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Abstract :

B-type, explosion and N-type earthquakes recorded by short period seismographs at
Asama volcano, central Japan, are analyzed. Waveforms of B-type events are gradational
from a high-frequency B-type (BH—type) to a low-frequency B-type (BL-type). Medium-
frequency B-type events also exist. The focal depths of BH-type events are deeper than those
of BM-type and BL-type events. The low-frequency contents (1-4 Hz) which predominate in
explosion and typical BL-type events are probably Rayleigh waves. We investigated a model
of body-force equivalent to explain both B-type and explosion events. Six candidates were
chosen for the source model of volcanic earthquakes: 1) explosive source, 2) cylindrical model,
3) tensile crack model, 4) moment tensor M., component, 5) vertical single force F,, and 6) CLVD
source model. Among six candidates we found that the moment tensor M, component was the
best fit model for the 1982 April explosion event. This implies that vibrations of the explosion
event were the results of both upward and downward movement of volcanic gases. For BM-
type and BL-type events, we chose a cylindrical model to explain the seismograms of these
events. We conclude that waveforms of both BM-type and BL-type events are excited not
only by the pressure increase, but also by the pressure decrease associated with the emission of
volcanic gases.

N-type earthquakes were also analyzed and found to be characterized by high-frequency
beginnings and long durations. From initial motions the hypocenters of N-type events were
located under the crater. The spectra of N-type events at station SAN were much stronger
than those at station MAE. Stations SAN and MAE are located 2.6 km and 1.3km east of the
crater, respectively. Moreover, an investigation of the particle motion of N-type events at
station SAN showed that prograde motion is dominant. Conversely, particle motion at station
MAE exhibits retrograde and prograde motion appearing alternately. These observations
suggest that the source of the main motions of N-type events is located near station SAN. The
spectra of high-frequency portions of N-type events are very similar to those of BH- or BM-
type events. We found that hybrid events that had some wave characteristics of both N-type
and B-type earthquakes appeared before the occurrence of typical N-type events. Hence we
conclude that N-type earthquakes are triggered by B-type earthquakes.

1. Introduction

This paper discuses the wave characteristics and the source mechanism of B-
ty‘pe and explosion events observed at Asama volcano. We also discuss the wave
characteristics of N-type events at Asama volcano. .

Asama volcano is located in central Honshu, Japan. Itis an active 2,568 m high,
andesitic volcano. The first historically documented eruption of the volcano was in
685 AD (e.g., INOUE, 1987). In the 1783 eruption, the resulting large pyroclastic flows
and mudflows destroyed villages, and killed many people (ARAMAKI, 1963; MINAKAMI,
1942b). During the period from 1909 to 1914, Asama volcano was very active and
typical Vulcanian eruptions occurred in the summit crater. Strong earthquakes
around the volcano were also observed (OMoRy, 1912, 1914 a, 1914 b, 1914 ¢, 1917, 1919;
ABE, 1979). After the eruption of February 1922, the quiescent phase lasted until
April 1926, During almost three decades from early 1930s to the late 1950, strong
explosions accompanied by loud detonations took place in the summit crater (MINAK-
AMI, 1935a, 1935b, 1935¢, 1936, 1937, 19424a, 1950a, 1950 b, 1956, 1959; Sakuma, 1951;
MiNnakaMI and SAKUMA, 1953; MiNakaMI and Moal, 1959; MinakAMI et al., 1959, 1960, 1970
a; TAKEYAMA ef al., 1959; SEKIYA, 1961; Mivazakl, 1990). Last two eruptions occurred
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in 1982 and 1983 (SHIMOZURU et al., 1982; EARTHQUAKE RESEARCH INSTITUTE, 1983 a, 1983 b).

Seismic observations at Asama volcano were started'by OmMoRri (1912). He con-
ducted temporary seismic observations at Yunotaira, which is located about 2.5km
south-west of the summit crater, in September 1910. He established a volcano
observatory at Yunotaira in August 1911 with financial assistance from Nagano
prefecture (Omori, 1914a, Fig. 1). Seismic observations were implemented only
during the summer season due to the rigors of winter at Yunotaira. In those days
Japan was a developing nation, and the Land Survey Department of Japan first
published topographical maps around Asama volcano, scale 1: 50,000 in 1916. The
Yunotaira observatory was equipped with a portable horizontal two-component
tremor-recorder (natural period of 4 s and magnification of 100), a single horizontal
tronometer (natural period of 15 s and magnification of 150), and a vertical motion of
seismograph (natural period of 10 s and magnification of 50). Each of the instru-
ments recorded signals usually on smoked-paper drum recorders with paper speeds
of 1 to 2 cm per minute. However, on special occasions, for example at the time of
eruptions the paper speed was increased to 5 to 7 cm per minute.

Parmanent seismic station was newly established in 1923. To implement seis-
mic observations throughout the year, Nagano prefecture office constructed an
observatory at Oiwake located 7.6 km southeast of the crater in November 1923. The
observatory was equipped with Omori-designed tronometers (natural frequency of 6
s and magnification of 70 to 100). Both observatories at Oiwake and Yunotaira were
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Fig. 1. Location map showing Asama volcano and the
seismological observatory which was established by F. OMmor!
in 1911. The building was destroyed by fire in 1947, caused
by volcanic bombs associated with the eruption.
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transferred from Nagano prefecture to Japan Meteorological Agency (JMA) in 1926.
JMA carried out the seismic observations at both observatories, and set up the
Karuizawa weather station at Kutukake located 9.1 km south-east of the crater in
January 1939. In August 1947, the Yunotaira observatory was destroyed by fire
caused by volcanic bombs associated with the eruption. In western Japan, Kyoto
University established Aso Volcanological Laboratory (AVL) in 1928. Sassa (1935,
1936 a, 1936 b) intensively investigated volcanic tremors and explosion earthquakes
observed at Aso volcano.

The Asama Volcano Observatory (AVO) was set up 4.4 km east of the summit
crater by Earthquake Research Institute, University of Tokyo in 1933. Seismic
observations at AVO were carried out using seismographs of low sensitivity (magni-
fication of 100 to 350) during the period from 1934 to 1952. In 1952, seismic stations
of AVO were equipped with relatively high sensitivity seismographs (magnification
of 4,000 to 7,000) of mechano-optical recorders having an optical lever of 1 m length.
In 1954, AVO adopted a telemetering system with a transmission wire which was
powered by a battery. In December 1958, electric power was supplied to AVO
(MINAKAMI et al., 1959). By 1963 the seismic stations of AVO had grown to 12 seismic
stations. Seismic signals were telemetered by underground cables to AVO and
recorded on smoked-paper drum recorders using a common time base (MINAKAMI ef
al.,, 1970a). Thus the prototype of the seismic network of AVO was set up in 1963.

Earthquake classification at Asama volcano was made by Minakami (1960, 1974)
based on smoked-paper records. He classified volcanic earthquakes observed at
Asama into four types on the basis of smoked-paper records: 1) A-type earthquakes,
2) B-type earthquakes, 3) Explosion earthquakes, and 4) Volcanic tremor. OMORI
(1912) had categorized volcanic earthquakes into two types: 1) type A earthquakes,
which were associated with volcanic explosions, and 2) type B earthquakes which
were not followed by explosions. OMORI's A-type events correspond to explosion
earthquakes and B-type events coincided with MinakaMr’'s A-type and B-type earth-
quakes. HaMADA et al. (1976) classified B-type events into two distinct categories:
one was B-type event and the other was T-type event, which began with emergent
P onsets followed by quasi-monochromatic oscillations of long durations. SHMo-
zurU and Kacivama (1989) alternately called this type of event a N-type event.
TaNakA and JINGU (1979) classified volcanic earthquakes at Asama volcano into the
five types including T-type earthquakes. In this study we call this type of earth-
quake a N-type event because the T of “T-type” event might be misunderstood as an
abbreviation of “Tectonic” or “Volcano-tectonic” earthquake.

The most important observational facts in the earlier study of B-type events is
that they increased in the number prior to explosive eruptions of Asama volcano
(MiNakaM, 1960). He found that the daily frequency of B-type events was the best
indicator of the volcanic activity at Asama volcano. B-type events increased in
number in the eruptive stage of Asama volcano and decreased in number in the calm
stage. He introduced empirical formula to forecast eruption probability of Asama
volcano from the daily frequency of B-type events. MINAKAMI'S empirical formula
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has validity today. TokarRev (1971, 1983) carried out a similar trial to forecast
eruptions of Bezymianny and other andesitic volcanoes from seismic data.

In MiNAKAMI'S earthquake classification at Asama volcano, B-type earthquakes
occurred within a kilometer of the central crater (MiNnakam et al., 1970a). However,
his analysis was mainly based on smoked paper seismograms recorded at a paper
speed of 1 mm/s. Accordingly, the hypocentral depths range of B-type events
described by MinakaMmI ef al. (1970a) did not have good accuracy. In fact, the
hypocenter depths of B-type events at Asama volcano are located in a range of 5km
to —2km beneath sea level (e.g., Kacivama et al., 1985; Sawapa, 1994). Naturally,
focal depths of B-type events defined by Minakawmi et al. (1974) were inconsistent with
those determined by high-quality seismic data recorded at other volcanoes (e.g.,
LATTER, 1981; ENDO et al., 1981; MALONE, 1983; QAMAR et al., 1983). Therefore, many
volcanologists adopted a new classification based on the dominant frequencies of
events, the hypocentral depths, and observable surface phenomena. However, in
this study we follow MINAKAMI's earthquake classification with minor changesin the
hypocentral depths range of B-type events. MiNnakaMI’s earthquake classification
gives us comprehensive viewpoints in forecasting volcanic activity of andesitic
volcanoes from seismic data (e.g., Kamo, 1978; IsninarA and IcucHi, 1989; IcucHi, 1994).

Volcanic earthquakes at Asama volcano (MiNaKAMI et al, 1970 a; SHIMOZURU et al.
1975; Imar, 1980, 1983 a, 1983 b; ImaI et al., 1979; TAKEO et al., 1984) share similarities in
terms of seismic features to those recorded at other andesitic volcanoes, e.g., Sakur-
ajima (MiNAKAMI et al., 1957; Kamo et al., 1977; IsumarA and IcucHl, 1989; Icuchr, 1994;
Nisui, 1980; YamasaTto, 1987), Tokachi (OKADA et al., 1990; NisHIMURA ef al., 1990; NisHI-
MURA et al., 1994), Suwanosejima (Icuchr, 1991; IcucHr and IsHiHARA, 1990; NisHi et al.,
1991), Pavlof (McnUTT, 1986) and White Island volcano (SHERBURN and ScoTT, 1993).

The distribution of initial motions of explosion events is mostly compressional
in all directions (MiNAKAMI et al., 1970 a; SHIMOZURU et al. 1975; YaMasaTo, 1987). B-
type events were classified into two subgroups: BH-type (high-frequency B-type)
and BL-type (low-frequency B-type) events according to seismogrém characteristics
(SummozurU and KAGryama, 1989; Isumara and Icuch, 1989).  IsmiHARA and IcucHr (1989)
found that BH-type swarms occurred during the inflation stage with no significant
changes of eruptive activity and that on the contrary, swarms of BL-type events
took place during a period of rapid deflation of the summit area with the successive
emission of volcanic ash and gases. Icuch! and IsHIHARA (1989) studied the character-
istics of B-type events recorded at Sakurajima volcano and found that the initial
motions in both BH-type and BL-type events usually were all compressional as in
the case of explosion events. Furthermore, the hypocenter depths of BL-type
events were shallower than those of BH-type events. Seismic features and surface
phenomena related to these events are summarized in Table 1.

The P-wave velocity structure model for Asama volcano was first proposed by
MinakaMmr et al. (1970b). SuiMOzURU (1979) estimated the P-wave velocity of the
superficial layer at the eastern flank of Asama volcano using an air gun. SAWADA et
al. (1983) revised the velocity structure model proposed by MiNakaMmi et al. (1970 b).
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Observation of B-type and explosion earthquakes

[Reproduced from Sawapa (1994) with permission from the
Elsevier Science.] '

Type of event

Distribution of
initial motions

Surface phenomena

BH-type events

almost all
compressional

Sakurajima
(IcucHi, 1989)

not observed

BL-type events almost all ‘soft’ explosion
compressional Pavlof
Sakurajima (McNUTT, 1986)
(IcucHi, 1989) Strombolian
eruption
Sakurajima

(IsniHARA and IGucHi, 1989)

almost all volcanic explosion

compressional
Sakurajima

(YaMasATO, 1987)
Asama

(MINAKAMI et al., 1970 a;

SHIMOZURU et al., 1975)

Explosion events

UEkI et al. (1982) estimated seismic Q under Asama volcano based on the coda waves
of local earthquakes and BH-type events.. They assumed the diffusion model (Ak1
and CHOUET, 1975), and found that the Q of the coda waves was frequency dependent
with values increasing from 100 at 3 Hz and 150 at 6 Hz to 250-300 at 12 Hz. Supo
(1991) estimated @, under Aso caldera using local and regional earthquake data. He
found that @, ranged from 50 to 100. Umnra (1993) proposed a velocity structure
model beneath Sakurajima volcano from the dispersion of surface waves excited by
explosion earthquakes.

In Japan, analyses of volcanic tremors were presented by many authors. Sassa
(1935, 19364a, 1936b) classified volcanic tremors at Aso volcano into four types.
Kikuch (1962, 1964) and Wapa and Ono (1963) found that volcanic tremors in the
frequency range 2-5 Hz at Aso volcano were primarily surface waves. SHiMA (1958)
and KuBoTERA (1964, 1974) modeled the second kind of volcanic tremor observed at
Aso volcano as a spherically symmetrical fundamental mode of the vibration of a
liquid sphere. SHIMOZURU et al. (1966) observed volcanic tremors at Kilauea volcano
during the period from July to December 1963 and analyzed temporal changes in
tremor spectra accompanied by eruptions. Kakura and IDEGAMI (1970) and NAGAM-
UNE (1975) analyzed C-type earthquakes that showed monochromatic sinusoidal
waves at Sakurajima volcano and found that particle motion of C-type events
exhibited a retrograde motion. Kawmo et al. (1977) analyzed temporal changes in
tremor spectra at Sakurajima volcano using digital filters and found that the peak
frequencies of tremors varied over a very short time. Mikapa (1992) analyzed two
types of volcanic tremor originating from Asama volcano. He suggested that one
was probably caused by vibration of the magma conduit and the other was the result
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of a successive occurrence of BL-type events.

Many papers give source models for volcanic earthquakes, especially low-
frequency earthquakes and volcanic tremors. Akxi et al. (1977) and CHOUET (1986)
presented models based on random, jerky openings of fluid-filled tensile cracks
driven by the excessive pressure of fluid. Axkrand Koyvanaci (1981) used a fluid-filled
crack model to explain seismic features of magma transport for deep tremors
originating at depths around 40 km under Kilauea. FERRICK et al. (1982) proposed the
theory that unstable fluid flows in a volcanic conduit was the common source
mechanism of low-frequency earthquakes and volcanic tremors. SEIDEL ef al. (1981)
and ScHIcK et al. (1982) presented a model involving hydraulic transients caused by
escaping vapor and gas streams and resonance in a fissure and pipe network.
CuHoutT (1985) presented a model in which the source of tremors was the acoustic
resonance of a fluid-filled volcanic pipe ttiggered by excess gas pressure. KOYANAGI
et al. (1987), CHOUET et al. (1987) and CHoUET (1988) proposed a tremor source model
based on the fluid-driven crack model.

Axi (1984) reviewed attributes and energetics of tremor occurrences and specula-
ted on the lack of tremor occurrence at Mammoth Lakes. Sumizu et al. (1987)
analyzed volcanic earthquakes associated with the 1983 Miyakezima eruption and
found that the distribution of P-wave first motions could be explained by the tensile-
shear crack model. GorDEEV (1992) explained that seismic signals associated with
explosions consisted mostly of surface waves excited by buried P-wave sources.

Ukawa and OHTAKE (1987) analyzed a monochromatic earthquake which occurred
about one year before the 1986 Izu-Oshima eruption and proposed a traction-force
model for the earthquake, in which magma flowed through a conduit produced a
unidirectional viscous force on the conduit wall. Ferrazzint and Aki (1987) proposed
normal modes trapped in a fluid layer sandwiched between two homogeneous elastic
half spaces. KanNaMmor: and GIven (1982) and KANAMORI et al. (1984) analyzed the
earthquake excited by the May 18, 1980 eruption of St. Helens volcano and concluded
that the source was a nearly vertical single force. Since then many researchers have
adopted a single force model to explain seismic waves excited by volcanic explosions
(e.g., TAKEO et al. 1984; NisuiMURA and HamacucHr, 1993; NiSHIMURA ef al., 1994). Kaw-
AKATSU et al. (1992) first observed volcanic earthquakes at. Sakurajima volcano using
broadband seismographs. KANESHIMA et al. (1996) observed long-period (15 s) volcan-
ic tremors at Aso volcano using broadband seismographs. KaNamori and Mori (1992)
~ and WipMER and ZURIN (1992) observed an unusually long Rayleigh wave train having
a period of about 230 and 270 s during eruptions of Mt. Pinatubo. KANAMORI ¢t al.
(1994) found similar oscillations associated with the 1980 Mt. St. Helens and the 1883
Krakatau eruptions. Thus the sources of volcanic earthquakes vary widely.

Active andesitic volcanoes emit a large quantity of volcanic gases at the eruptive
stage (HIRABAYASH]I, 1982; OuTa ef al., 1988). For example, OnTA et al. (1988) estimated
the quantity of SO; emissions from Asama volcano as 500 ton/day in the active stage
of 1982. ' In the calm stage after the 1982 eruption, emission rates of SO; were 100 to
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200 ton/day. IsHiHARA et al. (1983) observed explosions at Sakurajima volcano using
a TV camera. They estimated the gas emission rate associated with explosions as
100-1,000 tons/s. IsHiHARA (1990) described the inflation-deflation process associated
with the summit eruptions at Sakurajima volcano using water-tube tiltmeters and
extensionmeters. Inflation before the eruptions was characterized by an abrupt
increase of pressure at a depth 3-4km beneath the crater; The deflation process
started from the onset of eruptions with a rapid decrease of pressure at a shallow
depth of 0-0.5 km.

IcucHr (1994) analyzed the sources of B-type and explosion events at Sakurajima
volcano. He concluded that the sources of explosion and B-type events were
represented by a vertical expansion model. NISHIMURA ef al. (1994) analyzed the
source of BL-type events and volcanic tremor which occurred as swarms of BL-type
events at Tokachi volcano. They reported that the source of BL-type events and
tremor was represented by a single force model. Unira and Taxeo (1994) and UHrA
et al. (1995a) investigated the source model for explosion earthquakes originating
from Sakurajima volcano. In general, it is difficult to discriminate between the
contribution from a single force F, and that of a moment tensor M., because Green’s
functions for F, and M., are coupled (UHira and Takro, 1994). To estimate the
contribution of a vertical single force of F,, they compared two source models, i.e., a -
combination of six moment tensors (My, My, M., M,, M,, M,) and that of a vertical
single force and five moment tensors (F,, My, My, M, My;, M.;). They concluded
that the former model could satisfactorily explained the observed seismograms.
They also found a rapid expansion followed by contraction occurred in the source
regions of explosion earthquakes.

There are two ideas for the source of B-type events. One is that B-type events
occurred in the edifice of the volcano due to brittle failure resulting from a strain-
induced volcanic process and that emergent low-frequency waveforms of B-type
events are the results of a path-effect (e.g., SHIMOZURU and KacIivama, 1989; POwER et
al.,, 1994). The other idea is that B-type events occurred in the vent as a result of
vesiculation or degassing process of magma in the conduit (e.g., IcucHr, 1994; SAWADA,
1994).

The main purpose of this study is to elucidate the source process of B-type
events at Asama volcano. This paper also describes the wave characteristics of B-
type and explosion earthquakes at Asama volcano. We will discuss models of the
equivalent body-force to explain these events. Untill now, various best-fit models
of equivalent body-force have been proposed by many authors (cf. Table 8). We
analyze the initial phase of seismograms of BM-type, BL-type, and explosion earth-
quakes and we choose six candidates for models of the equivalent body-force for B-
type and explosion events: 1) explosive source, 2) cylindrical model (CHOUET, 1985;
Fukuvama and TakEko, 1990), 3) tensile crack model, 4) moment tensor M., component,
5) vertical single force F,, and 6) CLVD source model. We will attemot to reduce the
six candidates to two or three models in this paper. We will discuss seismic features
of N-type events at Asama volcano. A discussion on seismic features of N-type
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events will provide us with information of the source of B-type events.: We also
discuss the physical grounds why B-type events increase in number prior to erup-
tion. ‘

2. Seismic network of Asama volcano

Figure 2 shows permanent seismic stations operated by Asama Volcano Observ-
atory (AVO) of the Earthquake Research Institute, the University of Tokyo (Table 2).
The main recording instruments of AVO were smoked paper drum recorders until
1982. In 1982, a digital recording system was introduced to AVO. All the stations
except station NAK are equipped with 1 sec short period seismometers with a
damping coefficient of approximately 0.7. Frequency characteristics of the short
period seismographs including amplifiers and filters are shown in Fig. 3 (curve A).
Stations MAE, NAK, and SAN are three-component stations. Other stations are
installed with two-component (one horizontal and one vertical) seismometers. Sta-
tion NAK has 5 sec period, displacement type (magnification of 500) seismographs.
The overall frequency characteristic of a 5 sec seismograph is also shown in Fig. 3
(curve B). Seismic signals from these stations are transmitted by underground
cables to AVO. Seismic signals from the short period seismographs are recorded on
both analog and digital magnetic tapes at AVO. Tape-recorders are controlled by
an event-triggered on-line computer system. The digital system has a dynamic
range of 72 dB. Analog tape recorders have a dynamic range of 42 dB. Seismic
signals from these stations were also recorded by smoked drum recorders. All of the
seismometers are placed on or near the ground surface.

In this study we used records from analog tape-recorders during the period from
March 1982 to November 1983. As mentioned earlier, Asama volcano erupted in
April 26, 1982 and April 8, 1983 and ejected a small quantity of volcanic ashes in

36°27.6"

36°22.4

138°27.6 138°34.9"

Fig. 2. Map of the permanent seismograph stations operated by
Asama Volcano Observatory (AVO) of the Earthquake
Research Institute.
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Table 2. Stations coordinates and height.

stn stn Latitude Longitude stn R (km)
No code (N degree) (E degree) height
(km)
1 MAE 36.39905 138.53586 2.256 1.3
2 FUJ 36.39914 138.54111 2.232 1.7
3 SAN 36.40125 138.55170 1.825 2.6
4 NAK 36.40060 138.56983 1.381 4.2
5 HOT 36.37710 138.53983 1.462 3.3
6 SEK 36.38660 138.52100 1.869 1.9
7 GIP 36.39430 138.49993 2.033 2.3
8 ONI 36.42358 138.52076 1.710 2.2
9 KUR 36.41991 138.54550 1.557 2.7
10 AVO 36.40167 138.57222 1.381 4.4
10 T —
wn
£ =
N— —
S -]
e} =
> _—
10 —
| | =
| [ -
| | —
- | | ]
1 | |
10 L L1l AR | L LI
0.1 1 10 100

frequency (Hz)

Fig. 3. Overall frequency characteristics of 1-sec natural period seismographs (curve A)
and those of 5-sec natural period (curve B). A 1: station GIP (u-d: comp.); A 2: stations
MAE (3-comp.), SAN (u-d: comp.), stations HOT, SEK and ONI (u-d: comp.); A 3:
stations SAN (N-S, E~W: comp.), AVO (u-d: comp.) and KUR (u-d: comp). [Reproduced
from Sawapa (1994) with permission from Elsevier Science.]
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September 1983. The focal depths of B-type events at the eruptive stage are widely
distributed from 5 km to —2km below sea level (cf. Fig. 26, EARTHQUAKE RESEARCH
INsTITUTE, 1983a). Conversely, the hypocenter depths of B-type events at the calm

’ stage of Asama volcano spread over a rather narrow range from 2 km to —1 km
below sea level. The waveforms of volcanic earthquakes at the eruptive stage show

‘ a greater variety than those at the calm stage. Moreover, the underground cables
that transmit the seismic signals from seismic stations to the AVO were constructed
in 1979 and they have not been renewed until now. The cables were damaged by
repeated lightning strikes. Recently seismic signals recorded on AVO have not been
of good quality due to electric noise. This was the reason why we used data more
than ten years earlier. However, the digital tapes during the period from March 1982
to November 1983 became obsolete and we could not read them using a computer.
Therefore, we used analog magnetic tapes and the data on them were digitized at 250
samples per second for each channel using a 12-bit A/D converter. We also utilized
smoked-paper records from 5 sec medium period seismometers to analyze explosion
events.

3. Classification of volcanic earthquakes at Asama volcano
As mentioned previously, volcanic earthquakes observed at Asama volcano
were classified into five groups according to seismogram characteristics (MINAKAMI,
1974; HAMADA et al., 1976; TaANAKA and JiNcu, 1979). The goal of classifying volcanic
earthquakes is to categorize events into classes on the basis of their source process.
From this point of view, the present classification may not be the complete solution.
However, except for volcanic tremors, we can distinguish four groups of seismo-
grams. Furthermore, B-type and explosion events are considered to occur in the
vent and the occurrence of B-type events has a close relation to the volcanic activity
of Asama volcano (e.g., MINakaMI, 1960). As for volcanic tremors, we have not yet
finished elucidating their source process. However, we classified volcanic tremors
into several types according to seismogram characteristics. Keeping in mind that ‘
most volcanic tremors appeared at the eruptive stage at Asama volcano (MINAKAMI,
1974; MikaDA, 1992), the present earthquake classification provides us with a good
perspective view not only for undefstanding the present volcanic activity and but
also for forecasting activity in the near future at Asama volcano. In the following,
we describe the five types of volcanic earthquake observed at the volcano:
a) A-type earthquakes that have very similar waveforms to the tectonic earth-
quakes. Distribution of initial motions of A-type event is of the quadrant type
(KaGryama et al., 1982). A-type earthquakes occur at the eastern flank (close to the
station SAN) and the western flank (close to the station GIP) of Asama volcano. Fig.
4 a shows an example of seismograms of shallow A-type event that occurred at the
eastern flank (close to the station FUJ). - Fig. 4b indicates those of the A-type event
located beneath the western flank of Asama volcano. Asshown in the seismograms, |
the initial motions are much clearer than those of B-type events (cf. Figs 7-9). Focal
depths of A-type events that occurred at the eastern flank range from —0.5 to 4 km
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beneath sea level. Those occurring at the western flank range from 1.5 to 4 km (cf.
Fig. 26). Thus A-type events seem to relate to faulting processes deep within the
edifice of Asama volcano. A-type events occurring at the western flank often
appeared as forerunning phenomena of volcanic eruption. In November 1958, two
successive A-type events were recorded about one hour before an explosive eruption
(MmNnakAMI et al., 1970a). SHIMOZURU et al. (1975) pointed out that the seismicity of A-
type events increased two months before the 1973 eruptions. However, the causality
law between the seismicity of A-type events and the volcanic activity of Asama
volcano is not clear at present.

b) B-type earthquakes that show wavetrains in a spindle-shaped envelope.
The maximum amplitude of a B-type event is about 20um at a distance of 2.6km
from the crater (station SAN, in Fig. 2). SuiMozURU and Kacryama (1989) classified B-
type events into two subgroups: BH-type (high-frequency B-type) and BL-type (low
—-frequency B-type) events according to seismogram characteristics. The amplitude
of the vertical component of BH-type events is smaller than that of the horizontal
component.. SHIMOZURU et al. (1975) first pointed out that in the case of dominant
high-frequency B-type events (BH-type events) the maximum amplitude of the
horizontal component is approximately two times larger than that of the vertical
component (see Appendix). On the other hand the maximum amplitude of the
vertical and the horizontal components of dominant of BL-type events show approx-
imately the same value (cf. SHIMOZURU et al., 1982).

c) N-type (T-type) earthquakes that began with emergent P onsets followed by
low-frequency oscillations of long durations. This type of earthquake is categor-
ized as a long-period earthquake (e.g., CHOUET et al., 1994; CuouEeT, 1996). The dura-
tion of N-type events ranges from approximately 20 seconds to 10 minutes (Fig. 5).
HamADA et al. (1976) first analyzed this type of volcanic earthquake. They named
this type of event a T-type earthquake. SHiMOzZURU and Kacivama (1989) alternately
called this type of event a N-type event. TaNaka and JiNncu (1979) classified volcanic
earthquakes at Asama volcano into the five types including N-type earthquakes.
They investigated patterns of occurrence of individual types of event during the
period from 1966 to 1977. They found that N-type events were not precursors to
volcanic eruptions, because N-type events occurred not only at the eruptive stage,
but also at the calm stage of Asama volcano.

d) Explosion earthquakes that are associated with volcanic explosions. The
initial motions of explosion events are nearly all compressional at all stations at
Asama volcano (MINAKAMI et al., 1970 a; SHIMOZURU et al., 1975). The lower limit of the
amplitude of the explosion events is about 20um at station SAN (MINAKAMI, 1960).
The power spectra of explosion events have strong peaks at the fundamental
frequency and at multiples of that frequency (Imal, 1980, 1983a). The wave charac-
teristics of explosion earthquakes were not clear until quite recently. SHIMOZURU et
al. (1975, 1982) estimated the magnitude of explosion events on the assumption of
body waves. Imal (1980) discussed the source process of explosion earthquakes
under the assumption that seismic waves from explosion events consist of body
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Fig. 5. An example of seismograms of a N-type earthquake.

waves.

e) Five distinct types of tremor were observed at Asama volcanoes (MINAKAMI,
1974; MikADA, 1992): 1) volcanic tremor which BH-type events take place almost
continuously (Fig. 6a), 2) tremor with a succession of BL-type events (Fig. 6b), 3)
high-frequency continuous tremor whose spectral peaks are given by integer multi-
ples of fundamental frequency of 0.88Hz (Mikapa, 1992), 4) tremor having similar
waveforms to C-type earthquakes observed at Sakurajima volcano, 5) volcanic
tremor associated with the ejection of volcanic ashes.

4. Wave characteristics of B-type and explosion earthquakes observed at Asama
volcano
4.1 B-type earthquakes
4.1.1 Seismograms of B-type events
Seismograms of B-type events have a wide variety of waveforms (Figures 7-9).
B-type events begin with emergent P arrivals and show spindle-shaped envelopes.
They have no distinct S phases (MiNakaMI, 1974). BH-type events start with relative-
1y high~frequency (5-9 Hz) waves (Fig. 7). As mentioned earlier, the maximum trace
amplitude of the horizontal components of BH-type events is approximately two
times larger than that of the vertical component (SHIMOZURU et al., 1975, 1982). Typ-
ical BL-type events are dominant low-frequency (approximately 1 Hz) waves (Fig. 8).
They also show no clear S phases. B-type events with medium-frequencies start
with low-frequencies (1-4 Hz), followed by high-frequency (5-9 Hz) waves (Fig. 9).
This type of earthquake has so far been categorized as a BL-type event. Medium-
frequency B-type events have some of the wave characteristics of both BL-type and
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Fig. 7. Seismograms of BH-type (high-frequency B-type)
event recorded by short period seismographs. Stations
AVO and ONI malfunctioned. [Reproduced from SAWADA
(1994) with permission from Elsevier Science.]

BH-type events, so we call these earthquakes BM-type events to distinguish them
from typical BH-type and BL-type events.
4.1.2 Spectral analysis :

We applied the Maximum Entropy Method (MEM) of the “one-sided Burg
algorithms” (Sarro, 1978) to the spectral analysis of B-type events, because we can
obtain good resolution using the maximum entropy method (e.g., KANASEWICH, 1981, p.
181; Raposki et al., 1976). The comparison with the Sompi spectral analysis and the
FFT method is shown in Appendix. To compare seismograms of B-type events (Fig.
7-9), no instrument corrections were made in the process of carrying out the spectral
analysis and calculating the particle orbit diagrams.

Figure 10 gives an example of the maximum entropy (MEM) spectrum of a BH-
type event for the vertical component recorded at station MAE, located approximate-
ly 1.3km from the summit crater (see Table 2). The power spectrum has three
prominent peaks at 6 Hz, around 8 Hz and 10Hz, and a weak peak at 3 Hz. The
spectrum for a typical BL-type event has strong peaks at frequencies of approxi-
mately 1,4, 5,7, and 8 Hz (Fig. 11). The dominant spectral peaks of a BM-type event
at 1,5, 7, and 9 Hz are shown in Fig. 12. The spectrum of a BM-type event shows a
similar spectral structure in the high-frequency range (5-9 Hz) to that of BH-type
events and in the low-frequency range (1-4Hz) to that of BL-type events. However,
the spectral peak of the BM-type event at the high-frequency range (5-9Hz) is
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approximately three times larger than that of a low-frequency one (cf. Fig. 12).
When we perform a spectral analysis of the volcanic earthquakes, we must keep
in mind: 1) whether the peaks obtained peaks are produced by random noise or not,
2) whether those the peaks are produced at the source, or along the path, or near the
station. A discussion on path or site effects can be found in FEHLER (1983), AKI (1988),
CuiN and Axr (1991), FErrazzINI and Akr (1992), and CHOUET et al. (1994). To discuss
path or site effects we first performed a spectral analysis of non-volcanic near
earthquakes. We show two examples of spectral analysis of near earthquakes
(Table 3). Each data length used in the spectral analysis is 102.4 s. - Fig. 13a shows
the maximum entropy spectra of a near earthquake on April 18, 1982. The spectra .
from station KUR at the northeast foot of Asama volcano show clear peaks at 2, 4, 6,
and 8 Hz. The common peaks from the three components at station MAE and the
vertical component at station FUJ are at frequencies at 2,4, and 6. Moreover, we can
recognize that a very weak peak occurs at 8 Hz. The peak at 4 Hz from the vertical
component from station SAN is enhanced in comparison with that from MAE, FUJ,
and KUR. This is probably caused by a site effect. The spectra from station SAN
show different spectral features from other stations. The energy spectra from the
vertical component at station SAN are enhanced at 4Hz. The maximum peak
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[Reproduced from SAwaDpA (1994) with permission from
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frequencies from horizontal components of station SAN shifted to approximately 2.4
Hz. We cannot recognize the spectral peaks of 6 Hz from the east-west component
at station SAN. Thus, we can see that except for station SAN the spectral peaks are
common at station MAE, FUJ, and KUR. Fig. 13b shows the maximum entropy
spectra of a near earthquake on April 21, 1983. The spectra of the event on April 21,
1983 seem to be predominant of low-frequency content rather than those of the event
on April 18, 1982. The spectra from station KUR and MAE and the vertical compo-
nent and N-S component at station SAN show spectral peaks at 2, 3, and 5 Hz.
However, spectra from the vertical components at station FUJ show no clear peak at
2 Hz. Thus we may conclude that the common peak frequencies at 2, 8, and 5 Hz of
the three components at station MAE are probably not random noise but seismic
signals. It should be noted that in the case of near-earthquakes the frequency range
of seismic signals is less than 10 Hz (cf. Fig. 13).

We calculated stacked spectra for seismograms to eliminate the effects of
random noise (e.g., FERRAzzINI and AKk1, 1992). Figure 14 a shows five stacked spectra
and individual seismograms of BH-type events at station MAE. For comparison,
ten stacked spectra are shown in Fig. 15b. We can see that except for a peak at 6 Hz
both spectral peaks are approximately in the same frequency range below 10Hz.

—172—




The Source Mechanism of B-type and Explosion

BH-type; 1983 4/05 17h 46m

U-D comp.
station = MAE
BH—-TYPE
8] o
D y‘ L) ¥
0 5s
S T I O S |

._.
o,
-

SCALE)}

RELATIVE POWER
(LOG.
|

10 Ccrd |
0.1 1 10 30
FREQUENCY (Hz)
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1981). [Reproduced from SAwWADA (1994) with permission from Elsevier Science.]

Next we look at prominent peaks from ten stacked spectra. As shown in Fig. 14-15
in the cases of B-type events frequency range is much wider than that of near-
earthquakes (<30Hz). We can distinguish four prominent peaks at about 3, 5, 7, and
9Hz for a BH-type event (Fig. 14b). Conversely, the stacked spectra of typical BL-
type event have also five or six strong peaks at 1, 3, 4, 6, and 8Hz (Fig. 14c). The
stacked spectra of BM-type events (Fig. 14d) also show that spectral peaks in the
high-frequency (5-9 Hz) range are very similar to those of BH-type events. Thus,
the frequency ranges of spectral peaks of BH-type events and BL-type events are
significantly different.

To estimate the effects of random noise and site effects we compared spectral
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peaks at stations FUJ and FUJ (Fig. 15). Stations FUJ and SAN are located approx-
imately 0.4km and 1.3km east of station MAE, respectively (see Fig. 2 and Table 2).
From Fig. 14b and Fig. 15a the common peak frequencies of BH-type events from
three components at station MAE are at 3,5,7, and 9Hz. The peak frequency at 5 Hz
is not observed in the velocity spectra from the E-W component at station SAN.,
However, this peak frequency range at station SAN is very weak in the case of near-
earthquakes. - Therefore, the energy density at frequencies of 5 Hz is probably due to
asource effect. We may think that peak frequencies at 3, 5, 7 and 9 Hz are.attributed
to the source process. As for BL-type events, the common peak frequencies of three
components at station MAE are at 1, 8,5, 7, and 9Hz (Fig. 14¢ and Fig. 15b), and these
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Table 3. List of near-earthquakes used in spectral analysis,

magnitude

File name origin time | latitude | longitude hypocenter
(Date Time) depth
EXP824.07 82 4/18 ° ' o ' 40 km 4.2
22h17m28 . 95 37°04.0° | 141°45.0
AS8342.20 83 4/21 36°1 ' 140° ' 54 km 3.9
13h49ml10.2s 6.6 19.3
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Fig. 13a. Velocity spectra of a near earthquake of Apr. 18, 1982 (1: U-D comp. of station
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Fig. 13b. Velocity spectra of a near earthquake of Apr. 21, 1983 (1: U-D comp. of station
MAE, 2: N-S comp. of station MAE, 3: E-W comp. of station MAE, 4: U-D comp. of
station FUJ, 5: U-D comp. of station SAN, 6: N-S comp. of station SAN, 7: E-W comp.
of station SAN, 8: U-D comp. of station KUR).
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peak frequencies are also due to the source effects.
peak frequencies are excited by the source.

We may conclude that these

In the same manner for BM-type events,

peak frequencies at 1, 3, 5, and 7THz are seismic signals attributed to the source

process (cf. Fig. 14 Db, Fig. 15¢).

KakuTa and Nonaka (1979) classified the patterns of running spectra of volcanic
earthquakes into four types: 1) constant type, whose prominent peaks do not vary
with time, 2) normal dispersion type, 3) reverse dispersion type 4) random type, whose

prominent peaks change randomly with time.

Running spectra of BH-type events for vertical component were also examined
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Fig. 14b. Ten stacked velocity spectra of BH-type events
from the vertical component at station MAE and individual
seismograms of BH-type events used for velocity spectra (cf.
Fig. 15a).

(Fig. 16a). One of the characteristics of the running power spectra for BH-type
events is that prominent peaks randomly vary with time at the initial phase (cf.
Appendix). Dominant frequency of relatively high-frequency range (5-9 Hz) wave
packets lasted until a later phase (between solid arrows in Fig. 16a). The frequency
range of BH-type events is approximately from 2 to 30 Hz (cf. Fig. 16 a and Fig. 14 D).
The running spectra of a BL-type event show that stable peaks appear at about 1-2
Hz and continue to a later phase (Fig. 16 b). The running spectra of a BM-type
(medium-frequency B-type) event show that low-frequency (1-2 Hz) waves and
high-frequency wave trains (5-9Hz) appear first and low-frequency content soon
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Fig. 14c. Ten stacked velocity spectra of BL-type events
from the vertical component at station MAE and individual
seismograms of BH-type events used for velocity spectra (cf.
Fig. 15b).

dies away ( between solid arrows in Fig, 16 ¢) and high-frequency wave trains lasted
a shorter time than that of BH-type events (between solid arrows in Fig. 16c¢). The
spectral structure of the high-frequency content of BM-type events is similar to that
of BH-type events. The frequency range of BM-type events of the vertical compo-
nent at station MAE is approximately from 1 Hz to 20 Hz (cf. Figs. 16 ¢ and 14d).
Thus, three-types of B-type events are clearly distinguishable from running power

spectra.
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Fig. 14d. Ten stacked velocity spectra of BM-type events
from the vertical component at station MAE and individual
seismograms of BH-type events used for velocity spectra (cf.
Fig. 15¢).

4.1.3 Polarization analysis

A polarization analysis was carried out in to distinguish three types of B-type
events. In particle motion diagrams the displacement amplitude was calculated
from velocity amplitude by numerical integration. The displacement amplitude
was filtered using a digital Butterworth band-pass filter with a zero phase shift
(KANASEWICH, 1981; SAITO, 1975). The zero phase shift band-pass filter is obtained by
running forward and backward over the data in the same time domain (e.g., TAKEO
and ABg, 1981). Thus obtained seismic signals are normalized by the maximum
amplitude of three component records.
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Fig. 15a. Ten stacked velocity spectra of BH-type events from other components at
stations MAE, FUJ, and SAN (1: N-S comp. of station MAE, 2: E-W comp. of station
MAE, 3: U-D comp. of station FUJ, 4: U-D comp. of station SAN, 5: N-S comp. of
station SAN, 6: E-W comp. of station SAN).

14

(o2}

Figures 18-20 show particle motion diagrams at the station MAE. The station
MAE is situated east of the summit crater, and the seismic sources are located under
the crater. Therefore, the N-S and the E-W directions approximately correspond to
the transverse and the radial directions, respec-tively. The time window for the
diagram is plotted in Figures. The bottom trace indicates the sense and rate of
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Fig. 15b. Ten stacked velocity spectra of BL-type events from other components at
stations MAE, FUJ, and SAN (1: N-S comp. of station MAE, 2: E-W comp. of station
MAE, 3: U-D comp. of station FUJ, 4 U-D comp. of station SAN, 5: N-S comp. of
station SAN, 6: E-W comp. of station SAN).

rotation. Let us consider the two-dimensional polar coordinates (Fig. 17). -P;is the
ith position of the particle motion diagram. P;=(R; @j), (i=1, .., n), where R; is the
distance from the origin of the particle motion diagram, n is the total number of data,
and @ is the angle taken counterclockwise p for the direction of propagation. We
define the rate of rotation as ¥;=R; sin (®;), i=1, .., n). In the bottom trace, the rate
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Fig. 15¢c. Ten stacked velocity spectra of BM-type events from other components at
stations MAE, FUJ, and SAN (1: N-S comp. of station MAE, 2: E-W comp. of station
MAE, 3: U-D comp. of station FUJ, 4: U-D comp. of station SAN, 5: N-S comp. of
station SAN, 6: E-W comp. of station SAN).

of rotation is defined as y;=R; sin (O;— ®;_,), where y; is normalized by the maximum
value. Thus we can easily discriminate the sense of rotation of the seismic signals.

In the particle motion diagrams from the high-frequency content (5-9 Hz) of the
BH-type event prograde and retrograde motions appear alternately. The low-
frequency portions (1-4 Hz) of BH-type events also show the alternate appearance of
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Fig. 16a. Running spectra of a BH-type event recorded at
station MAE. The spectra were calculated for a 3-s time
window at 0.1s time intervals. Power spectral density is
graded into ten classes on a linear scale. [Reproduced from
SAWADA (1994) with permission from Elsevier Science.]

both prograde and retrograde motions, and the retrograde motion is dominant (Fig.
18b). The amplitude of the vertical component of BH-type events is smaller than
that of the horizontal component. SHIMOZURU et al. (1975) first pointed out that in the
case of BH-type events the amplitude of the horizontal component is approximately
two times larger than that of the vertical component. Figure 19a shows the particle
motion of high-frequency (5-9 Hz) portions of BL-type events have alternate pro-
grade and retrograde motions. Low-frequency portions (1-4 Hz) of BL-type events
exhibit that the retrograde motion is dominant. Running power spectra and parti-
cle orbit diagrams of low—frequency content suggest that the maximum amplitude
portions of low-frequency contents of BL-type events probably consist of Rayleigh
waves. The high-frequency portions (5-9 Hz) of BM—type events show that a
prograde motion appears first then retrograde and prograde motions alternately
appear (Fig. 19a). The particle motions of the low-frequency portions (1-4Hz) of
BM-type events show that the retrograde motion is dominant (Fig. 20 b).

Figures 21 and 22 represent particle motion diagrams of BH- and BL-type events
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Fig. 16 b. Running spectra of a BL-type event recorded at
station MAE. The spectra were calculated for a 3-s time
window at 0.Is time intervals. Power spectral density is
graded into ten classes on a linear scale. [Reproduced from
SAWADA (1994) with permission from Elsevier Science.]

from station SAN for a comparison with those of N-type events (cf. Fig. 56). Fig. 21
a shows particle motions for the high-frequency content of a BH-type event at
station SAN. Prograde and retrograde motions alternately appear. Fig. 21 b shows
particle motions for the low—frequency content of a BH-type event at station SAN.
Prograde and retrograde motions also alternately appear.
4.2 Explosion earthquakes
4.2.1 Seismograms of an explosion event

An explosion earthquake was recorded by both short and medium period seismo-
graphs on April 26, 1982 (SHiMozURU et al., 1982). Seismograms from station NAK
were smoked-drum records with a recording speed of 1mm per second. Seismo-
grams were enlarged using photographs and hand digitized. Seismic signals were
corrected for mechanical distortions due to the finite pen-arm length of galvano-
meters (Fig. 23). This event was also recorded by short period seismographs (Fig. 24).
4.2.2 Polarization analysis

The particle motion of an explosion event also exhibits retrograde elliptical
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Fig. 16c. Running spectra of a BM-type event at station
MAE. The spectra were calculated for a 3-s time window
at 0.1s time intervals. Power spectral density is graded
into ten classes on a linear scale. [Reproduced from
SAWADA (1994) with permission from Elsevier Science.]

motions (Fig. 25). The particle motions of the explosion event are similar to those of
BL-type events (Fig. 19). Running spectra of explosion events at station NAK had a
tendency to show a normal dispersion (Imal, 1980, 1983a). Therefore, we can con-
clude that Rayleigh waves predominate in explosion events as in the case of BL-type
events. A polarization analysis of the explosion event at station MAE was also
made. The seismic signals from MAE station were saturated. However, we can
utilize the record to check the sense of rotation of the signals. The seismic signals
start with retrograde motion, followed by prograde motion. However, the retro-
grade motion is dominant.

5. Hypocenter distribution of B-type and explosion earthquakes

The P-wave velocity structure under Asama volcano used for hypocenter deter-
mination is shown in Table 4. These structure parameters were based on work by
MiINaAKRAMI et al. (1970b) and Sawapa et al. (1983). Fig. 26 shows the hypocenter
distribution of A-type, B-type, and explosion events. Hypocenters of BH-type
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ponents of seismic waves. R; and O®; denote the
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particle motion and the angle taken counterclock-
wise for its propagation direction, respectively.

events tend to be located more deeply than BL-type and BM-type events (Fig. 26).
The distribution of hypocenters suggests that these events-are located in the vent,
and that probably B-type events occur in relation to magma transport phenomena.
MiNnakaMI et al. (1970a) suggested that the focal depths of B-type events were
shallower than 1 km. However, his estimation was based on smoked-paper records
taken at a paper speed of 1 mm/s. Thus his suggestion on the hypocenter depths of
B-type events should be revised.

Fig. 27 shows the relation between dominant frequencies of B-type events and
focal depths (cf. Table 5). We used the same data with those depicted in Fig. 26. At
a glance we can see that BH-type events are located more deeply approximately 0.5
km below sea level. BL-type events are located shallower than about 1 km below
sealevel. On the other hand BM-type events are located shallower than about 2km
beneath sea level. However, as cited in Chap. 2, the seismeters of the Asama Volcano
Observatory are placed at the surface of the ground and the accuracy of hypocenter
determination is not so good.

Fig. 28 shows the hypocenter distribution routinely determined by Asama Vol-
cano Observatory (modified from TsuJl et al., 1990). P-wave velocity is assumed to
be 25km/s. We can recognize that B-type events are located under the vent in a
small region at a depth range of —2km to 0 km. A-type events are located at the
western flank at a depth range of approximately 1 to 4km, and eastern flank at a
depth range of —1 to 4km. '
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Fig. 18a. Particle motion diagram of high-frequency portion
(5-9Hz) of a BH-type event at station MAE. [Reproduced
from Sawapa (1994) with permission from Elsevier Science.]
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Fig. 18 b. Particle motion diagram of low-frequency portion
(1-4Hz) of a BH-type event at station MAE. [Reproduced
from SAWADA (1994) with permission from Elsevier Science.]

6. Source mechanism of B-type and explosion earthquakes
6.1 Waveform inversion

We discuss a model of the equivalent body-force (e.g., Ak1 and Ricuarps, 1980, p.
40) to explain both B-type and explosion events. Waveform inversion is very useful
for investigating the source process of volcanic earthquakes (TAKEO et al., 1984, 1990;
HawmacucHr et al., 1992; Unira and TAkEo, 1994; NisHIMURA et al., 1995; UHIRA et al., 1995
a, 1995b). Here we follow TAkEo et al. (1990), UHIRA and TAkEo (1994), UHIRA et al.
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Fig. 19b. Particle motion diagram of low-frequency portion
(1-4Hz) of a BL-type event at station MAE. Retrograde
motion is dominant. [Reproduced from SAwADA (1994) with
permission from Elsevier Science.]

(1995 a) and CHoOUET (1996 b).
6.1.1 Method.

We assume that the observed wavelengths of B-type and explosion events are
much longer than the linear dimensions of source sizes. Then, the source is effec-
tively a point source (Ak1 and RicHARDS, 1980, p.50). If the [-th point source is located
at &, the n-th component of the displacement at station x can be expressed as
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Fig. 20b. Particle motion of low-frequency content (1-4 Hz)
of a BM-type event. )

tn (6, 0= T { St @G (5, 13 6.9+ T2 @G5, 13 £17),

0,q -

(1)

where * denotes a convolution of m/(c) and G, 4 (x,5; £,7) or f2(7) and G (x5 &,
Gy q (x,8; £,7) is the derivative of the Green’s function G, (x,%; & 1) with respect to

G (x,1; E,7) is the Green’s function

for the n-th component when a unit impulse is applied at x=£; at time t=7 and in the
p-th direction. The components m/?(7) and f? (7) respectively define the time histo-
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Fig. 21a. Particle motion of high-frequency content of a
BH-type event at station SAN. Prograde and retrograde
motion alternately appears.
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Fig. 21 b. Particle motion of low-frequency content of a
BH-type even at station SAN.

ries of the (p, q) component of the moment tensor (m,,) and p-th component of the
single force (F,). » '

The unknowns in equation (1) are the source time functions of moment tensor or
force components.: To solve these unknowns, synthetic seismograms of u, (x, ¢) are
calculated for each station using simple assumed source time functions, and the
errors between synthetic and observed seismograms are minimized (Taxeo, 1987;
Kikuchr and KANaMoRI, 1982, 1991; TAkEO, 1992). ;. (f; p) denotes the synthetic seis-
mograms of the n-th component at station x; due to the I-th point source, where p is
a parameter that collectively represents the onset time, the location, and any other
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Fig. 22a. Particle motion of high-frequency content of a
BL-type event at station SAN.
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Fig. 22b. Particle motion of low-frequency content of a
BL-type even at station SAN.

attributes of the source. Using obs;, (f) of the n-th'component at station x; for the
observed seismogram, the best estimate of the coefficients for m/ (z) or f#(z) can be
obtained from (KikucHl and Kanamorl, 1982, 1991).

N N N
4=2 3 Swplobsy (6)— X amu t; p) Pt

j=1n=1

N, N, N,
=Rx—22 alGl-i- Z Zlealam
=1 m=11[=1

=minimum,
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ASAMA: EXPLOSION EARTHQUAKE: 1982 426 STATION= NAK
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Fig. 23. Seismograms of the 1982 April explosion event
recorded by medium period seismographs at station NAK.
The station NAK is located about 4.2km east of the summit
crater (see Fig.2). [Reproduced from Sawapa (1994) with
permission from Elsevier Science.]

EXPLOSION EVENT 10824, 262 n 25m

+8.8%X10  m/s (in 2-20 Ho)
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Fig. 24. Seismograms of the 1982 April explosion event
recorded by short period seismographs.

where N, is the combination of moment tensor and force components used, Ns is
the number of stations, N, is the number of components and wj, is the weighting
factor for seismogram.
N N

R.= Wi [0bs; ()T dt,

I=1n=

Rim ()= ; 2 Wi Lt (& D)y (1 D)F it 3)

—_
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Explosion event 1982 4,26 0O2h 25m

FILTERED (0.20-1.0HZ)

B x0. 01 mm
]
1—"’“’-L“L/\/\/\/\/\/\A/\/\/\/ﬁ./\—vmm,—wv
b
0 10 20 30 40
TIME (SBC)
& 1 START 4.5 SEC,
& i END TIME WINDOW

;;i,, le"%.ﬁh%ﬁ;@% %«
gz,av 1 zv%au%a %au&s%xv@xw%-ﬂ

RETROGEADE

PROGRADE

Fig. 25. An example of particle motion foran explosion event
at station NAK. Prograde and retrograde motions appear
alternately, though retrograde motions are dominant.

" [Reproduced from Sawapa (1994) with permission from

Elsevier Science.]

Table 4. Asama volcano velocity model.

Layer No. Depth to top of P wave velocity
(km/s)

the layer (km)

1 -2.5 2.4
2 3.5 5.2
Gl(p): J‘w]n [uml (t p) Obsjn( )]Zdt~

The minimization of 4 can be obtained

Then, the normal equation can be written

Nb
Zlleam:Gl, l:]’ ...... X Nb.

The solution of the above equation is
a=a/=ZRlnGn

where R}, is the inverse of the matrix Rs. The residual is
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Fig. 26. ‘Hypocenter distribution of B-type and explosion events. Velocity structure
used for hypocenter determination (SAWADA et al., 1983) is shown in Table 2. The
asterisk denotes the hypocenter of an explosion event determined from the short
period seismograms. Locations of both BL-type and BM-type events are plotted
with the same symbol. The accuracy of hypocenter determination for BH-type
events was about +0.2km for epicenters and 0.5km for depth. That for BM-type
and BL-type (including explosion earthquake) was about +0.3km for epicenters
and *0.8km, respectively. [Reproduced from Sawapa (1994) with permission
from Elsevier Science.]

AZR,‘—;GIGJO. (6)

The coefficients a; and 4 depend on the parameter p. The optimum p is
determined from the criterion of “minimum 4”, or

2Ga X IR,G,G
Yu)=—p—=""7%

X X

=maximum, {7)

where ¥y is the correlation between the observed and synthetic seismograms.
After the solution has been obtained, the residual waveforms are defined as

0bs;! (£)=0bs;, (£) — Zl:alujnl ¢ p).
Then the above procedure is iterated until no more significant decrease in the
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(Hz)

frequency

focal depth (km)

Fig. 27. Relation between dominant frequencies of
events and focal depths.

error occurs. Therefore, N denotes the number of iterations (ie., number of sub
events). The squared error with N iterations is defined as

4=3 ; S win[0bs" ()~ Tk (& pa)Tdt.

6.1.2 Source models

To estimate the seismic sources of B-type and explosion events, we chose the
following six candidates for the source model (cf. Table 6, KaAwakaTsu, 1991):

1) Explosive source model. Explosion earthquakes at Asama volcano are
almost all compressional. This model can explain the initial motions of explosion
earthquakes.

2) Tensile crack model. Taxkgo ef al. (1990) investigated long-period seismic
events excited by the 1987 Izu-Oshima eruptions, and they concluded that one event
could be explained by horizontal tension crack opening. UHIRA et al. (1995 a) analy-
zed explosion earthquakes at Sakurajima volcano using short-period seismograms,
and found that the ratio among the diagonal components (M., M,, M.) was about
1: 1: 3. This ratio suggests that the shape of the source region is compatible with a
horizontal crack opening in the vertical direction. In this study we used a model
compatible with a vertical crack opening in the horizontal direction (see Table 6).

3) Cylindrical model. We consider that the shape of the vent is approximately
cylindrical. CHouet (1985) modeled the acoustic resonance of a fluid-filled cylindri-
cal pipe triggered by excess gas pressure. Fukuvama and Takgo (1990) adopted the
contraction of a cylindrical model for the 1987 Izu-Oshima explosion earthquake.
Unira and TAkEo (1994) analyzed two examples of explosion earthquakes at Sakuraj-
ima volcano using a long period (natural period of 10 s) and found that the ratio
among the diagonal components (M., M,, M..) of explosion earthquakes of October
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Table 5. Relation between dominant frequencies of events and hypocenter locations.

hypocenter
file name date type of dominant (km)
event frequencies
(Hz) X y z

ASM834.05 Apr.5 ’83 BH 9,6 0.23 0.56 1.06
17h46m

ASM834.06 BApr.5 ’83 BH 7,6,9 0.20 0.54 1.02
21h4lnm

ASM834.08 Apr.6 ’83 BH 8 0.18 0.58 1.09
12h50m

ASM8342.07 Apr.5 83 BH 8,7 0.05 0.64 1.07
21h50m

ASM8342.11 BApr.6 ’83 BH 9,8 0.16 0.83 0.57
15h29m

ASMB8342.14 Apr.7 83 BH 10,8 0.15 0.52 1.04
22h12m

AS8210.09 Sept.30’82 BH 6,10 0.36 0.42 0.79
18hllm

AS8210.16 Sept.30'82 BH 4,9 0.82 0.42 0.98
18h30m

AS8210.18 Sept.30’82 BH 8,4 0.35 0.38 0.94
19h57m

AS8210.19 Sept.30’82 BH 7,4,8 0.53 0.39 1.01
20h07m

EXP824.16 Apr.26 82 BH 7 0.72 0.76 2.92
02h21m

EXP824.17 Apr.26 82 BH 8 1.07 -1.32 3.60
02h32m

EXP824.18 Apr.26 82 BH 6 0.28 0.72 1.03
02h51m .

EXP824.19 Apr.26 '82 BH 8 0.32 -0.02 1.93
02h58m

EXP824.20 Apr.26 '82 BH 7 1.38 0.67 4.47
03h03m )

EXP824.26 Apr.26 ’'82 BH 7 0.50 0.37 2.60
03h02m

AS8241.16 Apr.26 '82 BH 6,7 1.49 0.29 4.94
04h12m

AS8342.16 Apr.7 '83 BH 8 0.33 0.59 1.12
04h34m

AS8311.11 Nov.26 ’83 BH 8 0.81 -0.12 0.41
22h06m

ASBL1.01 Mar.12 ’83 BL 1,8,9 1.16 1.19 -1.85
15h44m

ASBL1.07 Mar.13 ’83 BL 1,9,3 0. 41 0.86 -1.85
12h03m

ASBL1.09 Mar.13 ’83 BL 1 0.33 0.01 0.50
14h56m

ASBL1.10 Mar.13 ’83 BL 1,7,3 0.08 |- 0.43 -0.14
19h29m

ASBL1.11 Mar.14 ’83 BL 1,2,8 0.35 0.43 -0.75
03h58M ,

ASBL1.12 Mar.14 ’83 BL 2,1,6 -0.18 1.23 -1.85
11h29m
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Table 5. (continued)
hypocenter
file name date type of dominant (km)
event Frequencies X Y 7
(Hz)

ASBL1.15 Mar.14 ’'83 BL 1,2,7 1.06 0.30 -1.41
13h28m

SBL1.18 Mar.15 83 BL 8,1,4 0.49 0.16 0.85
12hllm

ASBL1.20 Mar.l16 82 BL 1,3,7 0.33 0.29 0.43
21h39m

ASBL1.24 Mar.17 ’83 BL 1,8,9 0.92 0.35 0.00
01lh41lm

ASBL1.25 Mar.17 83 BL 1,4,2 10.89 0.30 0.07
03h01m

ASBL1.27 Mar.17 '83 BL 2 1.29 0.32 -1.55
05h46m

ASBL1.28 Mar.17 83 BL 1,3,7 0.67 0.72 -0.25
08h06m

ASBL2.02 Mar.13 83 BL 1,4,2 0.87 -0.03 0.29
15h49m

ASBL2.05 Mar.13 ’83 BL 1 0.40 0.83 -0.60
19h29m

ASBL2.14 MAR.14 ’83 BL 2,8 1.08 0.30 -1.74
18hld4m

ASBL1.04 Mar.13 ’83 BM 8,5,3 0.92 0.47 1.46
11hlém

ASBL1.05 Mar.13 83 BM 6,1,3 0.58 0.44 1.78
11h34m

ASBL1.06 Mar.13 83 BM 8,5,1 0.96 0.25 0.40
11h43m

ASBL1.14 Mar.14 83 BM 6,4,2 0.76 0.23 1.11
12h31m

ASBL1.17 Mar.14 83 BM 7,1,4 0.82 0.05 0.26
23h05m

ASBL1.21 Mar.16 83 BM 6,1,3 1.46 0.19 -2.00
23h21lm

ASBL1.23 Mar.17 '83 BM 8,1,3 0.45 0.18 1.31
00h46m

ASBL2.13 Mar.14 '83 BM 5,2,8 0.59 0.37 -0.43
13h28M

ASBL2.21 Mar.15 '83 BM 5,2,9 1.33 0.38 -1.85
" 04h06m

ASBL2.22 Mar.15 83 BM 8,6,1 0.39 0.82 -1.29
04h56m

A.SBL2.23 Mar.1l5 ’83 BM 5,8,3 0.83 -0.19 ~1.85
07h37m

AS8241.02 Apr.16 82 BM 7,9,3 0.26 0.75 -0.75
23h24m

AS8311.05 - Oct.24 83 BM 6,8,2 0.93 0.13 -0,47
15h59m

AS8311.06 Oct.24 ’83 BM 7,8,1 0.58 0.44 1.78
23h38m

AS8311.08 Oct.25 ’83 BM 2,9,8 0.96 0.25 0.40
04h50m

Expl. Apr.26 '82 EXp. 0.61 0.43 0.53
02h04m
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30, 1986 was approximately 1.8 : 1.8 :1. This ratio suggested that the shape of source
region was approximately cylindrical.

4) Vertical expansion model. IcucHr (1994) analyzed B-type and explosion
earthquakes and showed that M., component was dominant and the contribution of
M, and M,, was very small. UHIRA et al. (1995 a) also confirmed the predominance of
M,.. However, they pointed out that M,, and M,, were not small enough to be
ignored.

9) Vertical single force model. Kanamori and Given (1982) first adopted a
vertical single force model for the explosion earthquakes of the 1980 eruption of St.
Helens volcano. Many researchers discussed the source model for volcanic earth-
quakes based on a vertical single force model (TAKEO et al., 1984, 1990; HAMAGUCHI et
al., 1992; NisuiMura and HamacucHr, 1993; NisuiMura, 1995).

6) CLVD source model (see Table 6). Knoporr and RANDALL (1970) named earth-
quake source moments of the kind which have no volume change, no net force, and
no net torque, a compensated linear vector dipole (CLVD). In the principal-axis
coordinate system, it consists of three orthogonal force-dipoles with moments in the
ratio 2: —1: —1. Earthquakes generated by injecting fluid into a crack are ex-
pressed by CLVD mechanisms. This type of earthquake was observed at Long
Valley caldera, California in 1980 and geothermal areas, Iceland (JuLiaN and SiPKIN,
1985; FouLGeR and Lone, 1992).

6.1.3 Source time function

We assumed three functional forms for the source time functions for m/? (z) and
f?(@): 1) a parabolic triangle function, 2) a triangle function, and 3) a ramp function.
To determine the number of iterations (e.g., the number of sub-events), we compared
the results of waveform inversion using parabolic triangle, triangle and ramp func-
tions for the source time function. Then we performed the iterations under the
condition that no significant differences were recognized for the cumulative source
time function. Thus we determined the number of iterations to be five. The
waveform match was not significantly improved after the fifth iteration. After we
determined the number of iterations, we compared the residual for these three
functional forms of source time functions. Finally, we used a parabolic triangle
function as the source time function, because the residual is th smallest. The peak
values were determined by inversion for assumed duration time.

6.1.4 Green’s functions '

We calculate Green’s functions for free surface displacement using reflection-
transmission matrices (KENNET and KErry, 1979), and the discrete wave number
method (BoucHon, 1979, 1981) assuming a velocity structure represented by an anela-
stic layered half-space. - The effective Q values, which are dimensionless measures
of anelasticity, are assumed to be constant over the range of observed frequencies.
Then, the effects of anelasticity are introduced using dispersive complex velocity
(Liu et al., 1976; Akt and RicHARDS, 1980, p.180; TAKEO, 1985).

The geometry and the coordinate systems are given in Fig. 29. The source is
located in the layered half-space at Cartesian coordinates (R, T, U), where R, T, and
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Fig. 28. Hypocenter distribution of volcanic earthquakes routinely determined by
Asama Volcano Observatory (From TsuJi et al., 1992). P-wave velocity is assumed to
be 25km/s. Symbols of A-type events in hatched regions should be corrected by
replacing with them of B-type (BH-type) events. Type F earthquake denotes A-type
event occurring beneath the east flank of Asama volcano.

U represent radial, transverse, and vertical components. The receivers are located
on a ree surface at Cartesian coordinates (X, Y, Z), where X, Y, and Z denote east-west,
north-south, and the vertical components, respectively. The direction of the source
is defined from the dip angle and the azimuth. In Fig. 29, THET and PHI denote the
dip and the azimuth for the source, which are measured clockwise from the Z-axis to
the U-axis along the X-axis and anticlockwise from the X-axis to the R-axis along
‘the Z-axis, respectively. Units of THET and PHI are represented by degrees.

The layered structure used for Green’s functions calculations is shown in table 7.
Unira and Takeo (1994) used the @, value of 70 for the uppermost layer at Sakurajima
volcano, and UHIRA et al. (1995 a) adopted @, value of 60 at Unzen volcano. IGucHI
(1994) used @, value of 20 at Sakurajima volcano. Supo (1991) estimated @, at Aso
caldera to be ranging from 50 to 100. Therefore, the @, values used in this study are
comparable to the other volcanoes.

To determine the optimal source mechanism, we used AIC criterion (e.g.,
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Table 6. Source model used in this study.

< Neo source model moment tensor
: or
force
1 explosive source: 1 00
M=M,0 0
0 0
2 cylindrical model: 2 00
M=M,0 2 0
0 01
3 tensile crack: 3 00
M=M,0 1 0
0 01
4 moment tensor (0 0 0
Mzz comp.: M=M,0 0 O
lo o 1)
° single force model
Fz: F=F,0 0 1)
6 CLVD -1 0 0
M =M0| 0 -1 0
lo o 2

Nakacawa and OvANAGI, 1982) and residuals. The AIC criterion is defined as
AIC=nsX1,(4y)+2R, 8

where 7,4 is the volume of data and R is the rank of the Jacobian matrix.
6.2 Source mechanism of B-type events

We analyzed the initial phases of B-type earthquakes. As cited in Chap. 4,
dominant frequencies of BH-type events ranged from 5Hz to 9Hz. Because BH-
type events were dominated too much by high frequencies to obtain reliable results,
we did not treat BH-type events in this study. Therefore, we analyzed BM-type and
BL-type events. We analyzed six examples of BM-type and five examples of BL-
type events, which were used in stacked spectra (Figs. 14d and 14c¢). Examples of
source models for volcanic earthquakes of various volcanoes are listed in Table 8.

We calculated synthetic seismograms using five parameters for the assumed
source time function and the source: 1) duration or rise time for the assumed source
time function, 2) length of time window for the source time function, 3) depths of the
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Z

X
EAST

Fig. 29. The geometry and the coordinate system
used in this study. The source is located at
Cartesian coordinates (R, T, U), where R, T and U
denote radial, transverse, and upward directions.
The receivers are located at the coordinates (X, Y,
Z). THET and PHI denote dip angle and
azimuth, which are measured clockwise from
Z-axis to U-axis along X-axis and anticlockwise
from X-axis to R-axis along Z-axis, respectively.

Table 7. Velocity structure of Asama volcano.

Layer Vp Vs P Depth op Qs
No. (km/s) (km/s) (km)
1 2.40 1.40 2.00 0.00 50.0 25.0
2 3.50 2.10 2.40 2.50 100.0 50.0
3 5.20 3.10 2.60 4.50 200.0 100.0
4 7.10 4.10 2.70 100.0 300.0 150.0

source, 4) dip angle of the source, 5) azimuth of the source.

Parabolic triangle, triangle, and ramp functions were assumed for the source
time function. We chose eight examples of duration or rise time for three functional
types of source ranging from 0.2 s to 1.6s every 0.2s. Then we calculated the
synthetic seismograms for 3 examples of time window: 2, 3, and 4 sec. The dominant
frequencies and the waveforms of the synthetic seismograms depend on duration or
rise time of the assumed source time function and length of time window. Finally,
we adopted the functional type of a parabolic triangle and a 4 s time window.

We assumed that the epicenters of B-type events were located at the center of
the crater. The direction of the source is defined by the dip angle and the azimuth.
We calculated synthetic seismograms for six source depths from —1.0km to 1.5 km at
every 0.5 km below sea level. We calculated the synthetic seismograms for six
examples of focal depths. Changes of hypocenter depth effectively affect amplitude
ratios of the vertical to the horizontal component of the synthetic seismograms.
The amplitude of the vertical component becomes larger as focal depths are at
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Table 8. The source models of volcanic earthquakes.

Volcanoes Types of Source References
event models
Sakurajima Explosion Cylindrical UHIRA and
volcano events model TAKEO (1994)
Tensile Crack
Explosion Combination UHIRA et al.
events of moment (1995)
tensor
Explosion Vertical IGUCHTI (1994)
events expansion
model
BH- and BL- Vertical TIGUCHI (1994)
type events expansion
model
Tokachi BL-type Single force NISHIMURA et
volcano events al. (1994)
Tremor Single force
(BL-type) .
Asama Explosion Single force TAKEO et
volcano event al. (1984)

shallower locating because Rayleigh waves build up. We calculated synthetic seis-
mograms at each focal depth for every 10 degree for the range of PHI=0° to PHI=
360°, and THET=—30° to 80°. A change in the dip angle of the source has also an
effect the amplitude ratios of the vertical to the horizontal component of the
synthetic seismograms. A change in the azimuth of the source results in amplitude
ratios of the E-W component to the N-S component of the synthetic seismograms.

We filtered observed and synthetic seismograms using a Chebyshev band-pass
filter whose passband and stop band was 1 Hz to 3Hz and 5 Hz, respectively. A zero-
phase shift filter was used. Observed seismograms were shown for displacement
amplitude which was calculated from the velocity amplitude by performing a
numerical integration.

The analysis of B-type events was essentially based on three-component seismo-
grams from station MAE in this study. We also analyzed B-type events from other
stations. The station MAE is located 1.3 km east of the crater. The seismograms of
B-type events from station MAE were much clearer than those from other stations.
Therefore, the comparison of the synthetic seismograms with observed ones from
other stations was depicted as additional information. As cited in Chap. 4, the
dominant frequencies of seismic signals from stations MAE, FUJ, and SAN were
slightly different (cf. Fig. 13). MiNakaMI ef al. (1970 a) described the geological forma-
tions on which seismic stations were built. The geological formations at stations
FUJ and SAN are recent pumice. However, those at station MAE are volcanic
bombs and ash on lava flows. Therefore, it is natural for the dominant frequencies
of B-type events to be slightly different at these stations.

— 204 —




The Source Mechanism of B-type and Explosion
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Fig. 30a. Model check of explosive source model. Comparison
of observed seismograms of a BM-type event at 11 h 16 m March
13, 1983 with synthetic ones at station MAE for the explosive
source model. A parabolic triangle function is assumed for the
source time function. At top left is an assumed source time
function. At top right is cumulative source time function
obtained with five iterations. AIC indicates AKAIKE s Informa-
tion Criterion. H denotes the hypocenter depths of synthetic
seismograms. We can see that the amplitude of the N-S
component of synthetic seismograms is smaller than that of
observed ones.
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Fig. 30b. Model check of explosive source model. Comparison
of observed seismograms of a BM-type event at 11h 34 m March
13, 1983 with synthetic ones at station MAE for the explosive
source model. A parabolic triangle function is assumed for the
source time function. At top left is an assumed source time
function. At top right is cumulative source time function
obtained with five iterations. AIC indicates AKAIKE's Informa-
tion Criterion. H denotes the hypocenter depths of synthetic
seismograms. We can see that the amplitude of the N-S
component of synthetic seismograms is smaller than that of
observed ones.
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Fig. 30c. Model check of explosive source model. Comparison of
observed seismograms of a BL-type event at 14h 56 m March 13,
1983 with synthetic ones at station MAE for the explosive
source model. A parabolic triangle function is assumed for the
source time function. At top left is an assumed source time
function. At top right is cumulative source time function
obtained with five iterations. AIC indicates AKAIKE's Informa-
tion Criterion. H denotes the hypocenter depths of synthetic
seismograms. We can see that the amplitude of the N-S
component of synthetic seismograms is smaller than that of
observed ones.
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Fig. 30d. Model check of explosive source model. Comparison
of observed seismograms of a BL-type event at 15h 49m March
13, 1983 with synthetic ones at station MAE for the explosive
source model. A parabolic triangle function is assumed for the
source time function. At top left is an assumed source time
function. At top right is cumulative source time function
obtained with five iterations. AIC indicates AKAIKE's Informa-
tion Criterion. H denotes the hypocenter depths of synthetic
seismograms. We can see that amplitude of the N-S
component of synthetic seismograms is smaller than that of
observed ones.
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Fig. 31a. Model check of the vertical single force model. Com-
parison of observed seismograms of a BM~type event at 11h 16
m March 13, 1983 with synthetic ones at station MAE for the
single force model. A parabolic triangle function is assumed
for the source time function. At top left shows an assumed
source time function. At top right is cumulative source time
function obtained with 5 iterations. ' RSS shows squared error.
THET and PHI indicate the best-fit angle of the dip and the
azimuth, which was measured clockwise and anticlockwise,
respectively (cf. Fig. 29). Angle is measured in degrees.
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Fig. 31b. Model check of vertical single force model. Com-
parison of observed seismograms of a BM-type event at 11 h 34
m March 13, 1983 with synthetic ones at station MAE for the
single force model. A parabolic triangle function is assumed
for the source time function. At top left is an assumed source
time function. At top right is cumulative source time function
obtained with five iterations. RSS shows squared error.
THET and PHI indicate best-fit angle of the dip and the
azimuth, which was measured clockwise and anticlockwise,
respectively (cf. Fig. 29). Angle is measured in degrees.
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Fig. 3l1c. Model check of vertical single force model. Com-
parison of observed seismograms of a BM-type event at 11 h 43
m March 13, 1983 with synthetic ones at station MAE for the
‘single force model. A parabolic triangle function is assumed
for the source time function. At top left is an assumed source
time function. At top right is cumulative source time function
obtained with five iterations. RSS shows squared error. THET
and PHI indicate best-fit angle of the dip and the azimuth,
which was measured clockwise plus and anticlockwise plus,
respectively (cf. Fig. 29). Angle is measured in degrees.
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Fig. 31d. Model check of vertical single force model. Com-
parison of observed seismograms of a BL-type event at 14h 56
m March 13, 1983 with synthetic ones at station MAE for the
single force model. A parabolic triangle function is assumed
for the source time function. At top left is an assumed source
time function. At top right is cumulative source time function
obtained with five iterations. RSS shows squared error. THET
and PHI indicate best-fit angle of the dip and the azimuth,
which was measured clockwise and anticlockwise, respectively
(cf. Fig. 29). Unit of the angle is degree.
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Table 9. The source of BM-type event.
A: Cylindrical model [J: Tensile crack model

N fi name depth dip azimuth source
(km) (degree) (degree)

1 ASBL1.04 1.0 30 120 (1) A

30 20 (2) O

2 ASBL1.05 1.0 30 120 (1) A

: 40 120 (2) O

3 ASBL1.06 1.0 30 120 (1) A

40 120 (2) O

4 ASBL1.14 1.0 30 120 (1) A

30 120 (2) O

5 ASBL1.17 1.0 30 130 (1) A

30 120 (2) O

6 ASBL1.23 0.5 40 30 (1) A

40 30 (2) O

6.2.1 Model check for explosive source model

First we made a simple verification of the validity of an explosive source model.
We assumed that the source is located under the center of the crater. Then the
azimuth of station MAE is approximately —24 degrees from the east (Fig. 29). Fig.
30 shows the comparison of the synthetic seismograms for the explosive ‘source
model and the observed ones of BM-type and BL-type events. In Fig. 30 ITR,
THET, and PHI denote the number of iterations, the dip angle and the azimuth of the
source, respectively. H shows the assumed source depth. RSS and AIC indicate
squared residuals and AKAIKE'S Information Criterion, respectively. At a glance we
can see the displacement amplitude of the N-S component (approximately transverse
direction) from the synthetic seismograms are fairly smaller than those of observed
ones. Therefore, we may conclude that the isotropic explosive source model cannot
explain the observed seismograms.
6.2.2 Model check for vertical single-force model

Next, we verify the validity of the single force model. A vertical single force is
inclined with the dip angle THET and the azimuth PHI. We broke a vertical single
force down into three components in the Cartesian coordinate. Fig. 31 shows a
comparison of the synthetic seismograms for the vertical single force model and the
observed seismograms of BM- and BL-type events. Fig. 31a and 31b show a com-
parison of the synthetic seismograms and observed ones of a BM-type event at 11h
16 m March 13, 1983 and a BM-type event at 11 h 34m March 13, 1983, respectively.
In these cases, cumulative source time functions show that the upward motion is
dominant in the source region. Fig. 31c¢ and 31d show the results of a BM-type
event at 11 h 43m March 13, 1983 and a BL-type event at 14h 56 m March 13, 1983.
Both show that the pward motion is dominant in the initial phase. In these four
cases, the residuals were the smallest in the six candidates of source models and the
match between synthetic waveforms and observed ones is the best among the six
candidates. However, an upward single force is represented by the counterforce of
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the actual source process. Hence, the upward single force corresponds to the
downward movement of volcanic gases or downward ejecta motion. Therefore, we
do not adopt the single force model which has a dominant upward motion (e.g., UHIRA
and TAakEeo, 1994; SAwapa, 1994). Thus we discuss the waveform match of B-type
events for the remainder of the four source models: 1) a cylindrical source model, 2)
a tensile crack model, 3) moment tensor component Mzz, and 4) CLVD source model.
6.2.3 BM-type events

As mentioned earlier, we assumed that the hypocenters of BM-type events were
located under the crater and the source depths are placed from —1.0 km to 1.5 km at
every 0.5 km beneath sea level. Weighting factor is assumed to be 1.0 for stations
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Fig. 32a. The source process for a BM-type event at 11h 16m
March 13, 1983. Comparison of observed seismograms with the
synthetic ones at station MAE for a cylindrical model. The
parameters are same as Fig. 31.
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Fig. 32b. The source process for a BM-type event at 11h 16m
March 13, 1983. Comparison of observed seismograms with the
synthetic ones at station MAE for a tensile crack model. The
parameters are same as Fig. 31.
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Fig. 32c. The source process for a BM-type event at 11h 16m
March 13, 1983. Comparison of observed seismograms with the
synthetic ones at station MAE for a moment tensor component
Mzz model. The parameters are same as Fig. 31.
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Fig. 32d. The source process for a BM-type event at 11h 16m
March 13, 1983. Comparison of observed seismograms with the
synthetic ones at station MAE for a CLVD model. The
parameters are same as Fig. 31

MAE, FUJ, and SAN and 0.5 for stations SEK, HOT, GIP, ONI, and KUR, respectively.
We filtered observed and synthetic seismograms using a Chebyshev band-pass filter
whose passband was 0.8 Hz to 1.5 Hz and stop band of 4 Hz. A zero-phase shift filter
was used. Observed seismograms were shown in the displacement amplitude,
which was calculated from the velocity amplitude by performing a numerical
integration. In Fig. 32-43. ITR shows the number of iterations and H denotes the
source depth of the synthetic seismograms. THET and PHI indicate the dip angle
and the azimuth of the source. As discussed in 6.1.1, the parameter of p was
determined to maximize the correlation between the observed and the synthetic
seismograms (cf. eq. (7)). We calculated p for three components and compared the

—211—



Munehisa SAWADA
BM—type; 1983 3/13 11 h 16 m

ASBL1.04 CYLINDRICAL MODEL
0BS. SYN.
MAE U MAE U
D RSS X10%#5 =
0.174278
AC =
—9943.02

MAE MAE

MAE

-
<
<
-n
<
<

£
g
4

1.0 km

b4
=

TR
[T

SAN
ITR

g
z

SAN

T
w

3
=

HOT
SEK SEK
GIP GIP

ONI ONI

KUR KUR

012 3 45 6S 012 3 45 6S
L s [ M S S S S

Fig. 33. The source process for a BM-type event at 11h 16m
March 13, 1983. Comparison of observed seismograms with the
synthetic ones for a cylindrical source model. A parabolic
triangle function is assumed for the source time function.

residuals for the three components. We adopted p determined from the vertical
component seismograms because the residuals were the smallest. However, the
phases of the horizontal components, especially in the E-W component, between the
observed seismograms and the synthetic ones are slightly different from each other.
We analyzed six examples of BM-type events. The results are summarized in Table
9. For six examples of BM-type events the best-fit model was a cylindrical model
and the second best fit model was a tensile crack model. Here we discuss three
examples of BM-type events.
6.2.3.1 Example 1: a BM-type event at 11 h 16 m March 13, 1983 .
The source process of a BM-type event at 11h 16m March 13, 1983 was in-
vestigated for four candidates source models. The comparison between the ob-
served seismograms and the synthetic ones for the four candidates source models at
station MAE is shown in Fig. 32. Among the four source models a cylindrical model
gives the minimum squared residuals and the minimum AIC (Fig. 32a). The source
depth was assumed to be 1.0km beneath sea level. The cumulative source time
function for the cylindrical model shows that the contraction component is domi-
nant. This suggests that the seismic signals of BM-type events are the results of
contractions in the source region. A tensile crack model gives the second minimum
AIC (Fig. 32b). Compared to the results of a cylindrical model the matching of
phases in the E-W component is not so good in the case of a tensile crack model (Fig.
32). Moment tensor M,. component and CLVD models are larger in the squared
residuals (Fig. 32c and Fig. 32d). Fig. 33 shows a comparison between the observed
seismograms and the synthetic ones of a cylindrical source model from eight seismic
stations of AVO. Seismic signals from station MAE were clear. However, those
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Fig. 34a. The source process for a BM-type event at 11h 34m
March 13, 1983. Comparison of observed seismograms with the
synthetic ones at station MAE for a cylindrical model.
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Fig. 34b. The source process for a BM-type event at 11h 34m
March 13, 1983. Comparison of observed seismograms with the
synthetic ones at station MAE for a tensile crack model.

from other station were very noisy. Therefore, we depicted Fig. 33 to provide
additional information.
6.2.3.2 Example 2: a BM-type event at 11h 34m March 13, 1983

A BM-type at 11h 34m March 13, 1983 was investigated. Fig. 34 shows a
comparison between the observed seismograms and the synthetic ones at station
MAE. The source depth was assumed to be 1.0 km beneath sea level. A cylindrical
model gives the minimum squared residuals and the minimum AIC (Fig. 34a). The
cumulative source time function for the cylindrical model shows that the expansion
component is slightly dominant in the source region. A tensile crack model gives
the second minimum AIC (Fig. 34b). Fig. 35 shows a comparison of observed seis-
mograms from eight seismic stations of AVO with synthetic seismograms.
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Fig. 35. The source process for a BM-type event at 11h 34m
March 13, 1983.. Comparison of observed seismograms with the
synthetic ones for a cylindrical source model. A parabolic
triangle function is assumed for the source time function.

6.2.3.3 Example 3: a BM-type event at 11h 43 m March 13, 1983

A comparison between the observed seismograms of a BM-type event at 11 h 43
m March 13, 1983 and the synthetic ones at station MAE is shown in Fig. 36. A
cylindrical model gives the minimum squared residuals and the minimum AIC (Fig.
36a). In this case the expansion component is dominant in the source region. A
tensile crack model offers the second minimum AIC (Fig. 36 b). Comparison of the
observed seismograms from eight seismic stations of AVO with the synthetic ones of
a cylindrical model is shown in Fig. 37.

Thus we can see that in the case of BM-type events cylindrical and tensile crack
models match the observed seismograms (cf. Table 9). As for the source time
function for a cylindrical model, the expansion component is dominant. However,
we cannot ignore the contraction component. Therefore, the seismograms of BM-
type events are the results of vibrations excited by the pressure increase of cylindri-
cal form, as well as the pressure decrease.

6.2.4 The BL-type events

We analyzed five examples of BL-type events that were used in stacked spectra
(Fig. 13¢c). We assumed that the hypocenters of BL-type events were also located
under the crater and six source depths from —1.0 km to 1.5 km at every 0.5 km
beneath sea level. We investigated the source process of BL-type events for four
candidates source models. As was in the case of BM-type events, the cylindrical
model and the tensile crack model give the minimum and the second minimum
squared residuals and AIC. Therefore, we omitted the results for the M,, component
and the CLVD source. In Fig. 38-43 ITR and H denote the number of iterations and
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Fig. 36a. The source process for a BM-type event a 11h 43m

March 13, 1983. Comparison of observed seismograms with the
synthetic ones at station MAE for a cylindrical model.
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Fig. 36 b. The source process for a BM-type event at 11h 43m
March 13, 1983. Comparison of observed seismograms with the
synthetic ones at station MAE for a tensile crack model.

the source depth of synthetic seismograms. THET and PHI indicate the dip angle
and the azimuth of the source. As discussed in the previous section, we calculated
p for three components and compared the residuals for the three components and
adopted p determined from vertical component seismograms because the residuals
were smallest. Actually, in the case of a BL-type event, the amplitude of the vertical
component is fairly large. The results are summarized in Table 10. Asin the cases
of BM-type events, the best-fit model for BL-type events was a cylindrical model
and the second best-fit model was a tensile crack model.
6.2.4.1 Example 1: a BL-type event at 14h 56 m March 13, 1983

Comparison between the observed seismograms and the synthetic ones of a
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Fig. 37. The source process for a BM-type event at 11h 43m
March 13, 1983. Comparison of observed seismograms with the
synthetic ones for a cylindrical source model. A parabolic
triangle function is assumed for the source time function.

Table 10. The source of BL-type event.
A: Cylindrical model [J: Tensile crack model

No. file name depth dip azimuth source
: (km) (degree) |(degree)
1 ASBL1.09 1.0 30 130 (1) A
30 30 (2) O
2 ASBL1.11 0.5 30 20 (1) A
60 60 (2) O
3 ASBL1.24 0.5 30 20 (1) A
30 20 (2 O
4 ASBL1.25 0.5 30 20 (1) A
20 20 (2) O
5 ASBL2.02 0.5 30 20 (1) A
30 20 (2) O

cylindrical and a tensile crack models at station MAE is shown in Fig. 38. The
cumulative source time function for the cylindrical model shows that the expansion
component is slightly dominant. The matching of waveforms in the horizontal
components is not as good as that in the vertical components. A tensile crack model
gives the second minimum AIC (Fig. 38b). Fig. 39 shows a comparison of the
observed seismograms from eight seismic stations of AVO with the synthetic ones of
the cylindrical model.
6.2.4.2 Example2: a BL-type event at 15h 19m March 13, 1983

Fig. 40 shows a omparison between the observed seismograms and the synthetic
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Fig. 38a. The source process for a BL-type event at 14h 56 m
March 13, 1983. Comparison of observed seismograms with the
synthetic ones at station MAE for a cylindrical model.

0724 8s0° 2 4 8502 4 %S

BL-TYPE; 1983 3/13 14h 56m

+
RISE TIME/2=0.60

PARABOLIC TRIANGLE 4 IR= 5

1.0 THET=  30.0

- PHI = 30.0
0 2 4 6
[ - —
05 725 SOURCE TIME FUNCTION
SYN. v “ ﬁ“r N 3 TENSILE CRACK
b s Ub w UU H= 1.0 km

RSS X105 =
) 0.248228
AIC = -9677.749

BL~TYPE ASBL1.09
MAE "‘N’\/\/\f . .
0BS. © s w [ 1.93 X 10%#(-5) m

Fig. 38b. The source process for a BL-type event at 14h 56m
March 13, 1983. Comparison of observed seismograms with the
synthetic ones at station MAE for a tensile crack model.
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ones at station MAE. = A cylindrical model gives the minimum squared residuals and
AIC (Fig.40a). The cumulative source time function shows that the expansion
component is dominant at first and the contraction component appears later. A
tensile crack model gives the second minimum AIC (Fig.40b). Fig. 41 shows a
comparison of the observed seismograms from eight seismic stations of AVO with
the synthetic ones of a cylindrical model. )
6.2.4.3 Example 3: of a BL-type event at 3h 1 m March 17, 1983

A comparison between the observed seismograms and the synthetic ones at
station MAE is shown in Fig. 42. A cylindrical model gives the minimum squared
residuals and the minimum AIC (Fig. 42a). The cumulative source time function
shows that the expansion component is dominant at first and the contraction
component become dominant later. A tensile crack model gives the second mini-
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Fig. 39. The source process for a BL-type event at 14 h 56 m March
13, 1983. Comparison of observed seismograms with the
synthetic ones for a cylindrical source model. A parabolic
triangle function is assumed for the source time function.

mum AIC (Fig. 42b). Fig. 43 shows a comparison of the observed seismograms from
eight seismic stations of AVO with the synthetic ones of the cylindrical model.

In the cases of BL-type events, we can cull the prospects to two source models:
1) the cylindrical model, 2) the tensile crack model. A source model that gives the
minimum AIC is the cylindrical model (cf. Table 10). Locations of hypocenters of
the source ranged from 0.5 km to 1.0 km (cf. Table 10). Locations of synthetic BL-
type events seem to be shallower than those of BM-type events. The results are
consistent with those obtained from the waveform analysis. The source time func-
tion for the cylindrical model shows that the seismic signals of BL-type events are
the results of vibrations excited by not only the pressure increase but also the
pressure decrease.

6.3 Source mechanism of the explosion event at April 26, 1982

We analyzed the initial phase of the explosion event on April 26, 1982 which was
recorded by 1 s short period velocity-type seismographs (Fig. 24). First, we verified
the validity of explosive source and single force models.

Figure 44 a shows a comparison of the observed seismograms and the synthetic
ones from the isotropic explosive source at station MAE. The displacement ampli-
tude of the N-S component from synthetic seismograms is much smaller than those
of observed seismograms. Because the waveform match is not good, we rejected the
explosive source model from among the candidates.

Fig. 44b shows a comparison of the observed seismograms and the synthetic
ones from an inclined vertical single force model at station MAE. In Fig. 44 a
parabolic triangle function is assumed for the source time function. As mentioned
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Fig. 40a. The source process for a BL-type event at 15h 19m
March 14, 1983. - Comparison of observed seismograms with the
synthetic ones at station MAE for a cylindrical model.
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Fig. 40b. The source process for a BL-type event at 15h 19m
March 14, 1983. Comparison of observed seismograms with the
synthetic ones at station MAE for a tensile crack model.

earlier, THET and PHI denote the dip angle and the azimuth of the source, respective-
ly (Fig. 29). The cumulative source time function shows that the upward compo-
nent is dominant in the initial phase of the explosion earthquake. Therefore, we do
not adopt the single force model. . _

We chose three examples of time windows, i.e., a 3 sec, a 6 sec, and a 12 sec time
window for the assumed source time function. We further assumed that the hypoc-
enter of the explosion earthquake was located under the crater and three source
depths of 0km, 0.5km, and 1.0km beneath sea level. We used a Chebyshev band-
pass filter whose passband was 0.5 to 2Hz and stop band of 4 Hz for 5 s seismograms
and passband of 1.0 to 3Hz and stop band of 5Hz for 1 s short period seismograms,
respectively. A zero-phase shift filter was used.

We calculated the residuals of the four source models: 1) cylindrical model, 2)
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Fig. 41. The source process for a BL-type event at 15h 19m March
14, 1983. Comparison of observed seismograms with the
synthetic ones for a cylindrical source model. A parabolic
triangle function is assumed for the source time function.

tensile crack model, 3) moment tensor component M, and 4) CLVD source model.
The source model that gives minimum residuals and AIC is the moment tensor M,
component (Fig. 45 a) and those of the second minimum is the cylindrical model (Fig.
45b). Fig. 46 shows a comparison of observed seismograms from eight seismic
stations of AVO with the synthetic seismograms of the M,, component of moment
tensor.
6.4 Source size

A volume source is represented by a point source whose dimensions should
satisfy the following conditions,

lZ

7minA min

<<,

where, [, 7min and Ami, are the source dimensions, the minimum epicentral dis-
tance, and the minimum wavelength, respectively (Ak1 and RicHARDS; 1980). -7min and
Amin for B-type and explosion events from station MAE and NAK are listed in Table
11. B-type and explosion events presumably occur in the vent. Therefore, 7mi, at
station MAE and NAK for B-type and explosion events are approximately 1.3km and
42 km respectively. If we assume wave velocity of 24km, and the dominant
frequency of 1 or 2Hz for BM-type and BL events, Ami, is estimated to be in the order
of kilometers. As for the source size, we may think that the source sjze of B-type
and explosion events is comparable to the vent size. The radius of the vent is
considered to be less than one hundred meters at Asama volcano (SHIMOZURU et al.,
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Fig. 42a. The source process for a BL-type event at 3h 1m
March 17, 1983. Comparison of observed seismograms with the
synthetic ones at station MAE for a cylindrical model.
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Fig. 42b. The source process for a BL-type event at 3h Im
March 17, 1983, Comparison of observed seismograms with the
synthetic ones at station MAE for a tensile crack model.
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1982). SumMozURU et al. (1982) found that the radius of lava is approximately 60m,
which filled up the vent at the time of the 1973 eruption. Therefore, we think that
the point source approximation holds good.
6.5 Source process of B-type events

We have discussed the model of equivalent body-force of BM-, BL-, and explo-
sion events. In this section we discuss the substance of B-type earthquakes. More
than three decades ago, MinakaM (1960) successfully predictited explosive volcanic
eruptions of Asama volcano. His prediction of volcanic eruptions was based on the
simple empirical formula that B-type earthquakes increased in number before the
eruption of Asama volcano. Furthermore, he suggested that there were two kinds
of B-type event; one is correlated with eruptive phenomena of Asama volcano, and
the other has no relation with them. B-type events related to the Asama activity

— 221 —




Munehisa SAWADA

BL—type; 1983 3/17 3h 1m
ASBL1.25 CYLINDRICAL MODEL
0BS. SYN.
MAE—gw-'\/\/\/\r MAEW
RSS X10**5 =
MAE MAE [N
F——V\~ s 0.091387
MAE MAE _E___u\/\/\__ =
VAV £ AIC
FOW A~ U~~~ ~10427.18
D D
SAN (U — SAN |U
D D
SAN %"M"M‘ SAN N H = 0.5km
MR = 5
SAN SAN |E
- W RT = 05
HOT U, HOT {U
i D ——
SEK|U o~ SEK U
D ")
GPlU__ A~ GiP |U
D D
onvflu_ oNI |u
D D
KUR LU KUR U
D 3]
01 2 3 4 5 865 012 3 45 6S

Fig. 43. The source process for a BL-type event at 3h 1 m March
17, 1983. Comparison of observed seismograms with the
synthetic ones for a cylindrical source model. A parabolic
triangle function is assumed for the source time function.

have similar waveforms to those of explosion events. He also found that the
minimum amplitude of explosion events corresponds to the maximum amplitude of
B-type events related to eruptive phenomena. As cited earlier, IsarHaRA and Icuchr
(1989) found that BH-type swarms occurred during the inflation stage with no
significant changes of eruptive activity of Sakurajima volcano and swarms of BL-
type events took place during the period of rapid deflation of the summit area with
the successive emission of volcanic ash and gases. Thus, according to IsuiHARA and
IcucHr (1989) we can understand MiNAkaMI’s description by replacing the words “B-type
events related to eruptive phenomena” and “B-type events with no relation to those” with
“typical BL-type” and “BH-type events”, respectively.

As was shown in Sec. 6.2 a cylindrical model gives the minimum residuals and
the minimum AIC for BM- and BL-type events. Moreover, the results of an analysis
using the cylindrical model suggest that volume changes in the source region of BM-
and BL-type correspond not only to expansion but also to contraction (e.g., UHIRA
and TakEo, 1994). Here we estimate the strain in the source region of BM- and BL-
type events (c.f. Fukuvama and Takeo, 1990; Unira and TAkEO, 1994). We assume that
a finite cylinder filled with liquid is located in the source region of BM- and BL-type
events. Assuming the radius of the cylinder is much smaller than the seismic
wavelength, the volumetric source is represented by the moment density tensor (cf.
Table 6)
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Fig. 44a. Model check for the explosive source model. Com-
parison of observed seismograms of the explosion event at 2h
25m April 26, 1982 with synthetic ones at station MAE for an
explosive source model. We can see that the amplitude of the
N-S component of synthetic seismograms is smaller than that
of observed ones.
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Fig. 44b. Model check of the vertical single force model. Com-
parison of observed seismograms of the explosion event at 2h
25m April 26, 1982 with synthetic ones at station MAE for an
explosive source model. Initial motion is an upward vertical
force.
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where V, 4, 8, denote volume change of a cylinder, rigidity (A=g is assumed),
strain in the radial component of a cylinder, respectively. We assumed P wave
velocity of 2.4 km/s and density 2.0 kg/m?, A =p=4X10°N/m?. If we assume seismic
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Fig. 45a. The source process for the explosion event at 2h 25m
April 26, 1982. Comparison of observed seismograms with
synthetic ones for a moment tensor Mzz component model. A
parabolic triangle function is assumed for the source time
function.
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Fig. 45b. The source process for the explosion event at 2h 25m
April 26, 1982. Comparison of observed seismograms with
synthetic ones for a cylindrical model. A parabolic triangle
function is assumed for the source time function.

moment tensor of My, or M,, to be range from —10"! Nm to —102 Nm, then V&
Assuming the radius of a cylinder to be 60m and the
effective length of a cylinder to be 10m, 6 is ranging from —5X107* to —5x107%
These values are approximately one-tenth to one-hundredth in the case of the'1987

eruption of Izu-Oshima volcano.

N-type earthquakes at Asama volcano

CHOUET et al. (1994) and CrHOUET (1996 a) discussed the source mechanism of long-
period events at Redoubt volcano and concluded that long-period events were
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Fig. 46. Comparison of observed seismograms with synthetic ones
at station MAE for a cylindrical model. a. Left shows an
assumed source time function. We used a parabolic triangle
function. At right is cumulative source time function obtained
with 25 iterations. b. RSS shows squared error. THET and PHI
indicate best-fit angle of the dip and the azimuth which was
measured clockwise, respectively (cf. Fig. 29). Unit of the angle is
degree.

Table 11. The source dimensions.
Foin X Ao N’
fuw :the minimum epicentral distance
A, tthe minimum wave length
d: the source dimension
Vp=2.40 km/s

Station: MAE(r,, =1.3 km)
———eeeeeeeeee———————————————————
F d
requency P Fain X A 2
1 2.40 3.12 1.77 >>
2 1.20 1.56- 1.25 >>
3 0.80 1.04 1.02 >>
£ 0.48 0.62 0.79 >>
190 0.24 0.31 0.56 >>
Station: NAK(r,,=4.2 km)
F .1 - <11 4 |
re(q}lilze)ncy A’min rmin x A’min (km)
0.5 4.80 20.16 5.49 >>
1 2.40 10.08 3.17 >>
2 1.20 5.04 2.24 >>

— 225 —




Fig. 48.
26).

Munehisa SAWADA

N-type; 1983 4/06 20h 48m

$1.3%X107"n/s (1n 2-20 Ho)

Al
)]

A

]
¥ s
1

o 4 8 12 16 20 24 28 32 36 40 44 48
TIME (SEC)

Fig. 47. An example of seismograms of a N-type earthquake (cf.
Fig. 5).
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Fig. 49a. An example of seismograms of hybrid earthquakes.
The tail parts of seismograms at station SAN slightly become
longer than that of BH-type events (cf. Figs. 7 and 9).

triggered by A-type earthquakes and that they were precursors to eruptive activity.
This study presents a different idea on the possible origins of N-type events.
7.1 Seismic features of N-type earthquakes
7.1.1 Seismograms of N-type events

Fig. 47 shows seismograms of N-type earthquakes. Seismograms of N-type
events begin with relatively high-frequency (5-9 Hz) waves and are followed by
quasi-monochromatic low-frequency (approximately 2 Hz) waves (cf. Fig. 47 and
Fig. 5). Waveforms similar to N-type events are observed at various volcanoes, e.g.,
Kuchinoerabu (HaMaDA et al., 1975), Kusatsu-Shirane (Ugki, et al., 1985; FuJita et al.,
1995), Tokachi (e.g., MATSHUSHIMA et al., 1987), Galeras, St. Helens, Pinatsubo and
Redoubt volcanoes. They are active andesitic and dacite volcanoes. CHOUET et al.
(1994) called this type of earthquake a long-period earthquake. Although in Japan
N-type events are observed at various andesitic volcanoes, they are not observed at
Sakurajima volcano, which is a typical active andesitic volcano. Hence we may
think that the occurrence of N-type events depends on the structure of the volcano.
N-type events appeared before the 1958 and the 1983 eruptions of Asama volcano.
Before the 1958 eruption N-type events having a duration of approximately 10
minutes were recorded at Asama Volcano Observatory. However, as mentioned
earlier, TaNAKA and JinGu (1979) found that N-type events could not be regarded as
precursors to the eruptive stage of Asama volcano, because they are often observed
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Fig. 49b. An example of seismograms of hybrid earthquakes.
The tail parts of seismograms at station SAN slightly become
longer than that of BH-type events (cf. Figs. 7 and 9).

at the calm stage.

Seismograms of N-type events indicate that amplitude and duration become
maximum at station SAN. In the cases of B-type events the maximum amplitude
and duration are recorded at station MAE (cf. Figs. 47 and 5).

7.1.2 Hypocenters of N-type events

Hypocenters of N-type events are located beneath the vent of Asama volcano
(Fig. 48). Focal depths of N-type events range approximately from 0 to 1km
beneath sea level. A-type events do not occur at these places at Asama volcano (cf.
Fig. 26).

7.1.3 Seismograms of N’'-type events

Before the occurrence of typical N-type events “the hybrid” events that share
both wave characteristics of B-type and N-type events appear. Hereafter, we call
this type of event a N'-type event. Fig. 49 shows seismograms of a N’~type event.
Seismograms of a hybrid event show that waveforms are very similar to those of BH-
or BM-type events except with coda parts of seismograms at station SAN. Fig. 49
shows that the coda parts of hybrid events at station SAN extend slightly and share
the waveforms of N-type events. Hybrid events also tend to swarm.

7.1.4 Peculiarity of N-type events ’

As was shown in Fig. 48 hypocenters are determined from initial motions locate

beneath the vent.” Important features of N-type events are that the maximum
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Fig. 50. The daily number of earthquakes at station MAE in March and April of 1983.
The swarm of B-type events are followed by the occurrence of N-type events.
(Modified SHiMOzURU and KaGIyama (1989)).

amplitude and duration of the main monochromatic oscillations are not recorded at
station MAE closer to the epicenter than station SAN. The amplitude and the
duration of N-type events are maximum at station SAN, which is located 2.6 km east
of the vent. This is in contrast to the B-type events in which the maximum
amplitude and duration are recorded at station MAE. This strongly suggests that
the main motion of N-type event is not generated at the initial source (i.e., near the
vent), but elsewhere near station SAN.
7.2 Time sequence of N-type events

In Fig. 50 N’ and N indicate the first occurrence time of hybrid and typical N-
type events following the swarm of B-type events, respectively. After the swarm of
B-type events hybrid events appear at first, then N-type events appear and begin to
increase. - As mentioned earlier, N-type events tend to swarm. These observational
facts are very important when discussing the origins of N-type events. Here, we
summarize the occurrence of N-type events. N-type events occur in the following
time sequence: '

1) N-type events follow the swarm of B-type events (cf. Fig. 47);
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Fig. 51a. Five stacked velocity spectra of N-type events
from the vertical component at station MAE and
individual seismograms of N-type events used for
velocity spectra.

2) Hybrid events of B-type and N-type events appear at first. Hybrid events
are characterized by similar waveforms to B-type events having small tails with a
frequency of approximately 2 or 3Hz;

3) Then typical N-type events appear. N-type events tend to swarm (cf. Fig.
47).
7.3 Wave characteristics of N-type and hybrid events
7.3.1 Spectral analysis

Figure 51 a shows the stacked spectra and individual seismograms of N-type
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Fig. 51b. Five stacked velocity spectra of N-type events
from the vertical component at station SAN and
individual seismograms of N-type events used for
velocity spectra.

events at station MAE. We can distinguish five prominent peaks at about 2, 6, 7, 9,
and approximately 1 Hz for a N-type event at station MAE (Fig. 51a). Conversely,
the stacked spectra of N-type events from station SAN show five or six strong peaks.
The peak frequencies seem to have even harmonics (Fig. 51 b). The spectral peaks at
SAN are much stronger than those at station MAE. This suggests that the locations
of main motions of N-type events are near station SAN. Figure 52 a shows stacked
spectra and individual seismograms of hybrid events at station MAE. Stacked
spectra are very similar to those of BH-type events. We can distinguish five
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Fig. 52a. Five stacked velocity spectra of hybrid events
from the vertical component at station MAE and
individual seismograms of hybrid type events used for
velocity spectra.

prominent peaks at about 6, 7,9, 2, and 4 Hz for hybrid events at station MAE. The
stacked spectra of hybrid events from station SAN show a very strong peak at 4 Hz
(Fig. 52b). The stacked spectra of hybrid events from station SAN are also very
similar to those of BH-type events (cf. Fig. 15a-4).

Running spectra of N-type and hybrid events are also examined. - Fig. 53a
shows the running spectra of N-type events from station MAE. Except for the coda
part (between solid arrows in Fig. 53a), the running spectra are similar to those of
BM-type events (cf. Fig. 16c). Fig. 53 b shows the running spectra of a N-type event
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Fig. 52b. Five stacked velocity spectra of hybrid events
from the vertical component at station SAN and
individual seismograms of hybrid type events used for
velocity spectra.

from station SAN. We can recognize a strong, stable peak at approximately 4 Hz.
Fig. 54a shows the running spectra of a hybrid events from station MAE. Except
for the coda part, the running spectra are similar to those of BH-type events (cf. Fig.
16a). Fig. 54b exhibits running spectra of a hybrid event from stations SAN. To
analyze the initial phases of N-type events, the MEM method does not give high
enough resolution. Therefore, we introduced the Sompi method as mentioned in the
Appendix. Fig. 55 shows running spectra of a N-type event from station SAN
obtained by the Sompi method. In Fig. 55 spectral peaks are represented by solid
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Fig. 53a. Running spectra of a N-type event recorded at station
MAE. The spectra were calculated for a 3-s time window at
0.1s time intervals. Power spectral density is graded into ten
classes on a linear scale.

and open bars, which indicate increasing and decreasing amplitude in the time
window of 0.5 sec, respectively. The power spectral density is graded into 10 classes
on a linear scale. The spectral peaks of high frequency portions represent the
spectral features of BH-type events. We can see that a stable peak at approximately
2-3 Hz lasted for a long time.

From a pectral analysis we may conclude that spectra from high-frequency

portions of N-type or hybrid events are very similar to those of BH- or BM-type
events.

7.3.2 Polarization analysis

Figure 56 shows a low-frequency portion (1-4 Hz) of particle motion diagrams for
a N-type event. The amplitude of the horizontal component of N-type events is
about two times larger than that of the vertical component. A particle motion
diagram at station MAE starts with prograde motions (solid arrow at approximately
6 sec in the time axis in Fig. 56a). Retrograde and prograde motions appear alter-
nately at station MAE. Fig. 56b shows that the prograde motion is dominant at

— 234 —




The Source Mechanism of B-type and Explosion

N-type; 1982 4/06 20h 48m
U-D comp.
station = SAN

ppra bt e lavaaabeanals

T

4

I
{

'

{‘“&

it

to QOGW ° @@@g

(DES) GNIL
svyez1t1o0
ods 1°0
0.1 SEC

NF=44

WAl
M’\MM\UMM’V\' N

TTT I T T TP T T T I rT I rroTs

0 5 10 15 20 25 30
FREQUENCY (Hz)

Fig. 53b. Running spectra of a N-type event recorded at station
SAN. The spectra were calculated for a 3-s time window at 0.1
s time intervals. Power spectral density is graded into ten
classes on a linear scale.

station SAN. This implies that the source of N-type events is located near station
SAN. Because station SAN is located 1.4 km east of station MAE, the locations of the
source are considered to be in west toward station SAN. Namely, the sources of N-
type events are located between stations MAE and SAN.
7.4 Summary of the seismic features of N-type events

The seismic features of N-type events are summarized as follows:

1) N-type events start with high-frequencies (5-9Hz) and are followed by
quasi-monochromatic oscillations of frequencies of approximately 2-4 Hz (cf. Fig.
47);

2) The hypocenters of N-type events are determined to be under the crater of
Asama volcano. The focal depths of N-type events range from 0 to 1 km beneath
sea level. The amplitude of initial phase seems to be proportional to the distance
from the crater; The amplitude of the initial phase of N-type events recorded at
station MAE is larger than that recorded at station SAN;

3) The amplitude and the duration of N-type events reach their maximum at
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Fig. 54a. Running spectra of a hybrid event at- station MAE.
The spectra were calculated for a 3-s time window at every 0.1s
time interval. Power spectral density is graded into ten classes
on a linear scale.

station SAN located 2.6km east of the crater. Those recorded at station MAE
located at 1.3 km east of the crater are smaller than those at station SAN. The
spectral analysis of N-type events suggests that the source of the main motions of N-
type events is located near station SAN. A polarization analysis of N-type events
supports the view that the source of N-type events is near station SAN;

4) Running spectra of N-type events show that initial motions of N-type events
are very similar to those of BH-type or BM-type events.
7.5 Possible mechanism of N-type events

As mentioned earlier, HIRABAYASHI (1982) and OnTa et al. (1988) carried out meas-
urements of emission rates of sulfur-dioxide (SO) from various volcanoes using a
correlation spectrometer (COSPEC). Figure 57 shows the relation between emission
rates of SO; and monthly frequency of volcanic earthquakes at Asama volcano. We
can recognize the correlation between SO, emission rates and eruptive activity of
Asama volcano. In Fig. 57, volcanic explosions number three. In April 1982 and
1983 we observed two minor volcanic explosions associated with explosion earth-
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Fig. 54b. Running spectra of a hybrid event at station SAN.
The spectra were calculated for a 3-s time window at 0.1s time
intervals. Power spectral density is graded into ten classes on
a linear scale.

quakes after the 1973 eruptions of Asama volcano. In addition to these, on Oct. 2,
1982 Asama volcano emitted a small quantity of volcanic ashes associated with a
weak volcanic tremor. At that time an explosion earthquake was not observed
(EARTHQUAKE RESEARCH INSTITUTE, 1983 a). - Therefore, we did not classify this event as
a volcanic explosion. However, OuTA ef al. (1988) categorized this event as a volcanic
explosion. Returning to the real subject, we may conclude that the occurrence of B-
type events has a good correlation with the emission of volcanic gases at Asama and
Sakurajima volcanoes. Furthermore, explosion earthquakes are followed by large
emissions of volcanic gases (e.g., [SHIHARA et al., 1983; IsHIHARA, 1990).

The occurrence of hybrid events suggests that B-type events become N-type
events under some conditions. In other words, the existence of hybrid events
supports the view that N-type events are triggered by BM- or BH-type events. We
may conclude that N-type events are triggered by B-type events. Therefore, we
will discuss the trigger mechanism of N-type events. When we discuss the mecha-
nism of N-type events we must explain: 1) driving force of N-type events, and 2)
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energy balance to maintain the duration of N-type events. The distance from the
crater to station SAN is approximately 2.6 km. The duration of N-type events was
10 minutes before the eruption of 1958. What is the driving force of N-type events
that vibrates the ground for as long as 10 minutes with frequencies of approximately
2 to 4 Hz? The idea that N-type events are results of eigen vibrations of an elastic
body triggered by a physical external force has difficulty in explaining the mainte-
nance system of the oscillations over a long time with high frequencies of 2 or 4Hz.
B-type events having durations of approximately 15 to 30 s cannot maintain the 5 or
10 minutes of oscillations associated with N-type events. Moreover, the maximum
amplitude of N-type events at station SAN is much larger than that at station MAE.

Fig. 58 shows a conceptual model of the Asama volcano magma system. At this
point, we adopt the idea that the substance of B-type events are high-temperature
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% e

volcanic gases and that there is a sub-vent or a crack under the crater extending near
~ station SAN. The location of sub-vent or crack is inferred to be in the range of
about 0 to 1km beneath the vent from the distribution of focal depths of N-type
events. B-type events occurred in the depth range of 0 to 1 km reaching ground
water near the station SAN via a sub-vent or a crack. The edifice of the Asama
volcano is probably very porous. This is why the sporadic occurrence of B-type
events does not trigger N-type events and that hybrid events follow swarms of B-
type events.
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8. Discussion
8.1 Source of B-type and explosion events

The source mechanism of explosion earthquakes at Sakurajima volcano were
investigated in detail by Icucar (1994), Unira and TAkEeo (1994) and UHIRA et al. (1995 a).
Unira and Takro (1994) and Unira ef al. (1995 a) investigated the force system equiv-
alent to the volcanic eruptions using the waveform inversion method. Important
results obtained by them were: 1) the estimated source time function showed that
rapid expansion and subsequent contraction occurred in the source region at the
initial stage of the eruption, 2) a vertical force dipole M, was the largest of the
diagonal elements of the moment tensor in the initial expansion of the source region.
Although only one example of the explosion event was analyzed in this study, the
result is consistent with them. '

Hypocenter distribution of B-type and explosion events implies that they prob-
ably occur in the vent. The source model of BM-type and BL-type events at Asama
volcano obtained in this study shows that the initial stage of these events is excited
by pressure changes in the source region of cylindrical form. The spectra of BM-
type and BL-type events have approximately common prominent peaks (Fig. 14).
The difference between the dominant frequencies of BM-type events and those of
BL-type events can be explained by the difference of focal depths. Hypocenter
depths of BM-type events seem to be deeper than those of BL-type events. Because
the source mechanism of BL-type events is similar to BM-type events and the
locations of BL-type events are shallower than those of BM-type events, attenuation
of the high-frequency parts of BL-type events is much stronger than that of BM-
type events due to path effects. This may be the reason why. the spectra of BL-type
events are dominant at low frequencies than those of BM-type events.

As shown in Figs. 26 and 28, the hypocenters of BH-type events are located
deeper than those of BL-type and BM-type events. Increases in the number of the
daily frequencies of BH-type events also have a close relation to the volcanic activity
of Asama volcano. Although we omitted showning the results of an analysis of BH-
type events because we could not obtain reliable results in comparison with those of
BM-type and BL-type events, a tentative analysis of the waveform inversion of BH-
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Fig. 58. Conceptual model of the Asama volcano magma system inferred from seismic
data..

' type events suggests that the source mechanism of BH-type events may be similar to

that of BM-type and BL-type events. Moreover, both BM-type and BH~type events
could trigger N-typeevents. Therefore, we may think that the source mechanism of
BH-type events is also similar to that of BM-type and BL-type events.

As for BH-type events, the dominant frequencies of BH-type events are different
from those of BL-type and BM-type events. An approximately 1 Hz peak is found
in the spectral peaks of BL-type events. However, the peak frequency of 1 Hz is not
recognized among the spectral peaks of BH-type events. The fundamental frequen-
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cy of BH-type events is approximately 2 Hz (cf. Fig. 14). If the source of B-type is
represented by pressure changes of a fluid-filled cylinder with finite length, the
dominant frequencies are expressed as (cf. FERRICK et al., 1982),

where f is frequencies, a is the pressure wave speed in the fluid and L is the
cylinder length. The frequencies are the odd harmonics or the even harmonics as a
cylinder responds as if it were a closed (or open) pipe or a one open at one end. If the
pressure wave speed and pipe length are not so different between the top of the vent
and the bottom, the discrepancy in the dominant frequencies may be explained by
difference in pipe conditions. BH-type events are triggered by pressure changes of
an open or closed cylinder. Conversely, BM-type and BL-type events are triggered
by pressure changes of a cylinder that is open at one end. If the cylinder length of
the BL-type event is approximately the same as that of BH-type events, then the
fundamental frequency of BH-type events becomes bimodal compared to that of BL-
type events. However, if this is only one of the BH-type events, then the fundamen-
tal frequency of BH-type becomes bimodal compared to that of BL-type events.
However, this may be only possibility which explains why the fundamental frequen-
cy of BM-type and BL-type events is approximately 1 Hz and that of BH-type events
is approximately 2Hz. It is not clear whether the spectra of each type of event are
excited by odd harmonics or even harmonics. Another idea is based on experimen-
tal data that the sound speed of water-steam rich vapor is sensible to changes in
pressure and temperature (KIEFFER, 1984). If the cylindrical pipe is filled with water-
steam rich volcanic gases, volcanic gases which trigger BH-type events have much
higher pressures and temperatures than those of BM-type and BL-type events.
8.2 Long-period events at Redoubt volcano and N-type events at Asama volcano

Seismograms of N-type events at Asama volcano are very similar to those of
long-period events at Redoubt volcano. As mentioned earlier, CHOUET et al. (1994)
and CHOUET (1996) proposed a source model of long-period earthquakes at Redoubt
volcano. They occur in the following process: 1) there are a shallow hydrothermal
system and a magma chamber at Redoubt volcano; long-period event source is
located between two reservoirs; shallow magma chamber is located 2.5km beneath

Table 12. Comparison of sources of long-period earthquakes.

volcano

Asama volcano

Redoubt volcano

trigger

B-type events

A-type events

hypocenters of long-
period events

outside the vent

beneath the vent

location of trigger

beneath the wvent

beneath the vent

time sequence of
which long-period
events appear

the results of
swarms of B-type
events

precursor of
eruptive
activity
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the crater and 1-2km north of the vent, 2) a fluid-filled crack is excited by a
supersonic magmatic steam flow from the shallow magma chamber, 3) then long-
period events are produced by the resonant vibrations of a fluid-driven crack under
the crater, 4) long-period event activity is triggered by an unsteady choked flow
response to fluctuations of outlet pressure associated with the reaction of the upper
reservoir to the injection of mass and heat from below, 5) thus long-period events
appear as a precursor to the eruptive activity of Redoubt volcano.’

A comparison of this study with CHouer’s model is summarized in Table 12.
CuoueT’s model is based on the earthquake classification of LAHR et al. (1994). Lazr et
al. (1994) and Power et al. (1994) classified volcanic earthquakes at Redoubt volcano
into five types: 1) volcano-tectonic earthquakes that have clear high-frequency P
and S arrivals, 2) long-period earthquakes that have quasi-monochromatic wave-
forms and high-frequency onset phases, 3) hybrid events that share both character-
istics of volcano-tectonic events and long-period events; hybrid events that have
high-frequency onsets, clear P and S phases, and an extended coda, 4) explosion
events, 5) volcanic tremors. In their earthquake classification volcano-tectonic
events represent a brittle failure resulting from strain induced by a volcanic process,
and volcano-tectonic events include both A-type and B-type earthquakes. LAHR ef
al. (1994) and Power et al. (1994) consider that B-type events occur due to a brittle
failure in the edifice and that emergent low-frequency waveforms of B-type events

are due to the attenuation of high-frequency energy along the propagation path.
‘ Major differences between the results obtained at Asama volcano and those of
Redoubt volcano are: 1) an earthquake type which triggers N-type or long-period
events, 2) volcanic gases which excite N-type or long-period events are primary
magma origin or secondary magma origin, 3) location of the source of N-type or
long-period events. ‘

As mentioned in Chap. 3, we distinguished B-type earthquakes from A-type
events at Asama volcano (cf. MINaAKAMI, 1960, 1974; SAWADA, 1994). The locations of
A-type events are different from those of B-type events (cf. Fig. 26). A-type events
at Asama volcano do not occur under the vent. The occurrence of B-type events
has a close relation to the volcanic activity of Asama volcano. Moreover, we can
discriminate the spectra of B-type events from those of A-type events at Asama
volcano using the Sompi spectral analysis. CHOUET et al. (1994) and CHoutT (1996)
start from an earthquake classification obtained at Redoubt volcano. They assumed
a fluid-filled crack under the crater. In the case of Asama volcano, B-type events
occur under the crater. We think that the vent is a stable pipe which transfers a
large quantity of volcanic gases and that B-type events occur in the vent. As shown
in Chap. 6, the source mechanism of B-type events was different from that driven by
a tensile crack or a brittle failure. We analyzed the high-frequency beginnings of
N-type events and found that spectral structures of these parts are very similar to
those of B-type events. Therefore, we may conclude that N-type events at Asama
volcano are triggered by B-type events.

Locations of long-period events at Redoubt volcano are determined to be under
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the vent while the source of the main motions of N-type events at Asama volcano is
located near station SAN, which is located 2.6 km east of the crater. Therefore, we
consider that N-type events are triggered by B-type events and then excited by a
secondary source, which is located near station SAN. If N-type events at Asama
volcano are excited by volcanic gases of the primary magma origin, N-type events
may be precursors to eruptive activity. However, N-type events often occur during
a calm stage at Asama volcano (TaNAka and JiNcu, 1979). Observations that the
locations of the main motions of N-type events are located outside the vent and that
N-type events are not precursors to eruptive activity imply that N-type events are
excited by volcanic gases of a secondary magma origin.

Discrepancies in the locations of initial motions of N-type events and those of
main motions of N-type events strongly suggest that the source of main motions of
N-type events is excited by primary source under the vent and that the vent is
connected to the secondary source location by a crack or a sub-vent. Travel time at
which the initial motions of N-type events at station MAE transfer until the onset of
main motions of N-type events at station SAN is roughly estimated to be around 2.6
s (cf. Fig. 56). Apparent velocity which triggers the main motion of N-type events
from stations MAE to SAN is roughly estimated to be 0.5 km/s. This apparent
velocity is much slower than that of the initial motions of N-type events (cf. Figs. 5
and 47). This shows that the primary source is under the vent transfer to station
SAN with an apparent velocity of approximately 0.5 km/s and that locations of
primary source (i.e., the vent) and locations of secondary source are connected with
air or volcanic gases such as vapor rich steam.

9. Summary and coneclusions:

(1) B-type events may be classified as high-frequency B-type (BH-type) and low-
frequency B-type (BL-type) events. However, there are also medium-frequency B-
type (BM-type) events. BM-type events have the wave characteristics of both BH-
type and BL-type events.

(2) Focal depths of BH-type events are deeper than those of BL- and BM-type
events. Typical BL-type and explosion events predominantly consist of Rayleigh
waves.

(3) A cylindrical model gives the minimum residuals and AIC for BM- and BL-
type events. The tensile crack model offers the second minimum residuals and AIC
for BM- and BL-type events. Distribution of cumulative source time functions
suggests that BM- and BL-type events are triggered not only by expansion but also
by contraction of a cylindrical form vessel.

(4) Moment tensor M., component gives the minimum residuals and AIC for the
explosion event. The cylindrical model offers second minimum residuals and AIC.
This suggests that vibrations of the explosion event are triggered by the emission of
volcanic gases both upward and downward.

() The observational fact that emissions of volcanic gases at Asama is cor-
related with the occurrence of B-type events supports the view hat B-type events are
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the results of emissions of volcanic gases in the vent.

(6) N-type events are triggered B-type events. Hypocenters of N-type events
determined from initial motions are located under the crater. However, the results
of polarization and spectral analyses indicate that main motions of N-type events are
located near the station SAN.

() N-type events occur as the results of B-type earthquake swarms N-type
events are not a precursor of eruptive activity of Asama volcano. There are hybrid
type events between B-type and typical N-type events. These hybrid events appear
before the advent of typical N-type events.

(8) Spectral analyses of high-frequency beginnings of N-type events show that
the spectral structures are very similar to those of BH- or BM-type events. These
support the view that N-type events are triggered by B-type events,
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Appendix: The Sompi method
1. Theory

The Sompi method was proposed by KuMazawa et al. (1983, 1990). The Sompi
spectral analysis gives a higher frequency resolution and a more reliable power
amplitude than the conventional spectral analysis (e.g., the MEM or FFT method).
AsSAKAWA et al. (1988) estimated the geomagnetic transfer function using the Sompi
method. Hori et al. (1989) discussed the Earth’s free oscillations using the Sompi
spectral analysis. The principle and the procedure of the Sompi method are de-
scribed in AsAKAWA et al. (1988) and Hori ef al. (1989). The Sompi spectral analysis is
very useful for obtaining descriptions of seismograms of volcanic earthquakes in the
requency domain. An outline of the principle and the procedure of the Sompi
method is given by ASAKAWA et al. (1988), Hori et al. (1989) and KuMazawa et al. (1990).
Here we mention only the main features of the Sompi method following the work of
Asakawa et al. (1988). The Sompi method breakes time series data down into white
noise plus a signal. The signal is assumed to apply the autoregressive (AR) process,
and it is represented by the sum of finite numbers of wave elements of a complex
amplitude and a complex frequency:

yi=x+n, (A1)

where v, x; and n; denote the observable time series data, the signal, and
observation error. #;is assumed to be random noise with a normal distribution N(0,
0%). The AR coefficients are determined by the least squares method to obtain the
following S minimum,

S . 1 N-m m L
=N g v f =minimum, (a2

under the condition that Z} afis 1. At this point we should specify the number

of AR coefficients, i.e, AR order. We use the method of Lagrange’s undetermined
multiplier and obtain the following equation.

k§ Puar=2a; (j=—m, —m~+1,- m—1, m), (A3)
where
N—m
P Nom v P

Under the condition that > @ is 1, the eigen value 1 gives an estimate of ¢

j=-m
The autocovariance matrix P in the Eq. (A 3) is the non-Toeplitz, positive definite and
symmetric matrix.
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The time series x; is expressed as a sum of finite numbers of wave elements.
Kumazawa et al. (1983) named the wave element Namiso. One Namiso or one wave
element W(t, f) can be represented as

W(t.f)=A(f)-exp(27ift), (A 4)
where A(f) is complex amplitude and f is a complex frequency.
A(f) and f are defined by

=|A(|-exp(ig),
f:fre+lflrm

where |A(f)| and ¢ denote initial amplitude and phase, respectively.
Eq. (A1) is rewritten as '

N=1A)| -exp (ip)-exp (— 27fimt) - XD (2 Tifel),

where fi» denotes attenuation factor. Complex amplitude has information on
initial amplitude (JA(f)|) and phase (¢) and complex frequency has information on
frequency (f.) and attenuation factor (fi»). The Sompi method represents line spec-
tra.

There are two main differences between the Sompi method and the conventional
method: 1) AR coefficients are determined by solving an eigen equation (A3). The

Sompi method determines a; from Eq. (A 2) under the condition > a?=1, whereas

1=—m

the conventional AR method or the MEM method solves the normal equation (e.g.,
Yule-Walker equation) and gives a solution of a; to minimize the prediction error
with the condition that a_,, is 1; 2) the autocovariance matrix P in Eq. (A3) is non-
Toeplitz, positive-definite and symmetric matrix. The use of an autocovariance
matrix of the non-Toeplitz type can describe the decay rate of a signal. While the
autocovariance matrix in conventional AR models is of the Toeplitz type, which
treats only a stationary signal.

2. Comparison of the Sompi method and the conventional method

Before we make a comparison of resolution between the Sompi method and the
conventional method for seismograms of volcanic earthquakes, we calculate the
~ power spectral density of synthetic time series. h '

Example 1. Sampling interval and total data are assumed to be unity and 50,
respectively. Synthetic time series consists of two different time series. One is f1(t)
=25.c0s(0.25-2zt) and the other is f2(t)=1.0-exp(—0.001)-cos(2.0-2xt).. These data
contain no white noise. Fig. A-1a, 1b show that the Sompi method resolved two
spectral peaks. The AR order is assumed to be 4. However, both the FFT and the
MEM exhibit broad peaks around 0.1 Hz and do not give good resolution (Fig. A-1c).

Example 2. Sampling interval and total data are assumed to be unity and 50,
respectively. Synthetic time series is the sum of two time series. One is f1(t)=2.5-
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exp (—0.001)-cos (25.0-2xt) and the other is f2 (t)=1.0-exp (0.0025)-sin (25.0-2xt).
The Sompi method exactly resolved the two spectral peaks. Attenuation factors
were also determined (Fig. A-2a, 2b), while the FFT and MEM method could resolve
only one peak at approximately 25Hz (Fig. A-2c¢).
Example 3. Seismogram of an explosion event. Fig. A-3 shows a comparison of
the spectral estimate provided by the Sompi method, the FFT and the MEM method
for a seismogram of an explosion event. Sampling interval and total number of data
are 0.1s and 200. The Sompi method broke the seismogram down into 9 Namisos
assuming the AR order to be 18. Approximately 0.2 and 2 Hz peaks are predominant
(Fig. A-3a,3b). The FFT and MEM methods provided a resolution of approximate-
ly a 0.5 Hz peak (Fig. A-3c¢).

Thus the Sompi spectral analysis gives a higher frequency resolution and a more
reliable power amplitude than the FFT or MEM method.

3. Running spectra of volcanic earthquakes using the Sompi method

We applied the Sompi method to the running spectra for volcanic earthquakes
(Sawapa et al., 1989). The spectra were calculated for a 1.5 sec time window at 0.5 sec
time intervals. The power spectral density is scaled on a linear scale and normalized
by the maximum power density at every time window. AR order is assumed to be
20 in a 1.5 sec time window. The open bar indicates decaying Namiso in the time
window. The solid bar shows an increasing one in the same time window. Fig. A-
4 shows the running power spectra of the vertical component of a BH-type event
from station MAE. The characteristic of running spectra of BH- and BM-type
events is that the maximum peak frequency changes randomly with time (cf. Mori et
al, 1989). In Fig. A-4 we can see that the maximum peak frequency changes
randomly with time (between solid arrow in Fig. A-4). Frequency range of BH-type
events is dominant at a high frequency of approximately 20 Hz. i

Fig. A-5indicates running power spectra of the vertical component of a BH-type
event from station SAN. In Fig. A-5 between the solid arrow, the peak frequency
also changes randomly with time. However, the duration is much shorter than that
from station MAE. Fig. A-6 shows the running spectra of a BM-type event from
station MAE. A tendency.that the peak frequency changes randomly with time is
also recognized (between solid arrow in Fig. A-6). Discrepancy with the running
spectra of BH-type event from station SAN is that high-frequency waves are much
more dominant in the seismograms of a BM-type event from station MAE than that
of a BH-type event from station SAN. Fig. A-7 shows rﬁnning spectra of the
vertical component.of a BL-type event from station MAE. Duration at approxi-
mately 1 Hz peak frequency was several sec in the initial phase (between solid arrow).
Thus we can clearly distinguish the three sub-groups of the B-type event.
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Fig. A-1. Comparison of spectral estimates

obtained by the Sompi method, the FFT,
and the MEM method for synthetic time
series.

a. The top shows synthetic time series
of

F(t)=2.5- cos(0.25- 2zt)+1.0- exp(—0.001)-
cos (2.0 2zt).

Sampling interval is taken as unity and
total number of data is 50. At middle is
synthetic time series calculated from
Namisos obtained by the Sompi method.
We assumed AR order to be four. At
bottom are the residuals that subtract the
synthetic time series by the Sompi
method from the original one.

b. At top is the power spectral density
estimated by the Sompi method. At
bottom is the decaying rate of Namisos.
Two Namiso are obtained by the Sompi
method.. The frequencies and the ampli-
tude of Namisos estimated by the Sompi
method are 0.25Hz, 1Hz and 1.0 and 04.
Decaying rate of Namiso at a frequency
of 0.25Hz and 1 Hz are 0.001 and 0. Thus
the Sompi method gives good resolution.

c. Comparison of power spectral density
estimated by the MEM and the FFT.
Neither method gives good resolution.
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Fig. A-2. Comparison of spectral estimates
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obtained by the Sompi method, the FFT
and the MEM method for synthetic time
series.

a. At top is synthetic time series of

F (t)=1.0 - exp (0.001) - cos (25.0 - 2 zt)+ 0.4 -
exp (0.0025) -sin (25.0- 2 zt).

Sampling interval is taken as unity and
total number of data are 50. At middle is
synthetic time series calculated from
Namisos obtained by the Sompi method.
We assumed AR order to be four. At
bottom are the residuals that subtract the
synthetic time series by the Sompi
method from the original one.

b. At top is the power spectral density
estimated by the Sompi method. At
bottom is the decaying rate of Namisos.
Two Namiso are obtained by the Sompi
method. The frequencies and the ampli-
tude of Namiso estimated by the Sompi
method are 25Hz, 25.2Hz and 1.0 and 04.
Decaying rate of Namiso at a frequency
of 25 Hz and 25.2Hz are 0.001 and —0.0025.
The Sompi method gives good resolution.
c. Comparison of the spectral estimates
obtained by the FFT method and the
MEM method for synthetic time series.




The Source Mechanism of B-type and Explosion

ASAMA 1982 4/26
EXPLOSION EARTHQUAKE
U-D: COMPONENT

ORIGINAL
NSAMPL= 200

—/ M

TIME (sec)
| TN R JNN O N S OO N [ S N N N |

SYNTHETIC
AR ORDER= 18

-\

RESIDUAL

— N

ASAMA 1982 4/26
EXPLOSION EARTHQUAKE
U-D: COMPONENT
AR ORDER= 18

POWER
=L 1 1
> ! .
< T H 1 ]
O ' . -
o | : HE
e | E E T
< [ H i 1
[ \ H i
z | : : i
= [ L PPN TJ TR i
0.1 1.0 10 20
FREQUENCY (Hz)
FG PLOT
0.5 H H
: i
0.0 - ' - '
AL z
—-0. 5 Lt 1141“; NIRRT
0.1 1.0 10 20

FREQUENCY (Hz)

b.

EXPLOSION EVENT

DATA
NSAMPL= 200

TIME I(SEC)

POWER (FFT)

LINEAR SCALE

o[ rTT
-
~
©
a
0
]
<
o
©
-
=)

LINEAR SCALE

6 1 2 3 .4 5 6 7 8 9 10
FREQUENCY (Hz)

C.

Fig. A-3. Comparison of the spectral esti-

mates obtained by the Sompi method, the
FFT and the MEM method for seismo-
gram of an explosion earthquake.

a. At top are seismograms of the vertical
component of the explosion event on
April 26, 1982 recorded by 5 s seismo-
graphs (cf. Fig.22). At middle are
synthetic seismograms calculated from
Namisos obtained by the Sompi method.
At bottom are the residuals that subtract
the synthetic seismogram by the Sompi
method from the observed one. AR
order is assumed to be 18.

b. At top is the power spectral density
estimated by the Sompi method. Appro-
ximately 0.2 and 2 Hz peaks are dominant.
At bottom is the decaying rate of
Namisos. Nine Namiso are obtained by
the Sompi method. All Namiso are
increasing waves in approximately 20 s
time window (cf. Fig. A-3a).

¢. Comparison of power spectral density
estimated by the MEM and the FFT
methods. Both methods resoive only one
peak of spectral power density of app-
roximately 0.5 Hz.
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(Low-frequency B-type) EHRHBIC>WVLWTDY — R « EFVOBRINEITYL, LDITok
WER

D EREKLCRAT 2 BREMBREENICRBIIEE< 7~ ORED 5 Vi3 KEA
TOKUTZODECESIREITH 5 &FZ 5 &, BREALO B RHEORAESERE & kil
HZ SO, DR & OB, NEMBOREFNG &% SEINICHATE 3, £/, 0
#Z 3 BREMEOREEESER AL KINES WK 2 HET 5 LTl TRVIEE
LIE>TVWB T EETHET 3.

2) ERKLTRAEST S BEHEIR 5-9Hz 0js sS4 5 BH (High-frequency B-
type) & 1-4Hz 0D k4 % BL (Low-frequency B-type) Ofthic BM (Medium-
frequency B-type) &FES~E BEMRNGHEET 5. BM O 27 b VIMER RS
BL, BRI BH D2~ b VB EBEUT 5. SV#A 5L, BM 2 BH & BM A
BELLEI B R~RT b EEER-,
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3) BL-BM—ERMEBOEZBEME X BH i< ~HEx i &\, BL & BERMBORKRE IR
Rayleigh I EH L TVWE2 D EBbN S,

4) NEMZRIOHEH» OEREEZRD S EKOOT, #KE T 0-lkmEHdicfE s, L
L, NEHIEOXFER T KODHEK 2.6 km OAIEICH 28I SAN TIRIE « RS
BRI E bR E S, TR AXT PVSBIRIRSAN TR Yy —7L185. CNIENE
HE O FEEHERIS SAN fHLicd 5 < & 2Ekd 5. EIC particle motion O fEHTHRE
By NBHHBEOETEHHENS SAN fHEicH 5 T 2R 5.

5) NEHEOREBELZFANSZ E, £ BEMENERT S, 20H &K BRMED
RIBD0 RN o B EIMHIE & N BUHIE & @ hybrid B & AN S HIESRE T 2, DX
BBAHAic O RIS N BB A HE T 2, S0 FBR%E 5. HUINAG N B
EORH OWIE D high-frequency T D5 v = 7 « <7 b Vi3 BRIHE -BM »
BHOS v=vs « 27 b VICEEHT 5.

6) ft->T, NEDHEE BRMIEIC L - T trigger SN THAET 5 LHEI TRV, B
WMEBORBZRC TEESEEREOKLTZATHY, TOFROKLTZABSKODTDE N
Hhd Wiz ,EoXRke@ED, HHlS SAN fHEoM Tk EEML, SRoKLT R
& o TEE W HITF kD S BEOKRGDFE L TIREBIE L 80, NEMESFEAET 5
EEZBEL S ASTHNCHIELS 5. Thid, NHEHEOREKEFORE = 2 v¥ -2
B A v¥—Ilk->THRBINEZ EEEKT 3.

7 B EIHE D source mechanism O#Et% Takeo (1987), Unira and TAKEO (1994)
D7y I AERWTIT - 7. BHEIHEIC > W T high-frequency @ 7z ¥ source
mechanism OEELREETH 5. BM & BL OIEF RS LIBERHEBEOIHE (WFhd 1
Hz ) oW, 1) explosive source, 2) MEIRDOESE, 3) tensile crack, 4)
moment tensor My B%4Y, 5) 3B A O single force, 6) CLVD @ 6 D DERED 5 b
LRULIBEHLNZSDOEWET A EEHRA. DS B, explosive source {3 BM -
BL - EHHIE & & R BB I T N-S o ORIEA/NS 38T, BT
e BTSN, F 7, single force model BEIREFEICE I KO BHEEEZEZ 57
BHicid, FHXONBE#TZ L3 REFNVICT B0ENH 5. ERXOANEHYT S E
WA &R, KLHZENTREICHEET 2 EEEKL, InsFALSV. BM -
BL OEFEEESICD W TIEES 2) O cylindricl model iS5 3, 7272 L, cylinder ®
BAER YT T, b EE L0 SBREE 2R TE QY. BRMEOMHEI
B LTCR—EIDHDEEFTH 555, 4) @ moment tensor D M, B BERRAIBEIE & OHIG
HB—FHV. Ihid, BREHUBORSSKLT RO ETLHENOHEHIH > THiEsh 3
RETHBHEERRET B,
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