triangles) and a combination of moment tensor 935 
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and single-forces (circles). The residual errors for the combination mechanism have local 936 

minima at the depth of ~5 km, indicated by arrows. 937 

 938 

Figure 7. Source locations of VLP events obtained from the two-point waveform inversion 939 

analyses. The stars and circles represent the hypocenters determined from the initial and later 940 

parts of VLP waveforms, respectively. Contours surrounding the stars and circles represent 941 

the range of the residual errors within 125 % of the minimum error. The later parts are 942 

analyzed for the two cases; one using only 0.2 Hz component of the waveform (the gray 943 

circle and dotted contour for the source location) and the other using all frequency range less 944 

than 0.8 Hz (the black circle and solid contour). 945 

 946 

Figure 8. Residual error as a function of the threshold time Tc before which only a 947 

single-force solution works and after which only a moment tensor works. The shallow and 948 

deep source locations of Event 1 (see Figure 5) that have been determined for the initial and 949 

later parts, respectively, are assumed for the calculation. The single-force source and the 950 

moment tensor source are placed at the shallower and deeper source locations, respectively. 951 

 952 

Figure 9. Waveform matches and source time functions for the best fit solution of Event 1 953 
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derived from the two-source model. (a) Dotted and solid lines represent the observed and 954 

synthetic seismograms, respectively. (b) The source time functions are shown for the 955 

single-force (Fx, Fy, Fz) and the moment tensor (Mxx, Myy, Mzz, Mxy, Myz, Mzx) located at 956 

different points (see Figure 7). 957 

 958 

Figure 10. Relation between the maximum amplitudes of the initial part and the later part for 959 

the NS component of the 0.2 Hz (a) and 0.4 Hz (b) signals. Band-pass filters with passing 960 

bands between 0.1 and 0.3 Hz (a) and between 0.3 and 0.6 Hz (b) are applied to the original 961 

waveforms to obtain the amplitudes of the later parts.  962 

 963 

Figure 11. Temporal variations of the peak frequencies (solid circles) and the Q-1 values 964 

(open circles) for the 0.2 Hz (a) and 0.4 Hz (b) components. The thick solid lines are 965 

regression lines determined by fitting to the peak frequency data for each frequency 966 

component, while dotted lines which are the decrease rates determined from the data of the 967 

other frequency component are shown for comparison. The decrease rates obtained from the 968 

line fittings for each peak frequency are plotted for the Q-1 values (thin lines). 969 

 970 

Figure 12. Spectra of the six moment tensor components for Event 1 (see Figure 9). (a) Total 971 
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amplitude spectra of the six moment tensor components. (b) Real and imaginary spectral 972 

amplitudes at the peak frequencies of 0.2 and 0.4 Hz for the six moment tensor components.  973 

 974 

Figure 13. Eigenvalues (top) and eigenvevtors (bottom) corresponding to the spectral peaks 975 

of 0.2 Hz (a) and 0.4 Hz (b) (see Figure 12b). The eigenvalues are labeled as M1, M2 and M3 976 

in order of the magnitude and indicated by black colored circles with solid error bars. The 977 

eigenvalues and eigenvevtors, which specify the physical nature and geometrical orientation 978 

of the moment source of Event 1, are interpreted as oscillations of two fluid-filled cracks 979 

intersecting each other perpendicularly. Gray colored squares with errors plotted by dotted 980 

bars show the eigenvalues predicted by the two-crack model. 981 

 982 

Figure 14. Definitions of source coordinates used for numerical tests. (a) Single crack. θ and 983 

δ represent the orientation of the crack. (b) Two cracks that cross each other at right angles. ζ 984 

and η represent the orientation of symmetric axis, and ω is the rotation angle around the 985 

symmetric axis. 986 

 987 

Figure 15. Elementary source time function Mo(t) used for the construction of six moment 988 

tensor components that represent a crack oscillation. 989 
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  990 

Figure 16. Given (dotted lines) and calculated (solid lines) source time functions for (a) 991 

crack1; a vertical dike striking EW (θ = 0° and δ = 90°), (b) crack2; a vertical dike striking 992 

N45°W (θ = 45° and δ = 90°), (c) crack3; a vertical dike striking NS (θ = 90° and δ = 90°), 993 

(d) crack4; a vertical dike striking N45°E (θ = 135° and δ = 90°), and (e) crack5; a horizontal 994 

sill (δ = 0°), respectively. The sum of squared residual (SSR) between the inferred and given 995 

source time functions are shown at the right top corner of each panel. The differences 996 

between the true source positions and the inferred positions obtained through a grid search 997 

(Δx, Δy, Δz) are shown at the bottom. 998 

 999 

Figure 17. Source time functions (top six) and three eigenvalues on the complex plain 1000 

(bottom) for three types of intersecting two cracks: (a) type1; NS and EW striking vertical 1001 

dikes (ζ = 0° and ω = 0°), (b) type2; N45°E and N45°W striking vertical dikes (ζ = 0° and ω 1002 

= 45°), and (c) type3; type1 rotated by ζ = 29° and η = 25°, respectively. Solid and dotted 1003 

lines represent calculated and given source time functions, respectively. The sum of squared 1004 

residual (SSR) between the inferred and given source time functions are shown at the right 1005 

top corner. The differences between the true source positions and the inferred positions 1006 

through a grid search (Δx, Δy, Δz) are shown at the bottom. Circles and stars on the bottom 1007 
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panels represent the three eigenvalues on the complex plain inferred by the moment tensor 1008 

diagonalization method and the corresponding theoretical values, respectively. These values 1009 

are normalized. The evaluated orientations of symmetric axis (M3) ζ’ and η’ are shown at the 1010 

left bottom.  1011 

 1012 

Figure 18. Interpretation of the VLP seismicity in relation to the 2000 activity of 1013 

Miyake-jima volcano. (a) Chronology of the volcanic activity. A submarine eruption and 1014 

summit eruptions occurred at the times shown by gray and black colored reversed triangles, 1015 

respectively. Four stages of the volcanic activity are after Nakada et al. [2005]. (b) A 1016 

proposed model for the occurrences of the VLP events in the volcanic circumstances inferred 1017 

from various geophysical observations. The model is viewed from the southeast.  1018 
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Table 1. Residual errors and AIC values derived from the waveform inversions using the 1019 

entire VLP waveform including both the initial and later parts. The residual and AIC values 1020 

are calculated for three source types; a single-force with three components, a moment tensor 1021 

with six components, and a combination of a moment tensor and a single-force with nine 1022 

components. 1023 

 1024 

Source type Residual Error AIC  

Event 1   
Force only 0.163 -6949 
Moment only 0.128 -7243 
Moment and Force 0.037 -11785 

Event 2   
Force only 0.239 -4847 
Moment only 0.218 -4594 
Moment and Force 0.102 -6860 
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Table 2. Residual errors and AIC values derived from the waveform inversions. The residual 1025 

and AIC values are calculated for two source types; a single-force with three components and 1026 

a moment tensor with six components, using only the initial impulsive part or only the later 1027 

oscillatory part of the VLP waveforms.  1028 

 1029 

 1030 

Residual Error AIC Source Type 
Initial Part Later Part Initial Part Later Part 

Event 1     
Force only 0.202 0.120 -5304 -8275 
Moment only 0.217 0.084 -3491 -9012 

Event 2     
Force only 0.150 0.277 -6017 -4282 
Moment only 0.216 0.215 -3423 -4636 
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