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Seismic monitoring and modeling of an active volcano

for prediction

Keiiti Aki'

Department of Earth Sciences, University of Southern California, Los Angeles

Valérie Ferrazzini

Observatoire Volcanologique du Piton de la Fournaise, Institut de Physique du Globe de Paris

Abstract. We describe seismic monitoring and modeling of an active volcano for the purpose of
predicting the magma transport process in real time. We selected the Piton de 1a Fournaise, which
has been monitored by an observatory since the early 1980s, and is active, with 28 eruptions from
1980 until August 1992. It erupted on March 9, 1998, after an unusually long quiet period. The
eruption lasted until September 21, 1998. Before the March eruption, we completed the initial
construction of a model of a magma system based primarily on long-period (LP) events and coda
localization. We found that LP events are associated with the lateral movement of magma to the
rift zone and not with the vertical movement to the summit. We also found that the source of 2 Hz
LP events is located below that of 1 Hz LP events. The coda localization is a newly discovered
phenomenon that helped to locate a magma body. This model was used for interpreting the
incoming information from the precursory seismic crisis and the eruption tremor during the 6
months of the eruption. The simultaneous monitoring and modeling of an active volcano led us to a
quantitative simulation of the eruption process, computing excess pressure and flow rate in a

system of reservoirs connected by channels.

1. Introduction

The present paper describes seismic monitoring and modeling
of the Piton de la Fournaise, an oceanic island volcano on La
Réunion in the Indian Ocean, and lessons leammed while trying
to predict magmatic activity under the volcano.

Our main conclusion is that the construction of a physical
model is essential for meaningful prediction in addition to
observed precursory data. This obvious conclusion for any
research in physical sciences is not easily achieved in the
prediction research on natural hazards for several reasons. First,
each case of the events to be predicted may be special both in
time and space, and may not be repeatable. Testing of a model
and drawing the interest and attention of a broad scientific
community, needed for promoting the research, is then difficult.
Since a prediction must be made using the knowledge available
before the occurrence of the event, we are not allowed to go
back and reconsider the event. Models we construct for
Interpreting monitoring observations must be able to cover a
variety of possible scenarios. The science of prediction is an
open-ended, evolving process, asking always “what’s next?”,
and no definite answer may be obtained at any time. These
difficulties are intrinsic to the prediction research, and must be
dealt with if the scientific community accepts the prediction of
natural hazards as an important goal.

"Now at Observatoire Volcanologique du Piton de la Fournaise,
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It is our intention to show in the present paper that a sound
science may be possible in prediction research coping with these
difficulties. We shall describe the whole process of a prediction
research inquiry, namely, the data analysis, the construction of a
model, the testing of the model, and its updating. In section 2,
we present the background information about the volcano, and
describe, in section 3, the initial model primarily based on the
data of long-period events since 1980. We then introduce in
section 4, a new analysis of coda waves of volcano-tectonic
earthquakes for tracing magma. The usefulness of coda waves
for predicting a volcanic eruption was first recognized by Fehler
et al. [1988] for Mount St. Helens, and convincingly
demonstrated by Londono et al. [1998] for Nevado del Ruiz
Volcano. The parameter coda @, used in these studies, however,
suffers from a large variability [Aster et al., 1996]. We found
that the spatial distribution of coda amplitude is more reliable
and correlates well with the magmatic activity at Piton de la
Fournaise. The model was revised based on the coda wave
analysis, a few days before the eruption of March 9, 1998,
which occurred after a 6 year period of repose. Section 5
describes how the model worked during the precursory seismic
crisis of the eruption and how the model helped to interpret
observations on the eruption tremors which lasted from March 9
to September 21, 1998. A further development of the model has
resulted from its working with observations during the eruption,
and an attempt is made for a quantitative simulation of the
eruption process using a system of reservoirs and channels in
section 6.

2. Background

Piton de la Fournaise (PdF), shown in Figure 1, is a basaltic
island volcano like Kilauea, Hawaii. Both are intraplate
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Figure 1. Topography map of the PdF, showing craters Bory and Dolomieu at the summit of the central cone, the
Enclos (Fouque) caldera, and the northeast and southeast rift zones. The locations of seismic stations within the
map area are also marked. Stations outside the map area are shown in Figure 11. The numbers on the top and right
sides of the map indicate respectively the eastward and northward coordinates in kilometers with the origin at

(21.5°S, 54.0°E).

volcanoes on an oceanic lithosphere, with a supply of magma
from hot spots 1 the mantle. The rate of erupted magma is not
much different between the two volcanoes. An estimate for
Kilauea by Dzurisin et al. [1984] for the period from 1956 to
1983 1s 30 million m*yr', while Lénar and Bachélery [1988]
gave 10 million m*yr”' for the PdF during the period from 1930
to 1985. Since Dzurisin et al. [1984] estimated that 65% of the
magma supplied from the upper mantle remains in the rift zone
under Kilauea, while there is no evidence for such a steady
accumulation of magma n the rift zone of Piton de la Fournaise,
the difference in magma supply from the upper mantle may be
about a factor of 10 between the two volcanoes. The rift zone
clearly exists in PdF, as demonstrated by eruptions along the
northeast rift zone outside the Enclos caldera in April 1977 and

a series of fissure eruptions extending from the summit to the
south coast in March 1986. It is also clear that the rift zone is
not developed here as well as in the Hawaiian volcanoes. From a
sea beam bathymetry survey, Lénat et al. [1989a] found that the
active rift zones of PdF widen downslope unlike typical
Hawaiian rift zones, which form narrow ridges extending tens of
kilometers offshore.

Nakamura [1980] was the first to ask why long rift zones
develop in Hawaiian volcanoes. Comparing with the Galapagos
Islands, another intraplate basaltic volcano lacking a rift zone
and located on a young lithosphere, he suggested that the rift
zone intrusion in Hawaii is sustained by repeated Kalapana-type
earthquakes caused by a slip along the top of the oceanic crust
which may have anomalously low friction due to a thick
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sediment and a high pore pressure [Hubbert and Rubey, 1959].
This 1dea has been supported by more recent works [e.g.,
Dieterich, 1988; Thurber and Gripp, 1988].

PdF is located on an old oceanic lithosphere with a flexural
rigidity [Walcott, 1970; Bonneville et al., 1988] comparable to
the Hawaiian lithosphere, and the oceanic crust upon which the
volcano was built must have had a thick sediment cover. There
is, however, a major difference in the speed of lithosphere
relative to the mantle under these two volcanoes. In Hawaii, the
old oceanic crust is always present in front of the youngest
volcano due to the high plate speed, and the Kalapana-type
earthquake occurs along the weak plane formed by the deep sea
sediment, sustaining the intrusion into the rift zone. On the other
hand, the African plate, on which PdF is located, moves so
slowly that a fluctuation in the path of magma ascent in the crust
can move the volcano back and forth, allowing the remains of
proto Foumnaise volcano, as evidenced from the old magma
chamber encountered by deep drilling [Rancon et al., 1989] as
well as the gravity highs deviating from the current summit area
[Rousset et al., 1989], to prevent the full development of a rift
zone. Thus it is more difficult for magma to intrude into the rift
zone here than in Hawaii, and that explains why PdF has a
remarkable central cone as high as 500 m from the floor of the
Enclos caldera due to repeated summit eruptions, which is
absent in the Kilauea volcano.

3. Magma System Defined by the Use of Long-
Period Events

Active volcanoes generate the so-called “ long-period (LP]
events” (see, for example, Chouet [1996] for a review] in
addition to usual earthquakes indistinguishable from those of
tectonic origin found elsewhere. They are distinguished from the
latter by an emergent onset, a lack of clear § phase, and a lack of
the high-frequency part of the spectrum expected for a tectonic
earthquake of a similar size. Key questions about LP events are
whether their seismic sources involve magma and if so, how.
From 1981 to 1992, PdF had 28 eruptions and we were able to
1dentify about 800 LP events during this period.

3.1. Identification of Long-Period Events

Seismological investigations on eruptions at PdF since the
establishment of the observatory were described in journal
papers by individual scientists [Bachélery et al., 1982; Lépine,
1987; Lénat et al., 1989b, c; Delorme et al., 1989; Hirn et al.,
1991; Grasso and Bachélery, 1995; Nercessian et al., 1996;
Sapin et al., 1996] as well as in the annual report of the world
volcanic eruptions in Bulletin of Volcanology. It was found that
almost all the eruptions were preceded by a “seismic crisis”
which is a swarm of volcano-tectonic earthquakes occurring
beneath the central cone. The seismic signature of the eruption
itself is characterized by steady continuous tremors originating
from the eruption site. In addition to the above swarm of
shallow volcano-tectonic events and the eruption tremors, there
have been occasional mention of “low-frequency events”, but
they have not received much attention partly because their
occurrences are not simply related to eruptions, and partly
because of the difficulty in discriminating them from other
seismic events such as numerous rockfalls along the steep
valleys of the island and P, S and T phases from earthquakes
along active mid-ocean ridges in the Indian Ocean.

We developed a reliable method for discriminating a long-
period event originating from the volcano from events coming
from elsewhere. Since we cannot apply the classical method for
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locating tectonic earthquakes to them because of the lack of
clear onset for P and § waves, we relied on their spatial
distribution of amplitude across the network. For this purpose it
is essential to eliminate the local effect of the recording site
from the observed amplitude. Koyanagi et al. [1995] have
demonstrated that the coda amplification factor applicable to §
waves [e.g., Kato et al., 1995; Sato and Fehler, 1998] can be
effectively used to smooth the amplitude distribution of T phase
recorded by the seismic network of Hawaii. The apparent
dominance of § waves in seismic waves converted from the
acoustic waves in the oceanic waveguide may be understood
from the order of magnitude greater conversion coefficient from
P to § as compared to that from § to P by localized
heterogeneities [4ki, 1992; Zeng, 1993].

In order to obtain the station amplification factor by the coda
method, we used a volcano-tectonic event with a high signal-to-
noise ratio at a lapse time (time measured from the origin time
of the event) sufficiently larger than the arrival time of the
primary and forward scattered waves. The choice of lapse time
twice the S wave arrival time, originally adopted for central Asia
by Rautian and Khalturin [1978], has been found adequate for
most parts of the world. We found, however, that at La Réunion,
the station site factor depends on the distance from the event
location to the summit area. To avoid this effect, we used an
event distant from the volcano, a M=3 event (the largest we
have seen so far originating from in and near La Réunion)
located offshore near the northern end of the island. The
dominant frequency of analyzed coda of this event was 2 to 3 Hz
at all stations.

We tested the coda amplification factor using seismic data
from a known source, rockfalls in the Bras de Mahavel

e Seismic Station :
2 Caldera Wall or CLiff \ Ni

-~~~ Relative Amplitude .

Figure 2. Amplitude distribution of seismic waves in the
frequency band from 1 to 3 Hz from a Mahavel rockfall. See
Figure 1 for latitude and longitude.
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Figure 3. Seismograms of one of the simplest LP events with
relatively short duration and long period.

occurring in June-July 1995. Owing to steep cliffs and deep
valleys (see Figure 1), rockfalls are very common sources of
seismic signals on this island. The depth of the valley of Bras de
Mahavel is about 800 m. Figure 2 shows the maximum
amplitude of one of the largest Mahavel rockfall events in
micrometers per second reduced to the common site conditions
at station BOR using the coda site factor. The domnant
frequency was around 3 Hz at all stations. The vanation of the
amplitude corrected for the station site effect is smooth enough
for drawing 1soamplitude contours at intervals of a factor of 2.
The center of contours agrees well with the site of the rockfall,
and the stronger decrease n amplitude toward the west than the
east is expected because the rockfalls occur on the eastern slope
of the valley. The decrease of amplitude with distance toward
the east can be fitted with the formula for surface waves with the
attenuation specified by a @ factor of 40 to 60. This range of @
agrees well with the value obtained by Koyanagi et al. [1995]
for the summit area and rift zones of Kilauea, from the
amplitude decay of T phases. We also tested the site factor using
T phases with satisfactory results, showing amplitude decreasing
smoothly from the coast to inland.

To study the amplitude distribution for LP events, we first
analyzed a seismic crisis in December 1991. This crisis is called
an intrusion event, because there was no eruption of magma
although both seismic and geodetic observations showed
activities similar to those preceding eruptions. The seismic
crisis started with a swarm of shallow volcano-tectonic
earthquakes with domnant frequencies higher than 10 Hz
beneath the summit at about 0505 UT on December 7, 1991.
After a vigorous occurrence of these events for about 20 mn,
low-frequency motions appeared, forming the background over
which high-frequency events are superposed. This low-
frequency background reached a peak at 0541. As the seismic
activity declined, discrete LP events began to appear at about
0556. The low-frequency background and LP events must come
from a common source since their amplitude distributions across
the network were identical. Figure 3 shows records of one of the
simplest LP events with the shortest duration and longest period.
The three summit stations, BOR, SFR, and DSR located near the
rim of the summit craters called Bory and Dolomieu (Figure 1)
at an elevation of 2500 m above sea level, have very similar
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waveforms. Their arrival times and amplitudes after correction
for the site effect are also very similar. This excludes the
possibility that they may be due to rockfalls near the summit,
since the latter generate waves of much higher frequency which
vary among the summit stations in the arrival time, amplitude,
and frequency content.

For their discrimination from rockfalls outside the summit area
and events outside the island, we study the amplitude
distribution of LP events. We selected 11 events from the
December 1991 crisis with a dominant frequency ranging from
1.0 to 3.3 Hz. We extended the list by searching for events of
similar nature both before and after the crisis, and determined
the amplitude distribution for 31 events as listed in Table 1,
which gives the date and time of the event, the maximum
amplitude at BOR measured on the Sefram paper record in
mullimeters (at a nominal sensitivity of 0.34 pms'mm™),
dominant frequency in hertz, and duration in seconds. The table
also gives the maximum amplitude at each station divided by the
mean of the maximum amplitudes at the three summit stations.
In general, LP events show the largest amplitude at the summit
and are rarely observed at stations more than 10 km away from
the summit. We did not recognize any obvious difference in
amplitude distribution among events with different dominant
frequencies.

The events listed in Table 1 were divided into three periods,
before, during, and after the December 1991 crisis, and we
plotted the median value of normalized amplitude for each
station in Figures 4a, 4b, and 4c, respectively. The isoamplitude
contours for 0.5 and 0.25 are also shown in these figures.
Comparing them with the similar contours for the Mahavel
rockfall shown in Figure 2, the spacing between the contour
map for LP events is broader at shorter distance than in the case
of the rockfall, implying that the sources of LP events are
located at some depth beneath the summut, and are composed of
body waves. This conclusion 1s consistent with the observed
similarity in arrival time, amplitude, and waveform at the three
summit stations.

In order to estimate the depths of LP events, we compared
them with the volcano-tectonic events of the December 1991
crisis, which are located just above sea level. We filtered records
of one of the largest volcano-tectonic events occurring at 0514,
December 7, 1991, through a passband between 1 and 3 Hz and
plotted the amplitude relative to BOR in Figure 4d in the same
way as shown in Figures 4a, 4b, and 4c. The amplitude
contours for the band-pass-filtered volcano-tectonic event are
simiiar 10 hose for LP events, indicating that iocations of the
sources of LP events are close to the hypocenters of the cluster
of the volcano-tectonic event.

Certain stat,ons show anomalously high values of normalized
amplitude, for example, station LCR 1n Figure 4a, station PHR
in Figure 4c, and station PSR 1n Figure 4d. These signals might
be enhanced in a particular direction due to some waveguide
effect of magma path. We observed a similar effect on the
amplitude distribution of long-period tremor immediately
preceding the eruption of March 9, 1998 (Figure 20), and later
when the eruption occurred outside the Enclos caldera (Figure
25a).

Although most of the LP events recorded by the network until
1995 occurred beneath the summit at about sea level, there were
a few different sources of LP events. One of them was
characterized by high dominant frequencies in the range from 4
to 9 Hz and occurred from March 26 to April 5, 1986, during a
pit crater collapse in the summit caldera following eruptions in
the southeast rift zone [Lépine, 1987; Hirn et al., 1991]. The
other is a swarm of LP events characterized by a single
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Table 1. Table of Normalized Amplitude for Larger LP Events

Date time  Amplitude mm Frequency Hz Duratonsec CHR PER NCR NTR PHR PBR [LCR

Nov 26,1990  20:47 100 1.7 60 043  0.36 0.36 0.36
Dec. 11, 1990 10:08 50 1.7 20 052 0.52 0.67 0.88 ..
March 2, 1991 11:52 30 1.4 18 080 030 052 083 0.58 .
March 10, 1991  09-40 20 1.7 40 071 032 040 0.53 0.39 0.58
March 12,1991  23:34 20 14 40 056 027 040 0.52 0.35
March 15,1991  20:14 20 1.8 22 068 035 044 049 043 1.13
March 16, 1991  22:44 25 1.5 20 0.74 045 042 0.35 0.95
March 17,1991  20:36 20 1.3 11 079 032 038 0.38 0.30 111
March 18,1991  08:20 70 1.5 30 054 023 033 032 0.29
March 25, 1991 23:52 45 1.4 50 0.73 . 0.46 0.45 0.36
March 27,1991  16:10 60 14 35 0.94 055 056 052 1.36
March 29, 1991 03:18 50 1.4 35 0.61 0.56 0.81 0.54

April 8, 1991 13 48 40 14 28 0.53 051 035 056
Apnl 8, 1991 19:43 40 1.5 16 0.76 .. 0.60 090 . .

Dec. 7, 1991 12:05 15 2.8 23 061 017 043 040 0.38 . 0.11

Dec. 7, 1991 12:17 25 33 30 0.53 0.58 0.83 0.36

Dec. 8, 1991 23:42 20 22 11 036 040 036 055 0.17 ..

Dec. 9, 1991 03:06 45 14 18 050 043 038 060 044 0.32 0.49

Dec. 9, 1991 11:15 45 14 18 051 045 019 055 042 026 0.39

Dec. 9, 1991 04:57 15 22 20 064 027 032 060 0.21
Dec. 10, 1991 21:14 20 1.0 15 0.65 042 029 040 025
Dec. 10, 1991 21:15 30 1.0 25 066 039 054 051 0.35 0.32
Dec. 11, 1991 13:07 20 1.0 15 0.57 0.57 053 063 047 042
Dec. 11, 1991 16:45 15 1.0 12 0.71 036 048 036 038 0.35
Dec. 11, 1991 16:46 15 1.0 12 0.52 024 054 041

Dec. 16, 1993 11:17 60 2.0 50 075 075 035 058 069 040

Jan. 18, 1994 10:10 25 2.0 18 0.80 058 044 0.51 0.35 .
Oct 30, 1994 17:50 60 2.4 30 050 028 044 056 064 028 0.40
Oct. 30, 1994 17:53 22 20 15 081 053 044 071 076 051 0.74
Dec. 27, 1994 16:44 50 2.6 37 075 039 045 043 079 047 0.36
Apnl 1, 1995 04:24 50 2.6 18 0.68 047 042 0.63 037 0.26

frequency of 3.5 Hz recorded only at station NCR throughout
1987, but mostly from June to September. The narrow spectrum
and strong attenuation suggest that they may be trapped
vibrations in a low velocity body, such as a pocket of magma.
On the other hand, unlike rift zones in Hawaii, there is no clear
geological evidence for magma pocket under the rift zone of
PdF.

LP events and tremors occur at various depths down to about
50 km under Kilauea, Hawaii [Koyanagi et al., 1987]. Deep LP
events are more difficult to identify than the shallow ones,
because of their similarity with P and S waves from distant
events outside the island. We expect that a deep LP event will
show a similar amplitude and spectral shape at all stations as for
records of most events originating from outside the island. In an
intensive search for a deep LP event in the past, all the
candidates selected turned out to be from somewhere outside La
Réunion: many earthquakes in the mid-ocean ridges of the
Indian Ocean, two earthquakes in the Mascarene plateau, one in
Madagascar, and an offshore slow earthquake near La Réunion.

3.2. History of LP Events Since 1985

In order to study the occurrence of the LP events in relation to
the eruption history of the volcano, we measured the time of
occurrence of the event, the maximum amplitude at station
BOR, the duration of the event, and its dominant frequency. The
identification of LP events is primarily based on the Sefram
paper records at eight selected stations. The criteria for the
identification of LP events are (1) the dominant frequency is less
than about 3 Hz, (2) there is coherency of waveform at the three
summit stations, and (3) the amplitude is maximum in the
summut area, and negligible at stations farther than 10 km from
the summit. The Sefram record includes necessary information
for the above criteria, except for small events to which criterion

3 1s difficult to apply due to noise at stations far away from the
summit and closer to the ocean.

The Sefram records for selected periods and events since the
beginning of the observatory in early 1980s are archived. The
selection depends on the personnel in charge, and might have
not been uniform in time. Our current list of LP events starts
with the seismic crisis of August 5, 1985. The characteristics of
13 LP events during this crisis are very similar to those of the
December 1991 crisis described in the preceding section. The
list includes about 800 LP events from August 1985 to the
present. It may be not complete. We might have missed some LP
events that were not kept. On the other hand, some of the listed
LP events with small amplitude may be outside events. For
example, our list includes about 150 LP events in the 4-year
period from 1985 through 1988, while it contains about 650 in
the same 4-year period from 1989 through 1992. Considering
the higher rate of eruptions in the earlier period than the later, it
is possible that some LP events in the earlier period might have
been lost. On the other hand, about 120 events listed for the
latest 4-year period 1993 through 1996 may contain a relatively
greater number of outside events that are misidentified as LP
events because we looked hard for possible LP events in the
easily accessible more recent data. Thus in spite of the possible
nonuniformity in the data selection, we may conclude that the
rate of occurrence of LP events was many times lower in the last
4-year period during which there was no eruption, as compared
to the preceding 8-year period, in which more than 20 eruptions
occurred.

Among the parameters in the list, the dominant frequency is
less dependent than the other parameters on a possible temporal
change in the instrument characteristics such as gain setting. We
measure the dominant frequency of an LP event by counting the
number of peaks of the wave train of 5 s duration in which the
maximum amplitude of the event occurs. The shape of the
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Figure 4. Distribution of median amplitude of LP events normalized to the mean of the three summit stations,
obtained from (a) 14 events occurred in the period from 1990 to April 1991, (b) 11 events during the intrusion
crisis of December 1991, and (c) six events after the crisis till April 1995. Figure 4d shows the distribution of
amplitude of a large volcano-tectonic event during the crisis of December 1991, band-pass filtered between 1 and 3
Hz. The number attached to each station is normalized to the mean of the three summit stations. See Figure 1 for
latitude and longitude.
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Figure 5. The histogram of annual occurrence of LP events with
a given dominant frequency. The vertical scale is common to all
years, except for 1991, for which it is 4 times greater than the
rest, even though the year is separated into two parts.

frequency distribution of the occurrence of the dominant
frequency may be least affected by the judgment used for
selecting records.

Figure 5 shows a histogram of the number of occurrences of
LP events with a given dominant frequency for each year from
1985 through 1996. (The data are given in Table 2.) The scale of
the vertical coordinate in Figure 5 is common to the entire
period except for 1991, in which two distinct swarms of LP
events occurred in two separate periods, January through April
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and December, and histograms are shown separately for the two
periods (there were no LP events from May to November 1991).
In order to find any trend in Figure 5 related to the eruption
history, we show the amount of magma erupted in each eruption
since 1985, as described in the annual report of the world
volcanic eruption in Bulletin of Volcanology, in Figure 6, for
three different eruption types: summit, rift zone, and
intermediate zone.

The most outstanding trend in the distribution of the dominant
frequency is the systematic disappearance of LP events after the
last eruption of August 1992. LP events with the lowest
frequency disappeared first. No events with a dominant
frequency of 1 Hz occurred since 1993 until 5 hours before the
March 1998 eruption. Those with dominant frequencies around
2 Hz become dominant in 1993, decreased gradually, and
practically vanished in 1996. A 2 Hz LP event located beneath
the summit reappeared on June 4, 1997.

During the same period the activity of the volcano-tectonic
earthquakes also declined gradually, as shown in Figure 7. The
rate of their occurrence, however, did not become zero. The rate
for 1995 is about one half of that for 1993, and furthermore
there has been an indication of revival in 1996. The above
difference between the volcano-tectonic earthquake and the LP
event can be explained if the former is due to stress transfer
without direct magma involvement, but the latter requires the
presence of magma in the source region. The path of magma
under PdF is characterized by a high-velocity body according to
the refraction, wide-angle reflection, and tomographic studies by
Nercessian et al., [1996] and Driad [1997], and the high-
velocity body may act as a stress guide and cause a stress
concentration at the junction of the summit path and the rift
zone path, resulting in a swarm of volcano-tectonic events there
whenever magma moves rapidly somewhere.

The observed disappearance of 1 Hz LP events preceding that
of 2 Hz LP events during the above period of declining volcanic
activity suggests that the 1 Hz source may be located above the
2 Hz source because it lost magma first. This picture of
shrinking reservoir is consistent with the result of a Global
Positioning System (GPS) survey by Briole et al. [1998], who
found that the summit area showed a slow contraction from
1992 to 1996.

We may summarize the above inference into the first element
of our model that the source of 1 Hz LP events is separated from
that of 2 Hz LP events and located above the latter.

The trend of increasing lower limit of the dominant frequency
can be seen in Figure 5 also from 1985-1986 to 1988-1989,
corresponding to a period of eruptive activity ending in 1989, in
which two dominant peaks coexist at 1.4 and 2 Hz. There was
no eruption in 1989, but we find two eruptions in 1990, in

Table 2. The Annual Number of LP Events With a Given Range of Predominant Frequency

Year 0.8-09 10-1.1 12-13 1415 1.6-1.7 1819 2.0-2.1 22-23 24-25 26-27 2829
1985 3 21 15 5 0 0 0 0 1 0 0
1986 6 7 6 2 0 1 2 0 0 0 0
1987 0 1 7 3 0 0 0 2 1 0 0
1988 2 2 4 1 1 0 1 0 0 0 0
1989 0 4 4 14 6 7 15 3 1 3 6
1990 1 17 6 10 13 5 4 5 1 1 0
1991a 0 3 17 93 21 18 6 2 0 0 0
1991b 12 68 44 34 4 3 8 16 7 3 4
1992 0 6 7 7 3 2 4 5 6 1 1
1993 0 0 1 2 1 6 21 1 0 1 0
1994 0 0 0 1 2 4 9 5 4 3 1
1995 0 0 0 0 0 1 8 3 3 3 0
199 0 0 0 0 0 0 4 3 1 1 0

Range of predominant frequency is in hertz. The period January 1 to April 30, 1991 is denoted as 1991a ;
The period December 1 to December 31, 1991 is denoted as 1991b.
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Figure 6. Amount of erupted magma for the three types of
eruptions classified according to the elevation of the eruption site
from 1985 to 1992.

which the 1 Hz source became active again. Whether the 1.4 Hz
source is a shrunken state of the 1 Hz source or a separate
system is an open question. However, the swarm of LP events
during January-April 1991, which is clearly dominated by this
source (Figure 5), is the only major LP swarm that has no direct
relation to any particular eruption or intrusion event, and this
swarm apparently ended with a strong shaking by a M=5.8
earthquake in Madagascar 800 km away from La Réunion.
These observations suggest that the source of 1.4 Hz LP events
corresponds to a low-energy state of the magma system, and we
prefer the idea that this source of LP events is not independent,
but corresponds to a shrunken state of the 1 Hz LP source.

3.3. Relation of LP Events to Individual Eruptions

A cursory look at the eruption history and the occurrence of
LP events leads to some disappointment from the viewpoint of
prediction because they seem to occur more often following an
eruption rather than preceding one. Table 3 lists 17 seismic
crises observed by the observatory network since 1985. The
table is not complete because the Sefram record for the period
preceding some of the eruptions in 1985 through 1987 could not
be found so far. Nevertheless, this table can be summarized as
follows:

1. The 17 crises start with a swarm of volcano-tectonic
events located beneath the central cone at about sea level, with
only one exception, crisis 2, in which they are located on the
east side of the central cone at deeper depths. Crisis 2 was not
followed by an eruption.
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2. Of the remaining 16 crises, three crises including the
recent one on November 26, 1996, were not followed by an
eruption.

3. For the 13 crises preceding an eruption, the precursory
time between the onset of the crisis and the beginning of the
eruption, estimated from the records of eruption, ranges from 17
min to 9 hours 24 min. As shown in Figure 8, the precursory
time 1s less than 1 hour for eruptions near the summit and more
than 6 hours for eruption sites with an elevation lower than 1800
m. Bachélery et al. [1998] recognized a similar correlation
between the duration of geodetic disturbance associated with a
seismic crisis and the distance of the eruption site from the
summit, which increases with decreasing elevation.

4. The majority of seismic crises start with a swarm of
volcano-tectonic earthquakes located beneath the central cone
and end with continuous tremor from the eruption site. Four
eruptions (crises 3, 5, 11, and 13) near the rim of the Enclos
caldera, were preceded by a swarm of LP events which we now
associate with the magma reservoir beneath the central cone. LP
events are completely missing in the precursory crises of all
other eruptions in the list.

The above observations suggest two distinct paths of magma
to the eruption site under PdF, the summit path and the rift zone
path. An eruption through the summit path starts at elevations
higher than about 2100 m on fissures that extend downward.
The precursory seismic swarm lasts for less than about 2 hours
and does not include LP events. The LP events may occur,
however, during or immediately after the sumnut path eruption
as in September 1985, December 1985, February 1987, and
September 1992. On the other hand, an eruption through the rift
cone path occurs at elevations iower than about 2100 m on
fissures which sometimes extend upward as in December 1988.
The precursor seismic swarm lasts longer than about 2 hours and
includes LP events. Thus the LP source is located on the rift
zone path and not on the summit path. The reason why some
summit eruptions accompany LP events at its later stage may be
the diversion of magma flow from the summit path to the rift
zone path. In some cases, such a diversion may stop a summit
eruption.
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Figure 7. Annual cumulative number of volcano-tectonic events
under the Piton de la Fournaise for 1992 through 1996. The step-
like change in 1992 is the seismic crisis precursor to the last
eruption before the March 1998 eruption, and the one in 1996 is
the crisis of November 26 referred to as Crisis 1 in sections 4 and
5 of this paper.
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Table 3 Seismic Crises at the Piton de la Fournaise
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Crisis Date Precursory Time Elevation of the Eruption Site

1 June 14, 1985 less than 1 hour 2500 m

2 July 10, 1985 no eruption
3 Aug. 5, 1985 2 hour 37 min. 2100-2000 m
4 Dec. 1, 1985 17 min. 2500-2100 m
5 March 18, 1986 9 hour 24 min. 1750-1720 m
6 June 2, 1987 no eruption
7 July 19, 1987 2 hour 13 min. 2050-2000 m
8 Fev.7, 1988 2 hour § min. 2000 m

9 May 18, 1988 31 min. 2300-2000 m
10 Aug. 31,1988 2 hour 25 min. 2250-2100 m
11 Dec. 14, 1988 4 hour 31 min. 2100-2000 m
12 Jan. 18, 1990 47 min. 2500 m

13 April 18, 1990 6 hour 45 min. 1800 m

14 July 18, 1991 52 min. 2510-2400 m
15 Dec. 7, 1991 no eruption
16 Aug. 27,1992 57 min. 2500-2100 m
17 Nov. 26, 1996 no eruption

Thus the second element of the model is the two separate
paths to the eruption site, namely, the summit path and the rift
zone path. Both 1 Hz and 2 Hz LP sources introduced as the
first element are part of the rift zone path (see Figure 9 for a
schematic view of the model).

As an example of how this model works, let us consider the
rift zone eruption of December 14, 1988. LP events observed
during the precursory crisis had a dominant frequency around 2
Hz. After 15 days of activity, the eruption suddenly stopped on
December 29, 1988. We then observed, for a few days, a swarm
of LP events with a dominant frequency of 1 Hz. This could be
explained by our model in such a way that magma was supplied
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to the eruption site through the 2 Hz LP source, but the eruption
stopped because the connection was made between the 1 Hz LP
source and the eruption site, and the magma was drained back to
the 1 Hz LP source from the eruption site. Such a drain back can
explain the observation during the Puu Oo eruption at Kilauea,
Hawail, that the summit tremor has a maximum amplitude when
the eruption stops at the end of each of many repeated episodes
[Koyanagi et al., 1988].

Another example is the seismic crisis on December 7, 1991,
during which LP events were abundantly observed, as
mentioned earlier. This episode may be considered as an
intrusion into the rift zone without reaching the surface, a
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Figure 8. Relation between the precursor time of the seismic crisis and the elevation of the eruption site. Only those
crises preceding the rift zone eruptions are accompanied by the occurrence of LP events.
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Figure 9. A schematic picture of the model drawn 4 days before
the March 9, 1998, eruption. The actual depth was unknown at
that time, but estimated later from hypocenter migration during
the precursory crisis as described in section 5.

phenomenon commonly observed at Kilauea, Hawaii, where rift
zones are well developed and accommodate magma intrusions.

Models for the magma system of the volcano have been
proposed earlier by Chevallier and Verwoerd [1988] and Lénat
and Bachélery [1990]. Chevallier and Verwoerd [1988]
distinguished a summit eruption from a rift zone eruption by
attributing the former to hydrofracturing by magma in the
column below the summit and the latter to the withdrawal of
magma from the bottom portion of the magma chamber. On the
other hand, Lérat and Bachélery [1990] considered a large
number of relatively small magma reservoirs filled from the
depth during major oceanite eruptions like in 1977, and each of
them became responsible for a smaller eruption until 1992.
Lénat and Bachélery [1990] emphasized the petrological and
geochemical similarity of all the eruptions since 1977 rather
than the difference between summit and rift zone eruptions.

Let us now proceed to the third element of our model, the
magma reservoirs located deeper than the LP sources, to be
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introduced on the basis of observations on the spatial and
temporal variation of coda localization.

4. Coda Localization

The data used for the study of coda localization are volcano-
tectonic earthquakes with magnitude greater than about 2. As
shown in Figure 7, the seismicity of shallow volcano-tectonic
earthquakes beneath the summit declined since the eruption 1n
August 1992 until 1996. However, a somewhat different trend
was found for events with S-P times greater than | s. Both their
frequency and maximum magnitude are low in 1993 and 1994,
but increased significantly after the beginning of 1995. Their
focal depths range from 10 to 30 km, and the largest one with
M=2.5 occurred on March 2, 1996, at a depth of 15 km below
sea level a few kilometers east of the central cone. It was
followed by a cluster of seven events with M= 1.6 to 1.8
~ccurring at depths 16 to 18 km about 5 km northwest of the
central cone in September 1996 and by an M=2.3 event under
station CHR (now moved to nearby TCR) at a depth of 2 km
below sea level. Then the first seismic crisis since the eruption
of August 1992 occurred on November 26, 1996. This crisis
consisted of 138 carthquakes located at about sea level beneath
the central cone. The largest magnitude was 2.4, and the crisis
lasted 104 min. We shall refer to this crisis as Crisis 1 to
distinguish it from a minor crisis, which is referred to as Crisis 2
and consisted of 21 events with maximum magnitude 2.1, on
August 23, 1997. After Crisis 2, the shallow seismicity beneath
the summit maintained a high rate comparable to 1992 until the
precursory crisis to the eruption on March 9, 1998.

4.1. Site Amplification Factor at the Network Stations

The coda method is based on the assumption that the spectral
amplitude of coda waves can be expressed as a product of a
factor which depends on the source only, a factor which depends
on the recording site only, and a factor which is common to all
sources and sites within a region. This assumption has been
verified by observations in many parts of the world [e.g., Sato
and Fehler, 1998].
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Figure 10. The distance from the summit to the epicenter of earthquake used for the coda analysis plotted against
the time of occurrence of the earthquake. The data are divided into four sets in order to find the dependence of the

coda localization on the distance and time.



AKI AND FERRAZZINI: VOLCANO MONITORING AND MODELING

165 170 175 180 185 190
! 1 o | l ! 145

50

1.20

1.15

1.10

1.05

0.95

Figure 11. The ratio of the coda amplification factor for set 2 to
that for set 1 as defined in Figure 10. Note that the contour
interval is only 5%, demonstrating the precision of the map. See
the caption of Figure 1 for the absolute location of the map.

However, the site amplification factor obtained for the stations
of La Réunion systematically depends on the location of the
source. The coda waves are strongly localized in the summit
area when the source is under the summit. For example, the
amplitude of coda in the summit area 30 s after the origin time
can be 5 times larger than that at a station more than 15 km
away.

In order to estimate the source effect on the coda amplification
factor systematically, we applied the stochastic inversion
method to data grouped according to the epicentral distance to
the summit. Figure 10 shows the epicentral distance to the
summit plotted against the time of occurrence for earthquakes
used for the coda analysis. Two methods were used for
calculating the coda amplitude. In the first one a band-pass filter
is applied to the whole seismogram with the passband from 1 to
3 Hz, and the coda portion within a specified time window is
printed. Two straight lines are drawn to leave half the peaks and
half the troughs outside of them. The interval between the two
lines at a given lapse time is measured as the amplitude. In the
other method we compute the Fourier transform of the coda
portion, integrate the squared amplitude in the frequency range
from 1 to 3 Hz, and take its square root as the coda amplitude.
In both methods we remove the effect of ambient noise obtained
from the portion of record preceding the arrival of P waves
assuming statistical independence between the signal and noise.
The results from both methods are in good agreement.

The stochastic inversion method for coda amplification factor
was first used by Phillips and Aki [1986] in order to avoid the
use of a reference station and to deal with the data from stations
which may not be in operation all the time. The recursive
algorithm of Zeng [1991] vastly improved the method in
computation efficiency, as demonstrated by Su et al. [1992].
This recursive inversion process was also called sequential
estimation in the early literature [Deutsch, 1965; Rodgers, 1976;
Tarantola, 1987], but Zeng [1991] was the first to show its
power for analyzing seismological problems involving large,
sparse matrices.

In order to find the source effect on the coda amplitude, the
events were divided in two groups according to their epicentral
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distance from the summit, greater than 18 km in set 1 and
ranging from 4 to 18 km in set 2, as shown in Figure 10. We
applied the recursive inversion method to each set, and
calculated the ratio of the amplification factor of set 2 to that of
set 1. In Figure 11, the ratio normalized to PCR shows a smooth
spatial variation contourable with an intcrval of only 5% and
peaking at the summit area where the maximum value is 25%
above PCR. From the above comparison, the source effect on
the amplification factor determined from earthquakes of set 1
(listed in Table 4) may be considered less than 25% and may be
neglected in comparison with the strong localization discussed
in the following.

The numbers listed in Table 4 are very close to those used for
the routine site effect correction of amplitude of various signals
presented in section 3, and there is no need for revising any of
the conclusions given there.

4.2, Coda Localization for Strong Sources Under the
Summit

The first large event since the 1992 eruption was an M=2.5
event occurring, on March 2, 1996, a few kilometers east of the
summit at a depth of 15 km below sea level, as shown in Figure
12. The second one is an M=2.4 event occurring during Crisis 1
on November 26, 1996, beneath the summit near sea level. The
third one is an M=2.1 event occurring on July 25, 1997, about a
month before Crisis 2. The fourth one is an M=2.1 event
occurring during Crisis 2 on August 23, 1997. The last one is an
M=2.4 event occurring on February 22, 1998, 2 weeks before
the March 9, 1998 eruption. All these events except the first
one occurred beneath the summit at about sea level.

Figures 12, 13a, 13b, 13c, and 13d based on the data given in
Table 5, show the coda amplitude for the above five sources in
the frequency band | to 3 Hz and the lapse time window 25 to
35 s corrected for the recording site effect using the
amplification factor given in Table 4. The amplitude is
normalized to station PCR located at about 15 km from the
summit.

Figures 12 and 13 show that the distribution of coda amplitude
is spatially smooth, as expected for diffusive waves, and each
shows a localized region of peak amplitude. Except for the deep
event, all shallow summit sources give peak amplitude about 5
times that of PCR (or TPR, which is located 27 km away from
the summit). In all cases the amplitude decays to one half of
peak value at about 5 km from the location of the peak. This
represents a high concentration of scattered wave energy. If we

Table 4. Station Site Amplification Factor
Determined From 14 Earthquakes
With Epicentral Distance to the

Summit Greater Than 18 km.
Station Amplification Factor
BOR 1.0
DSR 041
SFR 0.84
TCR 0.74
NCR 093
NTR 0.86
PHR 0.61
PSR 0.27
PER 0.59
PBR 0.45
LCR 031
SBR 0.48
PCR 0.36
TPR 033
TXR 043
FLR 1.05
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Figure 12. The coda amplification factor for the event 15 km
deep east of the summit occurring at 1227 UT on March 2, 1996.
The factor is normalized to station PCR, and the contour interval
is 0.5. See the caption of Figure 1 for the absolute location of the
map.
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consider, as usual, that coda are composed of § waves with
velocity around 3 km s, the observed half decay distance of 5
km would lead us to conclude that the wavelength (about 1 km)
is longer than the mean free path (a few hundred meters),
putting the phenomenon into the regime of the Anderson
localization [Anderson, 1958], which was predicted
theoretically, but has never been observed in nature or the
laboratory.

An alternative explanation is that the observed coda
localization is due to very slow waves that can exist in the fluid-
solid two-phase system The existence of waves slower than the
acoustic waves in the fluid has been known for a fluid-filled
crack [Chouet, 1986; Ferrazzini and Aki, 1987}, lamination of
fluid and solid [Schoenberg, 1984], and porous media [Biot,
1956]). For example, Ferrazzini and Aki [1987] showed that
both the phase velocity and group velocity tend to zero as the
wavelength increases to infinity for a fundamental symmetric
mode n a fluid layer sandwiched between solid. Recently,
Yamamura [1997] explained these slow waves by a common
mechanism in which the pressure change in the fluid due to
acoustic waves is relaxed by the coupled deformation in the
solid. If the wave velocity is reduced by a certain factor, the
wavelength will be shortened, and the mean free path will
increase by the same factor, putting the coda localization into
the diffusion regime. The consistency of the spatial-temporal
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Figure 13. The coda amplification factor normalized to station PCR for large events occurring at about sea level
beneath the summit at (a) 1749 UT on November 26, 1996, (b) 2319 UT on July 25, 1997, (c) 0639 UT on August
23, 1997, and (d) 2355 UT on February 22, 1998. See the caption of Figure 1 for the absolute location of the map.
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Table 5. Amplitude of Coda at the Lapse Time of 30 s for
the Frequency Band 1 to 3 Hz Normalized to PCR

March2, Nov 26, July25, Aug.23, Feb.22,
station 1996 1996 1997 1997 1998
BOR 2.38 5.88 590 4.00 3.66
DSR 1.74 3N 3.80 2.86
SFR 2.19 5.59 3.53 5.00 421
TCR 221 4.59 3.65 448 311
NCR 1.64 412 424 5.00 520
NTR 4.59 4.94 448 3.33
PHR 121 3.29 3.35 3.08 2.90
PSR 1.14 2.59 2.82 2.36 245
PER 1.29 2.18 1.88 232 1.94
PBR 1.64 2.76 2.12 2.76 1.94
LCR 0.71 1.35 2.47 2.60
SBR 1.19 2.47 2.60 2.31
PCR 1.00 1.00 1.00 1.00 1.00
TPR 1.07 1.24 1.08 1.07
TXR 1.94 1.96 1.94
FLR 4.65 6.56 5.02

pattern of the peak of eoda localization with the magma process
described below supports this explanation.

In addition to slow waves, Biot’s theory predicts waves with
higher velocity than the elastic velocity of the solid skeleton
alone. These are attractive features as a model of magma body
under the PdF, because seismic structure obtained by Nercessian
et al. [1996] revealed a high velocity body under its summit.

4.3. Spatial-Temporal Pattern of Coda Localization and a
Prediction of the Next Eruption

The peak region of coda localization found for the five strong
sources made a systematic migration with time. The peak region
for the earliest event lies NW of the summit, in agreement with
the path of magma inferred from the locations of clusters of
deep volcano-tectonic events in September 1996. The event
during Crisis 1 shows the peak zone precisely in the summit
area. Magma must have reached beneath the summit at this time,
but instead of erupting to the summit, it moved SE (to station
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Figure 14. The coda amplification factor for the event at about
sea level beneath the summit at 0704 UT on August 27, 1992,
normalized to station PCR. See the caption of Figure 1 for the
absolute location of the map.
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Figure 15. The cumulative seismic moment for the years 1996
through 1998. The curves for the events beneath the summit
(marked as “som.”) are shown separately from those outside the
summit area (marked as “tot.-som.”).

NTR), as indicated by the peak area of coda localization for the
event occurring 1 month before Crisis 2. By the time of Crisis
2, magma stopped spreading SE, and at Crisis 2 it moved toward
FLR and then NCR, as indicated by the peak areas for the event
during Crisis 2 and the later one.

A question remains on the coda localization: why the peak
region moves instead of expanding as the region filled with
magma expands? A tentative answer to this puzzle would be the
formation of a relatively hard shell surrounding the magma as it
makes contact with the colder body of the volcano. The shell
may be composed of harder material than the surrounding solid
because of filling cracks existing in the body of volcano. The
formation of hard shell may act adversely to the generation of
slow waves according to the mechanism explained by
Yamamura [1997].

It is interesting to note that there is a relatively flat area in the
Enclos caldera seemingly bounded by the local caldera wall with
a short radius of curvature near both NTR and NCR. The
elevation is about 200 m higher near NCR than NTR. If these
are the surface expression of magma reservoirs identified by
Bachélery [1981] as collapsed blocks, it is natural to put the
NCR reservoir at a higher level than the NTR reservoir. Then it
is also natural for the latter to be filled before the former by the
ascending magma.

We compare the temporal-spatial pattern of coda localization
with that observed at the time of the August 1992 eruption.
There was a M=2.2 event during the seismic crisis preceding the
eruption, but it was disturbed by a smaller event following it. So
the coda amplitude could only be measured for the lapse time
window 11 to 16 s. The result is shown in Figure 14, which is
dominated by a high peak observed at NCR. In terms of the
model depicted in Figure 9, this means that a summit eruption
may occur when the NCR reservoir is filled completely. The
NTR reservoir was filled during 9 months between Crisis 1 and
Crisis 2. If the two reservoirs have a similar size, the filling of
the NCR reservoir may take about the same time. We then
expect a seismic crisis in May 1998 which will precede a
summit eruption according to the model shown in Figure 9,
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unless we observe LP events, in which case we should be
prepared for a rift zone eruption.

This prediction of the May eruption was written on March 4,
1998, as a part of a manuscript for the observatory’s Seismology
Annual Report for 1997. It was based on the assumption that
Crisis 2 marked the beginning of filling the NCR reservoir. The
cumulative moment curve for the volcano-tectonic events shown
in Figure 15, however, indicates that the high seismicity rate
started about a month earlier than the time of Crisis 2. This
revision would predict the March eruption more precisely.

4.4. Temporal Variation of Coda Amplitude at Selected
Stations Relative to Station PBR

In order to examine the validity of the temporal-spatial pattern
of coda localization obtained above from a small number of
large events, we check the reality of temporal variation for
selected stations using many events. At stations far away from
the summit, the relative coda excitation should not show any
significant temporal variation. In Figure 16 the coda amplitude
at a station is plotted relative to PBR (about 7 km from the
summit) as a function of the chronological event order,
separately for events with an epicentral distance to the summit
greater or smaller than 2 km. The coda amplitude at PCR (15 km
from the summit) is presented in the first plot of Figure 16 and
shows a strong difference between the summit source and
distant sources. The amplitude ratio, however, is very stable in
time for the same source type. Another example of stability is
for station PER (nearly the same distance from the summit as
PBR). Except for the possible aftereffect of the 1992 eruption,
the coda ratio is constant, and shows no change from the time of
the M=2.5 event on March 2, 1996, until the March 1998
eruption. On the other hand, all of the stations closer to the
summit than PBR show significant increase in the coda
amplitude relative to PBR after the time of the M=2.5 event. As
examples, the ratios for DSR, NTR, and NCR are shown in the
lower three plots of Figure 16. We can even recognize the
change in trend at the time of Crisis 2. It is interesting to note
that the difference between the summit source and those outside
the summit area is not very strong for most of these stations.
These plots leave no doubt about the reality of the temporal
change in the distribution of coda amplitude.

In order to find more definitive support for the spatial pattern
of the coda localization obtained from selected large events, we
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Figure 17. The ratio of the coda amplification factor for set U
(after 1996) to that for set L (before 1996) avoiding the use of the
near summit events. See text for a more precise definition of sets
U and L. Note that the contour interval is only 5%, demonstrating
the precision of the map. See the caption of Figure 1 for the
absolute location of the map.

applied the recursive stochastic inversion method to a larger set
of data systematically sampled in space and time.

4.5. Testing the Spatial-Temporal Pattern of Coda
Localization by Applying the Inversion Method to
Systematically Grouped Data

Let us first confirm the increase of coda amplitude in the
summit area during the 2-year period from early 1996 to March
1998 as compared to the preceding 2-year period. Since there
were no events near the summit in the first 2-year period as
shown in Figure 10, we delete all the events located horizontally
within 3 km from the summit, and define set L as events before
January 1996 and set U as those after. The inversion method
described earlier for determining the site amplification factor is
applied for each data set, and the ratio of the set U to the set L at
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as defined in Figure 10. The contour interval is 0.2. See the caption of Figure 1 for the absolute location of the

map.
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on March 9, 1998.

each station normalized to PCR is plotted on a map and
contoured as shown in Figure 17. Figure 17 shows a very
smooth distribution centered at the summit where the ratio is a
little over 30% above PCR. We had to delete two stations (NTR
and LCR) in this contouring because of strong anomalies
centered at each of them, probably due to long-term change in
instrument calibration. The anomalies at LCR and NTR were
60% and 47% respectively, and they had to be discarded in this
map, but we Keep these two stations in other maps shown below
where the range of amplitude variation is much greater across
the network. From Figure 17, we may conclude that the increase
in the coda localization since early 1996 is significant even for
the sources outside the summit area, and is roughly concentric
with the summit as the center.

Next, we grouped the earthquakes in the summit area during
the period including Crisis 1 as marked set 3 in Figure 10.
Applying the recursive inversion method to this group, and
correcting the resultant amplitude for the station amplification
factor given in Table 4, we plot the amplitude normalized to
PCR in Figure 18a. The result shows a pattern of strong
localization along the SE trending zone passing the
southwestern side of the central cone supporting our earlier
suggestion on the magma movement during this period.

Finally, we grouped 20 earthquakes occurring in the summit
area after Crisis 2 as set 4 (Figure 10). The same analysis as
above produced a map of coda localization as shown in Figure
18b. The peak region now moved to the northeastern side of the
central cone, suggesting that the magma is moving toward NCR
at this time.

4.6. Model Constructed Before the March 1998 Eruption

In section 3 we began to construct our model by distinguishing
the summit path to eruption from the rift zone path, and
introduced 1 Hz and 2 Hz LP sources as part of the rift zone
path. In section 4 we introduced the NTR and NCR reservoirs

located below these LP sources. A schematic view of the model
1s shown in Figure 9.

In Figure 9 we distinguish coherent and incoherent LP
sources. The coherent source means that the waveforms are the
same among the three summit stations, as in the example shown
in Figure 3. All the LP events observed before September 1993
showed such coherence. After that we began to observe LP
events which lost this coherence, and all the LP events after
January 1994 showed incoherent waveforms among the summit
stations. We place the source of incoherent LP events deeper
than those of coherent ones, because they disappeared last.

The last LP event of the last active period confirmed to
originate from beneath the summit area occurred on April 1,
1995. Its dominant frequency was 2.6 Hz, and the waveforms
are incoherent among the three summit stations. The first LP
event since then confirmed to originate from beneath the summit
area occurred on June 4, 1997. The dominant frequency of this
event was 2 Hz, and the waveforms are incoherent among the
three summut stations. Thus the last disappearing is similar to
the first reappearing, supporting the validity of the model
depicted in Figure 9. The time of the appearance is near the end
of the presumed filling of the NTR reservoir and the beginning
of filling the NCR reservoir, suggesting the proximity of the
incoherent 2 Hz LP source to these reservoirs.

The model may also explain why an eruption did not follow
Crisis 1. At that time the LP event had not reappeared, and the
coda localization was not as strong as that observed before the
August 1992 eruption. The ascending magma had to fill the
deep reservoirs before reaching the summit and rift zone path to
the surface. The depths of these reservoirs will be estimated in
section 5, from the hypocenters of volcano-tectonic events
occurring immediately before the eruption.

The seismicity of volcano-tectonic earthquakes at all depths
was extremely quiet for several months after Crisis 1 as shown
in Figure 15. During this period, however, the coda localization
was intens‘fied and spread to the southwestern part of the
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Enclos caldera. Either the magma transfer was smooth or the
structure involved was detached from the source of volcano-
tectonic earthquakes.

5. Testing the Model Through the Eruption From March 9
to September 21, 1998

Let us now describe how the model constructed in sections 3
and 4 functioned through the seismic crisis precursory to the
eruption of March 9, 1998, and through the subsequent eruption
period that lasted until September 21, 1998.

5.1. Precursory Seismic Crisis

As described in Staudacher et al. [1998], the precursory
swarm of volcano-tectonic events started about 0000 UT on
March 8, 1998, at a depth about 5 km below sea level beneath
the central cone, and the depth of their hypocenters showed an
unusually systematic upward migration at the average speed of
about 3 km d"'. The cumulative seismic moment curve shown in
Figure 19 began a sharp rise at about 0000 UT on March 9 when
the mean focal depth of the swarm reached about 2 km below
sea level. The moment curve slowed down for a few hours when
the mean focal depth was about 1 km below sea level before
rising sharply again at 0300 UT. The first 1 Hz LP event since
1993 appeared at 0619 UT when the focal depth of the swarm
reached sea level, about 5 hours before the eruption.

We can now infer depths of some elements of our model
(Figure 9) from the above observation. Since the starting point
of the precursory hypocenter migration must be the inlet to the
NCR reservoir according to our model, the depths of NCR and
NTR reservoirs and the sources of incoherent 2 Hz LP events
are estimated to be around 5 km below sea level, which is within
the volcanic edifice above the preexisting oceanic crust
according to Driad [1997]. Likewise, the depth of the 1 Hz LP
tremor is estimated to be just below sea level, supporting the
estimate made in section 3.

The waveform of the first 1 Hz LP event, however, was not
coherent among the three summit stations, unlike those
presented in section 3. OQur tentative explanation of this
difference is that the coherent waveform may require a
horizontally extended magma body, which may not have
developed at this stage. This means that the structure of a
magma system must evolve with time.

After the first 1 Hz LP event at 0619, there were no significant
LP events until about 1020 when a continuous LP tremor
appeared in the background of the swarm of volcano-tectonic
events. The spectral shape of the tremor is similar to that of the
first LP event. The amplitude distribution of the LP tremor is
rather striking. It is peaked at the summit stations, but the
attenuation with distance is very slow to certain directions, as
shown in Figure 20, where the amplitude distribution of tremor
in the frequency band 1.5 to 2.5 Hz around 1024 UT is shown.
Such a slow decay was observed for some LP events discussed
in section 3. This may be explained either by an extended source
region of the tremor or by a waveguide effect due to an
elongated magma body.

As described by Staudacher et al. [1998], the eruption started
1105 UT on March 9, 1998, from a 150 m long NS fissure at an
elevation of 2450 m on the north flank of the central cone. The
fissure system extended in an en echelon pattern to 2100 m
elevation. Vigorous fountaining continued through the night of
March 9. This pattern of eruption clearly indicates that the
magma took the summit path defined in section 3.
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Figure 20. The amplitude distribution of the preeruption tremor
in the frequency band 1.5 to 2.5 Hz obtained by the fasr Fourier
transform (FFT) applied to the 40 s duration about 43 min before
the eruption. See the caption of Figure 1 for the absolute location
of the map.

This offered the first lesson we learned from this eruption
about prediction. If we apply the empirical relation about the
elevation of the eruption site, the presence of LP events, and the
duration of precursory swarm, the eruption should have been
through the rift zone path and the elevation of the eruption site
should have been lower than 1800 m. Such a prediction
overlooks a likely scenario in which the magma tries to go
through the summit path and the rift zone path simultaneously.
As soon as the magma overcomes the resistance in the summit
path, the rift zone path is temporarily abandoned.

5.2. Seismic Tremors Originating From the Eruption

The eruption started with a lava flow from a fissure near the
summit of the central cone, and extended downward in en
echelon segments. The curtain of lava fountains was formed
along the fissures, but the one along the summit slope
disappeared in about 10 hours, and the eruptive activity became
concentrated at two centers, named “Piton Kapor” and “Maurice
and Katia Krafft” crater, as shown in Figure 21, at an altitude of
2150 m and 2080 m, respectively, in the intermediate range
between the summit path and the rift zone path as classified in
Figure 8.

Figure 22 shows the tremor amplitude observed at station
PHR averaged over 10 s, plotted against the time of
measurement. The amplitude can be safely considered as the
ntensity of the tremor source because of the stability of the
propagation path effect on this relatively distant station (6 km
from the Piton Kapor). At any time during the eruption episode,
the isoamplitude contour at epicentral distances greater than 5
km became roughly circular with the center close to Piton Kapor
and M. and K. Krafft craters. Typical examples are shown in
Figures 23a and 23c, where the amplitude of tremor, corrected
for the station site effect using Table 4, is mapped for frequency
bands 0.5-1.5 Hz, and 1.5-2.5 Hz, respectively, at around 0527
UT on April 5, 1998. The decay of amplitude from the source
shown in Figures 23a and 23c is similar to that of seismic waves
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Figure 21. Three main vents of the March 1998 eruption are Piton Kapor, M. and K. Krafft, and F. Hudson.
Eruption outside the Enclos caldera occurred in the last stage of the episode.

generated by rockfalls described in section 3. They fit well with
the theoretical decay for surface waves with a @ factor of 40 to
60. The sharp decrease in amplitude across the summit caldera
composed of low-velocity and high-attenuation material shown
in Figures 23a and 23c also supports that they are surface waves.
We also observed at TCR a phase difference of 90° between the

retrograde motion for waves propagating from the east,
suggesting that they correspond to the fundamental mode
Rayleigh waves. An isolated eruption site named “Fred
Hudson” southwest of the central cone opened on March 12 had
a negligible effect on the tremor amplitude at any station.

The tremor amplitude shown in Figure 22 indicates a sharp

vertical and horizontal component, corresponding to a rise and quick decay within about 10 hours after the beginning
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Figure 22. The amplitude of tremor at station PHR which is located at a distance of about 6 km WSW of the main
eruption site. The amplitude is obtained by averaging the absolute value (in micrometers per second) over 10 s
duration. See the caption of Figure 1 for the absolute location of the map.
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of the eruption. This corresponds to the vigorous fountaining
from fissures opened successively downward starting from the
one near the summit mentioned above. There are two steep rises
in the tremor amplitude beginning on March 13 and 17, which
do not appear to correspond to any changes in morphology of
the eruption sites, except that the magma began to flow into lava
tubes about this time. We interpret them as the opening
connection to a magma reservoir through the rift zone path,
because the zone of the maximum of the amplitude distribution
during this phase extended to the summit area, as shown in
Figures 23b and 23d, respectively, for the 0.5-1.5 Hz band and
the 1.5-2.5 Hz band, suggesting magma movement through the
rift zone path activating the LP tremor sources beneath the
summit.

After about 2 months of strong variation, the tremor amplitude
became nearly constant, implying a steady state flow of magma,
with a constant pressure gradient through the conduit, or a
constant excess pressure in the reservoir supplying magma to the
eruption site. In order to maintain a constant pressure despite
the withdrawal of magma, the reservoir must have a large
capacity. This phase of the tremor amplitude history may be due
to the opening of a direct connection between the eruption site
and a large, deep reservoir.

5.3. The Last Phase of the Eruption Episode: Eruption
Outside the Enclos Caldera

On July 28, an M=2.0 earthquake occurred at 0419 UT,
offshore to the south of the summit, allowing the mapping of
coda localization. Shown in Figure 24, for the frequency band 1
to 3 Hz, the peak zone is centered about the main eruption site,
Piton Kapor, but is elongated in the northeast direction
coincident with the rift zone in this area.

A swarm of LP events with peak amplitude near NCR on June
18 and 19 gave additional information about the condition of the
magma system during the last phase of the eruption. An
example of amplitude distribution is shown for the event
recorded at 1257 UT on July 19 in Figure 25 for the frequency
bands 0.5-1.5, 1.5-2.5, and 2.5-3.5 Hz. Their amplitude decay
with distance is slower than for the tremor from Piton Kapor at
short distances, indicating that their sources are deeper than the
latter. The peak region of amplitude lies outside the Enclos
caldera for the 0.5-1.5 Hz band, while it lies inside the caldera
for the 2.5-3.5 Hz band. This may be due to the different
frequency characteristics of waveguides developed in different
parts of the volcano. Since the LP events are associated with the
movement of magma, and the path of magma could be an
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Figure 24. The coda amplification factor for the event located
16 km south of the summit at a depth of 23 km at 0419 UT on
July 28, 1998, normalized to station PCR. See the caption of
Figure 1 for the absolute location of the map.

efficient waveguide, it is reasonable to expect a strong wave
guide effect on the amplitude of LP events. Thus the observed
frequency-dependent amplitude distribution suggests that the
waveguides (or magma paths) have been well developed not
only inside, but also outside the Enclos caldera.

The tremor amplitude has been steady until the end of June, as
shown in Figure 26, where the amplitude at station TCR is
plotted instead of PHR because of decreasing signal-to-noise
ratio as the eruption approaches the end. The amplitude shows a
sudden increase on July 10, corresponding to a collapse of the
Piton Kapor cone. It was followed by a period of strong
variation in amplitude which lasted for about a week. After that
a slow, smooth decrease lasted until August 6. The swarm of LP
events near NCR, as well as the coda localization along the rift
zone mentioned above, were observed during this period of
decrease. This steady decrease suggested a decline of magma
supply from the source, but the occurrence of a swarm of LP
events and the elongated pattern of coda localization along the
rift zone raised some concern about the eruption extending
outside the Enclos caldera, which could become hazardous to
population.

On August 6 and 7 a sharp rise in tremor amplitude was
observed, followed by a period of large variation in amplitude.
On August 9 an eruption outside the Enclos caldera started,
confined in an area close to the caldera boundary as shown in
Figure 21, and the amount of magma erupted was not large
enough to cause any damage to population.

After mid-August the tremor amplitude again showed a slow,
steady decrease with several minor upheavals each lasting 1 or 2
days, as shown in Figure 26. On September 21 the degassing
from Piton Kapor was no longer visible, and the tremor
amplitude decreased to the normal noise level.

6. Toward a Quantitative Modeling of an Eruption

In order to simulate the eruption episode quantitatively, we
constructed a model composed of “reservoirs™ connected to the
source of magma at depth, to the eruption site at the surface, and
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to each other through “channels”.  This model is basically
similar to electrical analog models proposed by Decker {1968,
1987] and Shimozuru [1981].

First, we describe the simplest case of a single reservoir which
receives magma from below at a constant rate O, When the
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Figure 25. The amplitude distribution of an LP event in the
frequency band (a) 0.5 to 1.5 Hz (b) 1.5 to 2.5 Hz, and (c) 2.5 to
3.5 Hz obtained by the FFT applied to the 18 s duration at 1257
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excess pressure (pressure in excess of the hydrostatic pressure)
in the reservoir reaches a critical value P, the channel to the
surface opens and an eruption starts. The excess pressure P in
the reservoir and the flow rate Q through the channel may be
“related by P = RQ, where R is the resistance of the channel. On
the other hand, the rate of pressure increase in the reservoir may
be related to the net inflow by the relation dP/dt = (Q, - Q)/C,
where C is the capacity of the reservoir. For an episodic
eruption, we need another parameter to stop the flow. We
introduce the critical flow rate Q, below which a channel closes
or freezes. O, must be greater than Q, for an eruption to be
episodic. Otherwise, the eruption becomes stationary at a flow
rate of Qp. This model is essentially static, neglecting the
dynamic effects of magma flow and dike propagation, as well as
the pressure change in the reservoir due to phase transition,
chemical reaction, etc.

In a single-reservoir system, the flow rate starts with the value
PJ/R and decreases nearly exponentially with the decay time
constant RC. Such decays were observed repeatedly in the
tremor amplitude history presented in Figures 22 and 26. The
range of decay time shown in these figures is very broad, from
several hours to more than a month, suggesting a broad range of
the resistance of channels and capacitance of reservoirs under
PdF.

The time interval of consecutive eruptions, on the other hand,
is CP/Qyp, and the amount of magma in each eruption is CP..
For example, the case of an eruption of 10 million m® once a
year corresponds to O, = 10 mullion m® y!, and the capacity C =
100,000 m’ bar™' if we take a critical excess pressure value of P,
= 100 bars.

In order to simulate the precursor-eruption phenomena
observed during the March-September 1998 eruption episode,
we consider a system composed of three reservoirs and five
channels. The three reservoirs are (1) the upper reservoir within
the volcanic edifice suggested from observations on LP events,
(2) the lower reservoir suggested from observations on coda
localization, and (3) the one below the preexisting oceanic crust.
The system is sketched in Figure 27 together with the resultant
reservoir pressures, channel flow rates and cumulative amount
of magma plotted against time, assuming that all the excess

pressure and the flow rates are zero at # =0. This initial condition
may be oversimplified, but acceptable, because of the low
seismicity of both volcano-tectonic and LP events as well as the
weak coda concentration under the volcano around 1994. The
channels 3, 4, and 5 shown in Figure 27 correspond to the
summit path, rift zone path, and the path to outside the Enclos
caldera, respectively. In addition to the critical excess pressure
and capacity for each reservoir and the critical freezing flow rate
for each channel, we needed a delay time parameter to introduce
a delayed opening of the rift zone path and the outside caldera
path. The 19 parameters are listed in Table 6. As shown in
Figure 27, a rapid rise of magma from the deepest reservoir (Q;)
occurs twice before the eruption, which may correspond to the
observed Crisis 1, and 2. The largest magma output is from the
rift zone path, and the total magma erupted is about 60 million
m® n agreement with a preliminary estimate from surface
observations. The flow rate, on the other hand, is highest for the
summit path, and the peak value is 50,000 m*h™', or 14 m® 5™,
which lies within the range of estimates made on the surface.
The assumed flow rate from the upper mantle is 1500 m* b,
which is about 30% greater than the average rate of erupted
magma for the period from 1930 to 1985.

A comparison of modeling results with monitoring results will
allow adjustment of model parameters for prediction. The
modeling offers an inference on what is happening under the
volcano. The seismic monitoring offers information about the
location of magma (through the coda localization), about slow
magma movements (through the LP events), and about sudden
magma movements (through the swarm of volcano-tectonic
events).

7. Discussion and Conclusion

The empirical relation between the duration of the precursory
seismic crisis and the elevation of the eruption site shown in
Figure 8 was obtained from eruptions between 1985 and 1992.
The departure of the March 1998 eruption from this relation
may be attributed to a subtle change in the magma system
beneath the summit area. The LP events occurring during the
1985-1992 period showed nearly the same waveform and arrival
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Figure 27. An example of the time plots of reservoir excess pressure P and channel flow rate Q for a three-
reservoir and five channel system. A schematic view of the system is shown on the upper left. The parameters of

the model are given in Table 6.

time at the three summit stations. On the other hand, the
waveforms are different among these three stations for the LP
events observed during the precursory period of the 1998
eruption, suggesting some difference in the location or structure
of the source of LP events between the two periods. The mode
of eruption was also different between the two periods. During
the 1985-1992 period, moderate-sized eruptions (1 to 10 million
m®) occurred in a wide area rather uniformly through the summit
and from both the northeast and the southeast rift zones. On the
other hand, the 1998 eruption was concentrated on the north
side of the summit. The source of LP events during the 1985-

1992 period may be symmetric with respect to the summit
center, while that during the 1998 eruption may be shifted
toward the north.

The predictability of the eruption process will depend on how
well we can constrain the model parameters using the
monijtoring data. Further work is needed to improve the quality
of both the monitoring observation and the modeling. We may
summarize in the following what we found about the volcano.

1. From 13 eruptions between 1985 and 1992, a strong
correlation exists between the duration of the precursory swarm
of volcano-tectonic events and the elevation of eruption sites,
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Table 6. Model Parameters of the Three-Reservoir and
Five-Channel System Shown in Figure 27

Parameters Value
Flow rate from the upper mantle, m’h™! 1,500
Critical excess pressure, bars
reservoir 1 300
reservoir 2 200
reservoir 3 100
Reservior capacity, m*bar’!
reservoir 1 100,000
reservolr 2 150,000
reservorr 3 70,000
Channel resistance, bar m>h™
channel 1 0.01
channel 2 0.004
channel 3 0.002
channel 4 0.01
channel 5 0.05
Freezing flow rate, m*h™!
channel 1 2,000
channel 2 1,200
channel 3 20,000
channel 4 3,500
channel 5 750
Trigger delay time, hours
channel 4 triggered by Channel 3 100
channel 5 triggered by Channel 4 1,000

precursor times being shorter than 1 hour for eruptions near the
summit at 2500 m elevation, and longer than 6 hours for
eruptions at elevations below 1800 m.

2. LP events are completely absent in the precursory crisis of
summit eruptions, but they are present in all crises leading to
flank eruptions occurring near the caldera rim. Combining this
and the preceding item, we identify two separate paths to
eruption sites, namely, the summit path and the rift zone path.

3. After the eruption of August 1992 (the last one before the
1998 eruption), we found the systematic disappearance of LP
events dependent on the dominant frequency. LP events with
dominant frequencies around 1 Hz disappeared first, while those
with dominant frequencies around 2 Hz vanished last. Based on
this observation, we infer that 1Hz LP sources are located above
2 Hz sources. This is confirmed by the earlier appearance of 2
Hz LP events than 1 Hz events during the precursory period for
the 1998 eruption.

4. The coda site amplification factor systematically depends
on the location of the seismic source, and shows a strong
localization in the summit area when the source is beneath the
summit. We attribute this localization of coda amplitude to slow
waves trapped in the fluid-solid system.

5. The coda localization over the 2-year period preceding the
1998 eruption varied with time significantly. We attributed this
change to the filling of reservoirs by the ascending magma, and
predicted that the eruption will follow when the filling of
reservoirs is completed.

6. The tremor originating from the eruption site was
separated into five phases, each showing an approximately
exponential decay. The decay time was the shortest (less than 1
day) in the first phase, and became longer for the later phases.
The last phase showed a roughly constant amplitude for about 4
months. We attributed the time constant of amplitude decay to
the product of the capacity of the reservoir and the resistance of
the channel connecting the reservoir with the eruption site.

7. Finally, we attempted a computer simulation of the 1998
eruption using a model consisting of three reservoirs and five
channels based on the above observations and interpretation.
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