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SUMMARY

The 2000 eruptive activity of Miyakejima island began with an earthquake swarm and crustal
deformation that was clearly observed by continuous observations of ground tilt and GPS on
Miyakejima. Based on the crustal deformation data, we estimated the magma migration process
at the initial stage (18:30 LT on 2000 June 26—06:00 LT on 2000 June 27) of the activity. The
activity in 2000 has been characterized by a collapse-caldera formation and no fissure eruption
on the flank of the island, which is markedly different from the style of the recent eruptions in
1940, 1962 and 1983. We constructed a source model that approximately explains the crustal
deformation data. The model consists of four dykes, of which three are intruding dykes and the
other is a contracting dyke. We can infer the magma migration process at the initial stage from
the model as follows. At 18:30 LT on June 26, the magma began to ascend from a dyke-shaped
magma chamber and intrude at the southwestern flank of Miyakejima. In the intrusion, the
total volume of intruded magma was ~4 x 10® m3. At around 21:00 LT, a relatively large
volume of magma began to intrude as a dyke beneath the west coast of Miyakejima. The dyke
then propagated laterally towards the northwest. The amount of magma intruded from 21:00
LT to 01:00 LT was ~40 x 10° m?. This large intrusion caused a discharge of magma from
the magma chamber. The northwestward propagation of the dyke and the contraction of the
chamber continued thereafter. The discharge of magma from the chamber beneath Miyakejima
probably starved the first intrusion that had been ascending towards the southwestern flank of
the island, resulting in the collapse-caldera formation after the initial stage. The style of the
2000 eruptive activity relative to recent activity has primarily been changed by the subsurface
discharge of magma towards the northwest.

Key words: crustal deformation, dyke, GPS, magma chamber, Miyakejima volcano,
tiltmeter.
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magma. An eruption had been expected around 2003, because the

1 INTRODUCTION past three eruptions occurred in 1940, 1962 and 1983, at roughly

Observation of crustal deformation in volcanic areas provides use-
ful information on subsurface magma movements and changes in
magma systems. During the course of the 2000 Miyakejima erup-
tive activity, we successfully observed crustal deformation using
networks of borehole tiltmeters and GPS. The data have been anal-
ysed to reveal the magma rising process mainly from the ground tilt
data (Fujita e al. 2002a) and magma discharge process, mainly from
GPS data (Nishimura ef al. 2001). This study is aimed at modelling
the magma migration process during the first day of the activity by
combining ground tilt and GPS data.

Miyakejima island, located 170 km to the south of Tokyo, Japan
(see Fig. 1 for its location), is an active stratovolcano of basaltic
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20-yr intervals (Miyazaki 1984). The typical style of the former
three eruptions was a fissure eruption of basaltic lava on the flank
of the volcano. Anticipating a future eruption, observational instru-
ments had been deployed on the island by several institutes. The Na-
tional Research Institute for Earth Science and Disaster Prevention
(NIED) constructed five observation sites with borehole tiltmeters,
seismometers and GPS receivers. The Geographical Survey Insti-
tute (GSI) of Japan, Tokyo University and the Japan Coast Guard
deployed GPS stations.

The 2000 Miyakejima eruptive activity began at 18:30 LT (Japan
Standard Time, UT+09:00) on 2000 June 26, accompanied by an
earthquake swarm (Sakai ef al. 2001) and rapid crustal deformation
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Figure 1. Guide map. (a) The tectonic environment around Izu island. EU, Eurasian Plate; AM, Amurian Plate; NA, North American Plate; OK, Okhotsk
Plate; PA, Pacific Plate; PH, Philippine Sea Plate. The lines show plate boundaries. The open arrow indicates the direction of the plate motion of PH relative
to EU (Seno et al. 1993). (b) Location of Miyakejima in Izu island. (c) Locations of tiltmeter stations (crosses) and GPS stations (circles) in Miyakejima. The

triangle represents the summit of Miyakejima (814 m).

(Ukawa et al. 2000; Irwan et al. 2003). This activity has continued
for more than 4 yr, with varying eruptive styles. From the observed
geophysical data, ejecta and visible activity, the activity can be di-
vided into four stages (Ukawa et al. 2000; Nakada ez al. 2001). The
first stage is the period from 18:30 LT on June 26 to the early morn-
ing of June 27, during which the magma rising process dominated.
The second stage is the subsequent interval up to July 8, just before
the first summit eruption. During this stage, magma that accumu-
lated beneath Miyakejima moved to the northwest outside of the
island. Small amounts of lava erupted west of Miyakejima in the
early morning of June 27 (Shirao et al. 2000).

The third stage is defined as collapse-caldera formation at the
summit area, probably as a result of the successive discharge of
magmas from Miyakejima (Geshi ef al. 2002). This stage began
with the first summit eruption of July 8 and continued until late
August, including several summit eruptions. The caldera formed for
the first time in 2500 yr (Tsukui e al. 2001), characterizing the 2000
Miyakejima eruption. This stage is also characterized by the tilt steps
indicating cyclic abrupt expansions of a magma chamber (Kumagai
et al. 2001; Fujita et al. 2002b). The fourth stage is a volcanic gas
emission period that began in late August. In the activity of 2000,
unlike the recent eruptions, a fissure eruption did not occur.

The collapse-caldera formation, the tilt steps and the large vol-
ume of gas emissions in the long term clearly suggest a magma
system with a large magma chamber in the upper crust beneath the
island. The magma rising process in the initial stage is likely to be
closely related to the magma system and the crustal deformation
data undoubtedly contain key information that enables the under-
standing of the magma system. Up to now, the ground tilt data and
the GPS data have been analysed separately mainly because of their
different temporal resolution. Recently, Irwan et al. (2003) obtained
crustal deformation data at 30-s intervals by applying kinematic
GPS analysis.

In this study, we attempt to elucidate the subsurface magma mi-
gration process from 18:30 LT on June 26 to 06:00 LT on June 27.
The reason for choosing this time interval is that the principal magma
movements of this period were limited mostly to within Miyakejima,
that is, in and around the observational network. In our analysis, we

combine the ground tilt data and the GPS data to estimate model
parameters for the magma system. The tilt data have high accu-
racy, but the number of stations is small and the estimated intrusion
process is limited up to 01:00 LT on June 27 (Fujita et al. 2002a).
The GPS data derive from a relatively larger number of stations and
have better station coverage, but the accuracy of the vertical com-
ponent is insufficient. No analysis combining both data sets had yet
been carried out, but combining them would clearly provide the best
model fitting crustal deformation induced by the subsurface magma
movements. We applied a genetic inversion technique to solve the
non-linear problem.

2 CRUSTAL DEFORMATION DATA

2.1 Tilt data

Tilt changes associated with the activity of 2000 were observed by a
tiltmeter network established by NIED. The network consists of five
borehole-type tiltmeters 100 m deep (see Fig. 1 for their locations),
which are the force-balanced pendulum type (Sato ef al. 1980). The
data are continuously telemetered to NIED by telephone lines with
a sampling rate of 1 Hz.

Fig. 2 shows the 1-min resampled tilt data of the stations in the
period from 12:00 LT on June 26 to 12:00 LT on June 27. At 18:30
LT, tilt changes began with the earthquake swarm and the tilt change
of MKT was initially the largest among the five stations. 2 hr later, a
major tilt change towards the south began at MKA. The tilt change
continued until 01:00 LT and amounted to 160 prad. The tilt direc-
tion of MKA varied to the northeast at 01:00 LT, after which the tilt
changes of all stations continued gently.

2.2 GPS data

The kinematic GPS data we used are 30-s-interval positional data
analysed by Irwan ez al. (2003 ), which were obtained from the dense
GPS network in Miyakejima. The network consists of 12 stations
(see Fig. 1 for their locations): the GSIsetup MYK1,MYK2, MYK3
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Figure 2. The tiltmeter records in the period from 12:00 LT on 2000 June 26 to 12:00 LT on 2000 June 27. Broken curves represent the theoretical tilt changes

calculated from the dyke model. Vertical lines are the bounds of the periods.
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Figure 3. Time-series of 30-s coordinates of GPS sites in the period from 12:00 LT on 2000 June 26 to 12:00 LT on 2000 June 27. Curves represent the
theoretical displacements calculated from the dyke model. Vertical lines are the bounds of the periods.

and MYK4; Tokyo University set up IGYA, KKHO and RJIN; the
Japan Coast Guard installed AKTD; and NIED set up MKS, MKK,
MKA and MKT. MYK3 is the reference station for the processing
of kinematic GPS. The four NIED stations are single-frequency
receivers and the others are dual-frequency receivers. The vertical
components of the single-frequency receivers are not used in this
study because of their large uncertainties.

The time-series of positions are shown in Fig. 3. Although the
original data obtained by Irwan et al. (2003) are movements relative
to MYK3, which are also moved by crustal deformation caused
by volcanic activity, we corrected the data to be referenced to a
station in Tsukuba (see Fig. 1a for its location). The station is distant
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enough from Miyakejima to obtain absolute movements resulting
from volcanic activity. For this correction, we used 2-hr-interval
GPS coordinates of MYK3 (Kariya et al. 2000), which is referenced
to Tsukuba. Fig. 4 shows the time-series of movements of MYK3.
The time-series were interpolated by polynomial functions in Fig. 4,
after which we corrected the original data using these functions.

2.3 Temporal variation of crustal deformation

The tilt change and GPS data show that crustal deformation began
at around 18:30 LT on June 26. The data also show the large crustal
deformation between 21:00 LT on June 26 and 01:00 LT on June
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Figure 4. Time-series of 2-hr coordinates of MYK3 (Kariya et al. 2000),
which is referenced to Tsukuba (see Fig. 1a for its location). Curves are the
tenth degree polynomials fitted to the data. Vertical lines indicate 18:30 LT
on June 26.

27. After this large deformation, the deformation rate gradually
decreased. From these features, we divided the initial stage into
three periods: period 1 (18:30 LT—21:00 LT on June 26), period 2
(21:00 LT on June 26—01:00 LT on June 27) and period 3 (01:00
LT—06:00 LT on June 27). The tilt vectors and the displacement
vectors corresponding to the periods are plotted in Figs 5, 6 and 7,
respectively. The plotted displacements are differences between the
mean positions in four periods: 12:00 LT—18:30 LT, 20:45 LT—
21:15 LT, 00:45 LT—01:15 LT and 05:45 LT—06:15 LT. Because
the four single-frequency receivers of NIED have blank periods in
the time-series, we used means for the period from 02:00 LT to
02:30 LT rather than the period from 00:45 LT to 01:15 LT for these
receivers.

Tilt-down vectors and displacement vectors in period 1 are shown
in Fig. 5. In period 1, tilt changes in the southern part of the island
predominate, especially at MKT, the tilt vector of which indicates
tilting in the northeast direction. In the northern part of the island,
by contrast, tilt changes were small, implying that the magma was
intruding only into the southern part of the island. In this period,
relatively large eastward horizontal displacements are seen at two
stations in the southeastern part of the island.

Fig. 6 shows crustal deformation in period 2. The tilt change at
MKA was very prominent. The tilt changes at the northern three
stations also become clear in this period, suggesting that the crustal
deformation was related to deeper magma movement than that in
period 1. Extensional deformation in the northeast—southwest direc-
tion is dominant in the western part, strongly suggesting the intrusion
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Figure 5. Observed crustal deformation of period 1 (18:30 LT-21:00 LT on
June 26): (a) tilt-down vectors, (b) horizontal displacement and (c) vertical
displacement vectors. Circles are standard errors of displacements. Blank
arrows are the theoretical deformation calculated from the best-fitting dyke
model, whose projection on the ground surface and the upper boundary are
shown by rectangles and thick lines, respectively. The triangle represents the
summit of Miyakejima.

of a dyke beneath the western part. In the southeastern part of the
island, the horizontal displacements turn to the west.

Crustal deformation in period 3 is shown in Fig. 7. The tilt direc-
tion of MKA turns to the northeast. The displacements are basically
similar to that of period 2, but with the minor difference of in-
creased eastward components at the northwestern and southwestern
stations.

3 MODELLING

3.1 Method

In modelling the sources of the crustal deformation at the initial
stage, we assume that the dyke intrusion and propagation process
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Figure 6. Observed crustal deformation of period 2 (21:00 LT on June 26—
01:00 LT on June 27): (a) tilt-down vectors, (b) horizontal displacement and
(c) vertical displacement vectors. Circles are standard errors of displace-
ments. Blank arrows are the theoretical deformations calculated from the
best-fitting dyke model, whose projection on the ground surface and the up-
per bound are shown by rectangles and thick lines, respectively. The triangle
represents the summit of Miyakejima.

was the principal cause, because the displacement vector patterns es-
pecially in periods 2 and 3 strongly suggest a dyke intrusion. Former
studies by Fujita et al. (2002a) and Irwan ef al. (2003) indicate that
dyke opening can explain most of the crustal deformation. In this
study, we estimate dyke configuration for the three time intervals,
that is, periods 1, 2 and 3.

The previous studies suggest that dyke geometry changes in the
course of the intrusion and propagation process with respect to the
initial stage. Furthermore, the temporal change of the crustal de-
formation pattern indicates the contribution of a multidyke system
to the volcanic activity. This variation in dyke geometry makes it
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Figure 7. Observed crustal deformation of period 3 (01:00 LT—06:00 LT
on June 27): (a) tilt-down vectors, (b) horizontal displacement and (c) vertical
displacement vectors. Circles are standard errors of displacements. Blank
arrows are the theoretical deformations calculated from the one-dyke model,
whose projection on the ground surface and the upper bound are shown by
rectangles and thick lines, respectively. The triangle represents the summit

of Miyakejima.

difficult to estimate the dyke parameters because of too many un-
knowns. To obtain more reliable solutions, we adopted two steps in
our estimation.

In the first step, one rectangular dyke is assumed to explain the
deformation in each period. From the total change of the observation
data in the period, we evaluated eight parameters defining a rectan-
gular dyke: location of the centre of the top (latitude, longitude and
depth), strike, dip, length, width and open dislocation (Fig. 8). As
described in the next section, we add a contracting source with spher-
ical or dyke geometry for periods 2 and 3, because a single-dyke
model does not account satisfactorily for the observed data. The
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Figure 8. Definition of the eight unknown dyke parameters. d, 0, 8, L, W
and U are the depth of the top, strike, dip angle, length, width and open
dislocation, respectively.

estimated parameters are thought to express a dyke with a principal
deformation in each period. We call these dykes principal dykes.

It is naturally considered that the deformation of the most domi-
nant dyke was not limited to the time intervals we defined in Section
2. In the second step, using all of the time-series data, we estimate
temporal change of the dislocation of the principal dykes over the
whole duration of the initial stage in dealing with the other seven
parameters of dykes (latitude, longitude, depth, strike, dip, length
and width) as known.

In the first step, the eight parameters are estimated from the ob-
served ground tilt changes and displacements by minimizing the
fitness function:

N

=10 — C;(m)P/o?, (1)
i=1

where N is number of data, O, is ith data, C; is ith synthetic defor-

mation calculated from the dyke model parameter vector m and o,

is the standard error of the ith data.

In eq. (1), the residuals between the observed and calculated de-
formation are normalized by their standard errors o ;. The stan-
dard errors of the horizontal and vertical displacements of the dual-
frequency GPS receivers are estimated to be 2 and 6 cm, respectively,
while that of the horizontal displacement of the single-frequency
receiver is 3 cm. We estimated the standard errors from the repeata-
bility of station position during the period from 12:00 LT to 18:00

Table 1. The parameters of the dyke model of period 1 (DK1).

LT on June 26 before the crustal deformation started, following,
for example, Williams ez al. (1993). We adopted these values for
eq. (1). The standard errors of the ground tilt observation are not
clear. We performed the same analyses as we explain in this section
for the three periods with the assumption of the standard error of
0.1, 0.5, 1 and 5 prad. Assuming the standard error to be 1 prad
or less, we could obtain a source model that satisfied the tilt data
but not the GPS data. In the present study, we adopted 5 prad as
the standard error. The value includes not only the uncertainty of
the observation but also the discrepancy between the real Earth and
modelling.

Because the function C; in eq. (1) is non-linear with regard to dyke
parameters other than opening, we adopted a genetic algorithm (GA;
Appendix A) to find the best-fitting parameters. The C; value in eq.
(1) is calculated using an analytical expression formulated by Okada
(1992), which assumes uniform opening of a rectangular dyke in
a homogeneous isotropic elastic half-space. The search ranges of
parameters are summarized in Tables 1, 2 and 3, corresponding
respectively to periods 1, 2 and 3. The search range for the location
of each dyke was set assuming that the earthquake swarm area was
fully involved in the range.

3.2 Parameters of the principal dykes

The resulting parameters of the principal dykes are summarized in
Tables 1, 2 and 3. Comparisons between the observed crustal defor-
mation and the synthetic deformation calculated from the respective
models are shown in Figs 5, 6 and 7. Projection of the dyke model
on the ground surface and its upper bound are shown by rectangles
and thick lines, respectively, in each figure.

The principal dyke model of period 1 is located on the south-
western flank of the island and dips to the southeast (Fig. 5). The
dyke is directed towards the summit of Miyakejima. The calculated
deformation fits the observations fairly well. Fig. 6 shows that the
principal dyke of period 2 is very different from that of period 1.
The dyke model is further west than that of period 1 and turns its
strike clockwise by 70°. The depth of the top is very shallow, but
it extends more deeply. This dyke model generally agrees with the
characteristic deformation of period 2, the northeast—southwestward
extension in the western and northern part of the island, and the
large tilt change of MKA. However, the model does not explain the
westward displacement at the southeastern part (MKT and MKY2).
The principal dyke of period 3 has almost the same strike as that
of period 2 and they join each other (Fig. 7). Although this model
can explain the displacements in the western and northern parts of
the island, except for the horizontal displacement of MKA and the

Search ranges in GA

Parameters Lower Upper
Latitude (°N) 34.05 34.09
Longitude (°E) 139.50 139.54
Depth (km) 0.0 5
Strike (°) 0.0 180
Dip (°) 0.0 180
Length (km) 0.0 10
Width (km) 0.0 10
Open (m) 0.0 5

Volumetric change (10° m?) — —

Confidence intervals of

68 per cent (95 per cent
Best-fitting P OSp )

parameters Lower Upper
34.074 34.067 (34.059) 34.079 (34.083)
139.508 139.505 (139.500) 139.517 (139.526)
1.7 0.4 (0.1) 1.72 (2.1)
40.2 36.7 (22.6) 52.2(64.9)
62.8 38.1(21.2) 63.4 (70.6)
2.4 0.7 (0.2) 4.5(6.6)
0.9 0.5(0.2) 3.6 (19.0)
1.8 0.6 (0.3) 4.1(4.9)
39 24(1.2) 6.4 (31.2)
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Search ranges in GA

Confidence intervals of

68 per cent (95 per cent
Best-fitting P ®3p )

Parameters Lower Upper parameters Lower Upper
Latitude (°N) 34.05 34.09 34.075 34.072 (34.070) 34.076 (34.078)
Longitude (°E) 139.46 139.52 139.484 139.482 (139.467) 139.491 (139.499)
Depth (km) 0.0 5 0.5 0.3 (0.1) 0.7 (1.3)
Strike (°) 0.0 180 110.7 102.4 (95.0) 112.5(118.8)
Dip (°) 0.0 180 86.8 78.1(72.7) 88.9 (93.8)
Length (km) 0.0 10 2.4 1.6 (0.8) 7.1(9.4)
Width (km) 0.0 10 12.2 8.1(2.5) 15.8 (29.0)
Open (m) 0.0 5 1.3 0.7 (0.5) 2.1(4.1)
Volumetric change (10 m?) — — 38.1 28.3 (16.5) 65.7 (132.1)

Table 3. The parameters of the one-dyke model of period 3.

Search Ranges in GA .
Best-fitting

Parameters Lower Upper parameters
Latitude (°N) 34.05 34.09 34.085
Longitude (°E) 139.46 139.52 139.462
Depth (km) 0.0 5 0.3
Strike (°) 0.0 180 123.5
Dip (°) 0.0 180 65.8
Length (km) 0.0 10 3.2
Width (km) 0.0 10 0.9
Open (m) 0.0 5 3.6
Volumetric change (10 m?) — — 10.6

subsidence of MYK4, it cannot explain the tilt changes, the west-
ward displacements in the southeastern part (MKT and MYK2) and
the subsidence at MYK2.

Because the one-dyke models of periods 2 and 3 do not agree with
the crustal deformation in the southeastern part, we explore other
models. The principal dykes do not contribute significantly to the
crustal deformation in the southeastern part, suggesting the crustal
deformation at MKT and MYK?2 are probably originated from a
different, additional source. Hence, we reconstruct dyke models with
an additional source for periods 2 and 3.

We will try to compare the one-dyke model with two models
consisting of two sources: one is a model with an intrusive dyke
and a contracting dyke (DD case), and the other is that with an
intrusive dyke and a contracting spherical source (Mogi 1958; DS
case). The reasons we assume a contracting source is that we assume
that a magma chamber supplied magma to the dykes. In addition to
that, the westward displacement at the southeastern stations and the
subsidence of MYK2 in period 3 suggest that a contracting source
was present in the southern part.

We searched for best-fitting parameters for the models using a
genetic optimization method similar to the one we used above. This
method differs from that for the one-dyke model in two respects:
first, a model of the DD case is coded by a string of 128 binary
values; and secondly, the probability of mutation p,, is set at 0.025
(the definitions of binary value and p,, are given in Appendix A). A
model of the DS case is coded by a string of 96 binary values, because
the spherical source has four unknown parameters, the location of
centre (latitude, longitude and depth) and volumetric change.

Because of clear differences of results on period 3, we explain
the result on period 3 ahead of that on period 2. Tables 4 and 5
list the best-fitting parameters of the DD case and the DS case of

© 2005 RAS, GJI, 161, 891-906

period 3, respectively, summarizing the search ranges of parameters
where we assumed that the contracting source was located in the
southern part of the island. Comparisons between the observed and
calculated deformation from the model are shown in Figs 9 and 10,
respectively. The best-fitting model of the DD case explains fairly
well the westward displacements at MKT and MYK2, the subsi-
dence of MYKZ2, and the tilt changes as well as the displacement
in the western and northern part (Fig. 9). The inflating dyke of the
model is located to the west of the island and is similar to the one-
dyke model. The best-fitting model of the DS case, by contrast, does
not fit the westward displacement at MKT, the subsidence at MYK2
and the tilt changes (Fig. 10). It should be noted that the observed
horizontal displacement and tilt vectors at MKT are perpendicular
to each other. The perpendicular vectors are explained by the con-
tracting dyke located at the southwestern side of the island (Fig. 9).
In contrast, the perpendicular vectors cannot be explained by the
contracting spherical source, because a spherical source causes hor-
izontal displacements and tilt changes in the same radial direction
(Fig. 10).

The Akaike’s information criterion (AIC) parameters (Akaike
1974) of the DD case of period 3 are 223.9, which is far smaller
than the best-fitting one-dyke model (AIC = 256.3) and the DS
case (AIC = 234.9). We therefore adopt the two-dyke model (DD
case) as the most appropriate principal dyke model for period 3.

The AIC parameters of the one-dyke model, the DD case and the
DS case of period 2 are 235.8, 237.1 and 238.0, respectively. The
complicated models do not improve the AIC of the one-dyke model
for period 2. We adopt the one-dyke model as the most appropriate
principal dyke model for period 2. However, the contracting dyke in
period 3 probably began to contract in period 2 because the westward
displacement of MKT and MYK2 and the southward tilt change of
MKT began in period 2.

We hereafter refer to the principal dyke models of periods 1,
2 and 3, and the additional contracting dyke of period 3 as DK1,
DK2, DK3 and DK4, respectively. The horizontal locations of DK 1
to DK4 are summarized in Fig. 11(a).

3.3 The confidence interval of the dyke parameters

Because the parameters were obtained by means ofa GA, confidence
intervals of the parameters cannot be estimated in the conventional
manner using a formula. In this study, therefore, we apply the boot-
strap method (Efron & Tibshirani 1993) to assess the confidence
intervals. The bootstrap method assumes that each data item is ran-
domly sampled from an identical probability distribution. Because
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Table 4. The parameters of the two-dyke model of period 3.

Search ranges in GA

Confidence intervals of

68 per cent (95 per cent
Best-fitting P ©3p )

Parameters Lower Upper parameters Lower Upper
Inflating dyke (DK3)

Latitude (°N) 34.05 34.09 34.088 34.079 (34.073) 34.089 (34.092)
Longitude (°E) 139.46 139.52 139.462 139.4615 (139.460) 139.473 (139.482)
Depth (km) 0.0 5 0.1 0.02 (0.0) 0.4 (1.1)
Strike (°) 0.0 180 131.2 106.9 (89.1) 131.3 (134.6)
Dip (°) 0.0 180 55.9 52.1(48.9) 90.9 (105.3)
Length (km) 0.0 10 4.5 1.2 (0.6) 4.6 (5.0)
Width (km) 0.0 10 32 1.8 (0.7) 11.9 (18.7)
Open (m) 0.0 5 1.6 1.2 (0.6) 4.2 (4.9)
Volumetric change (10° m?) — — 23.0 11.6 (6.2) 46.3 (74.3)
Contracting dyke (DK4)

Latitude (°N) 34.06 34.09 34.0623 34.061 (34.056) 34.075 (34.087)
Longitude (°E) 139.48 139.54 139.503 139.491 (139.481) 139.522 (139.535)
Depth (km) 0.0 10 3.4 1.9 (0.4) 4.9 (6.9)
Strike (°) 0.0 180 15.5 11.8(3.5) 62.3 (173.4)
Dip (°) 0.0 180 74.2 50.0 (24.0) 86.4 (137.8)
Length (km) 0.0 5 3.0 1.1(0.4) 4.3 (5.3)
Width (km) 0.0 5 2.1 1.1 (0.4) 4.4 (6.9)
Open (m) -5 0.0 —-23 —4.4(—4.9) —1.2(-0.4)
Volumetric change (10° m?) — — —14.5 —27.9 (-51.9) —5.3(-14)

Table 5. The parameters of the one-dyke and one spherical source model
of period 3.

Search Ranges in GA .
Best-fitting

Parameters Lower Upper parameters
Inflating dyke

Latitude (°N) 34.05 34.09 34.086
Longitude (°E) 139.46 139.52 139.463
Depth (km) 0.0 5 0.05
Strike (°) 0.0 180 129.5
Dip (°) 0.0 180 57.6
Length (km) 0.0 10 42
Width (km) 0.0 10 5.0
Open (m) 0.0 5 1.5
Volumetric change (10 m?) — — 31.5
Contracting spherical source

Latitude (°N) 34.060 34.090 34.061
Longitude (°E) 139.500 139.530 139.532
Depth (km) 0.0 10 0.2
Volumetric change (106 m?) —100 0.0 -0.9

the present crustal deformation data involve different uncertainties,
we resampled the weighted residuals between the observed and cal-
culated deformation instead of the data items, based on the method
of Cervelli et al. (2001). The procedure that evaluates the dyke pa-
rameters from the resampled residuals is the same as we used above,
except that we do not simply minimize eq. (1), buteq. (1) replaced by
resampled weighted residuals. We iterated the bootstrap calculations
2000 times, and obtained 68 and 95 per cent confidence intervals of
the parameter by discarding the top and bottom 320 and 50 of the
sorted parameters, respectively.

The confidence intervals of the dyke parameters of DK 1 and DK2
are listed in Tables 1 and 2, respectively. The result for DK1 shows
that the location of the centre of the top is limited to a shallow
area 2 x 2 km on the southwestern flank of the island. This dyke
is clearly directed towards the summit and dips to the southeast.
The length, width and opening, unlike the other parameters, are not
well constrained, as a result of the poor coverage of the stations
in the southern part of the dyke. Although the 95 per cent con-
fidence intervals of width and volumetric change are wide, their
68 per cent confidence intervals are 0.5-3.6 km and 2.4-6.4 x
10% m?3, respectively. DK2 is restricted to within a narrow area,
which indicates DK2 to be an almost vertical dyke clearly striking
to the ESE. The difference between DK1 and DK2 is clear. Al-
though the 95 per cent confidence interval of width is rather wide,
the parameter concentrates around 10 km and the 68 per cent con-
fidence interval is 8.1-15.8 km. The length and opening are not
well constrained because of the poor coverage of the stations in
the western part of the dyke and because of the trade-off between
them.

Table 4 shows the confidence intervals of DK3 and DK4. Al-
though DK3 and DK4 are not well constrained, we believe DK3
is situated to the northwest of DK2 and that DK4 exhibits a con-
figuration closer to that of DK1 than to DK2. The result shows
that DK4 is directed to the north or northeast and is located in the
southwestern part of Miyakejima. For a few parameters, the esti-
mated 95 per cent confidence intervals are equivalent to the search
ranges of GA (e.g. the longitude of DK3). This is because the
GA occasionally selects a value near the boundary of the search
range with respect to a weakly constrained parameter and then the
Levenberg—Marquardt method is conducted with the value as an
initial value. Because the search ranges of parameters affect the
confidence intervals for the weakly constrained parameters, we pos-
sibly underestimated the confidence intervals with respect to these
parameters.
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Figure9. Comparison between the two-dyke model of period 3 (01:00 LT—
06:00 LT on June 27) and the observed crustal deformation: (a) tilt-down
vectors, (b) horizontal displacement and (c) vertical displacement vectors.
Circles are standard errors of displacements. Blank arrows are the theoreti-
cal deformation calculated from the model, whose projection on the ground
surface and the upper bound are shown by rectangles and thick lines, respec-
tively. The triangle represents the summit of Miyakejima.

3.4 Adjustment of the dyke model to the time-series data

The dyke configurations estimated in the previous section are prob-
ably too simplified, because the total changes in the observed data
in each period are modelled assuming one or two principal dykes.
This is a rather oversimplified assumption, because the dyke opening
and contraction would not cease within each period. In this section,
we attempt to estimate the active periods of the principal dykes by
adjusting the model to the time-series data. Because the principal
dykes are likely to be connected to a common magma chamber and
conduit, accurate active periods are needed to find the relationship
between the principal dykes.
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Figure 10. Comparison between the one-dyke with one spherical source
model of period 3 (01:00 LT—06:00 LT on June 27) and the observed crustal
deformation: (a) tilt-down vectors, (b) horizontal displacement and (c) verti-
cal displacement vectors. Circles are standard errors of displacements. Blank
arrows are the theoretical deformation calculated from the model. The pro-
jection of dykes on the ground surface and location of the spherical source
are shown by rectangles and stars, respectively. The triangle represents the
summit of Miyakejima.

To adjust the model, we approximate a change of opening of each
dyke using a quadratic step function as follows:

22U 2 to+t
ﬁ(t — 1) for 1 <t< %

u(t) = ;
@) U—2@—n) for 230 <r<n, @)

where: u(?) is opening of each dyke at time #; 7y and ¢, are the
starting and termination time of dyke opening, respectively; U is the
cumulative opening at #,; and 7 is the duration time of the opening
(T =ty — to). The function is a simple increasing or decreasing
function as shown in the inset in the upper left side of Fig. 11(b). We
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Figure 11. (a) Projections of the principal dykes on the ground surface (rectangles). Small stars show the earthquake distribution during 18:30 LT on June 26
t0 05:00 LT on June 27 (Uhira et al. 2005). Dotted curves show an area where DK2 and DK3 cause tensional stress change in NE-SW direction on the ground
surface. Broken lines represent fissures formed after the 15th century (after Tsukui ez al. 2001). The triangle denotes the summit of Miyakejima. (b) Time-series
of volumetric changes of the four principal dykes. Vertical lines are bounds of the periods. Inset: an assumed quadratic time function on the opening of each
dyke. #¢ and | are the beginning and termination time of opening, and U is the opening at 7.

assume that parameters other than opening did not change. Although
this assumption may seem slightly strong, because the dykes might
have changed not only their thicknesses but also their length and
width during the propagation, we can still approximate the period
of the dyke intrusion and time-series of volumetric change of each
dyke.

The appropriate ¢y, and ¢, of each dyke are simultaneously es-
timated by a grid search method with 10-min intervals so as to
minimize eq. (1), in which O; and C; are observed and the defor-
mation calculated every minute. Because the function C; in eq. (1)
is linear with regard to U, if 7 and ¢, are given, U can be uniquely
determined by the linear least-squares method. In the estimation,
we assumed that 7, of DK1 is 18:30 LT on June 26, and ¢, of DK3
and DK4 is 06:00 LT on June 27, respectively.

The estimated ¢y, ¢; and U of each dyke are listed in Table 6.
The time-series of calculated deformation from the obtained time
function of the dyke opening are shown in Figs 2 and 3 for the
tilt change and the kinematic GPS data, respectively. Despite the
simplicity of the model, we are able to fit the overall pattern of
the crustal deformation reasonably well. The model is a good
approximation of the source of the crustal deformation. Some details
of'the features do not fit particularly well. For example, the calculated
tilt changes generally agree with the observed data, but their resid-
uals exceeded approximately 10 prad at the northern stations. The
synthetic displacement generally agrees with the observations other
than some stations with residuals of 3 and 5 cm for the horizontal and
vertical displacements, respectively. The calculated horizontal dis-
placement at MK A diverges from the observed displacement. These
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Table 6. The active periods of the dykes.

Active periods

Open
Dykes to 1 (m)
DK1 18:30 LT 21:50 1.8
DK2 20:50 01:00 1.3
DK3 00:10 06:00 1.4
DK4 21:20 06:00 3.3

Bold parameters are fixed in the curve fitting.

discrepancies are probably the result of differences between the real-
ity and our simplified model: rectangular dykes with uniform open-
ings in a homogeneous isotropic elastic half-space and their opening
obey a simple time function, whereas the sizes and locations are
fixed.

Fig. 11(b) shows the volumetric changes in the dykes, calcu-
lated from the estimated time-series of the opening. The intrusion
of DK1 began at 18:30 LT on June 26 and stopped at around 21:00
LT. DK2 began to intrude at around 21:00 LT. It is noticeable that
the contraction of DK4 also began at around 21:00 LT, because the
westward displacement at the southeastern stations and the south-
ward tilt change of MKT had already started in period 2. At around
01:00 LT on June 27, the intrusion of DK2 stopped and DK3 began
to intrude. Because DK3 is located at the northwestern extension of
DK2 and they join each other, the intrusion of DK3 probably ex-
hibits continuous lateral propagation of DK2 towards the northwest.
Although the width of DK3 is shorter than that of DK2, they can be
close because the width of DK3 is poorly constrained.

3.5 Comparison with the seismicity

The crustal deformation at the initial stage began and coincided
with the occurrence of the earthquake swarm. The earthquakes may
have been induced by dyke intrusions into the shallow brittle crust.
As the mechanisms of the dyke-induced earthquake swarms, pore
pressure increases in the crust by pressure increase of fluid in the
dykes and stress change in the crust as a result of the intrusion
have been proposed (e.g. Ukawa & Tsukahara 1996), which suggest
that the distribution of earthquakes correlates with the location and
direction of the dyke. We can confirm the validity of our dyke model
by comparing it with the seismicity.

Fig. 11(a) shows a comparison of between our dyke model and
the epicentres accurately determined by Uhira et al. (2005) with the
Double-Difference method (Waldhauser & Ellsworth 2000). The
epicentres in the period from 18:30 LT to 21:50 LT are distributed
along a line running 2 km southwest from the summit. The location
and azimuth of the distribution during the DK1 intrusion are very
similar to those of DK1. The swarm ceased at around 21:50 LT
and moved to the west coast. At the same time, the intrusion of
DKI1 terminated and DK2 began to intrude. The epicentres at the
west coast are distributed along a band in the WNW-ESE direction.
The location and direction coincide with DK2 and DK3 within the
estimation error for the dykes. The dyke model and the earthquake
swarm have a strong spatial and temporal correlation. The notable
aspect of the earthquake swarm is that the westward movement
of the swarm area at 21:50 LT was not continuous but an abrupt
movement. There was an obscure gap of earthquakes between the
two active swarm areas. This aspect coincides with the fact that DK 1
and DK2 are separate dykes. This strong correlation indicates that
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the configurations of dykes can be closely estimated using crustal
deformation data.

4 DISCUSSION

4.1 Magma migration process in the initial stage

On the basis of the location and temporal volumetric changes of the
four dykes, DK1 to DK4, we can reconstruct the magma migration
process in the initial stage as follows.

(1) In period 1, the first dyke intrusion, DK1, took place at the
southwestern flank of Miyakejima. The dyke is directed to the sum-
mit and its top depth is less than 2 km (Table 1).

(i) In period 2, the dyke intrusion at the southwestern flank
ceased and instead a new dyke intrusion began beneath the west
coast of the island, DK2. This dyke is almost vertical and its top
depth reaches 0.5 km from the ground surface. This dyke is char-
acterized by its high width down to a depth of approximately 10
km (Table 2). As in the following period, DK3 began at the western
end of DK2, so the magma migration direction in period 2 can be
concluded to be from east to west.

(iii) In period 3, dyke extension to the northwest direction from
the western end of DK2 is suggested by DK3. The top of the dyke is
very shallow, probably shallower than 1 km (Table 4), while the width
was not well constrained. Because of the similarity in configuration
between DK2 and DK3, we believe the magma migration direction
of DK3 to be northwestward.

Our questions regarding the magma migration process are now
focused on the source supplying the magma to dykes DK1 to DK3.
First, we consider the case of DK 1. Because the locations of DK1
and DK4 are close to each other, and DK4 is deeper than DK, the
most probable source for DK1 is DK4. DK4 is probably a dyke-
shaped magma chamber, because it contracted at the initial stage.

However, the temporal volumetric change of DK4 indicates the
contraction of DK4 began just before the halt of the intrusion of
DK1 as shown in Fig. 11(b), not supporting the magma supply-
ing from DK4 to DK1. We consider the following three possible
causes.

(i) Magma was supplied from DK4. The contraction of DK4
with comparable volumetric change to DK1 could not be detected
because of the assumption of the time function of eq. (2) and reso-
lution of the present estimation.

(i) Magma was supplied from DK4. The contraction of DK4
was small as a result of a vesiculation of magma.

(iii) Magma was supplied from a deeper magma source than
DK4.

To investigate the possibility of DK4 as a source for DK1, we
evaluate a two-dyke model consisting of DK1 and DK4 for period
1 with a condition that the inflation volume of DK is equal to the
contraction volume of DK4. The parameters of DK4 other than the
opening are the same as those estimated in Section 3. The resulting
parameters of DK 1 including volumetric change, which is estimated
to be 5.4 x 10° m? in this case, are within the 95 per cent confidence
intervals estimated in Section 3. The AIC parameter of the present
two-dyke case (189.0) is almost the same as that of one-dyke case
(189.7) in Section 3, meaning that the information from the obser-
vation is not enough to judge whether DK4 contracted in period 1
or not. In fact, the tilt change and horizontal displacement at MKT
caused by the contraction of DK4 with the above volume change
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are 6 prad and 1.5 cm, approximately 16-20 per cent of the ob-
served deformation. Although, this analysis cannot distinguish the
three possibilities (i), (ii) and (iii), we infer that DK4 is the source
of DK1, considering that DK1 is located above DK4.

The dyke-shaped magma chamber DK4 has been suggested by
previous studies. Crustal deformation observed before the activity of
2000 suggests the existence of a dyke-shaped inflating source strik-
ing to the summit in the southwestern part of Miyakejima. Kimata
(2001) suggests from the horizontal displacement in Miyakejima
during the period 1998-1999 that there was an inflating dyke at the
depth range of 3—5 km beneath the southwestern part of the island.
Murakami et al. (2001) also suggested this from the levelling data in
the period 1997—-1999. A gravity change associated with the activity
0f 2000 also suggests a contracting dyke that is directed towards the
summit at the southwestern part (Okubo et al. 2000). Although the
location of DK4 is not well constrained, DK4 is probably identical to
the inflating and contracting dyke. However, a further investigation
of crustal deformation and thermal studies of magma is needed to
elucidate how long the dyke had existed.

Secondly, we consider the magma budget among DK2, DK3 and
DK4 to identify a source supplying the magma to DK2 and DK3.
Fig. 11(b) indicates that the total inflated volume of DK2 and DK3
are approximately 3 times larger than that of the contraction of DK4,
suggesting possibilities of another magma source or inflation as a
result of vesiculation during the course of migration. Saito et al.
(2005) showed that the magma drastically vesiculated in the depths
shallower than 3 km from the melt inclusion analysis of the ejecta
at the largest eruption of 2000 August 18. The bottom depth of
DK2 reaches around 10 km (Table 2), and that of DK3 is possibly
close to it because of the similarity between DK2 and DK3. These
results indicate that most of the magmas in DK2 and DK3 moved
below 3 km, that is, the effect of vesiculation is not significant in
the dyke intrusions of DK2 and DK3. Hence, we conclude that the
large deficit of magma supply from DK4 to DK2 and DK3 comes

from magmas supplied by another magma chamber located deeper
than DK4.

The former studies based on GPS data estimated the magma
chamber of Miyakejima to being at the depth of 4.2 km (Nishimura
et al. 2001) or 12 km (Ito & Yoshioka 2002). Based on the GPS
data and the tilt data after the initial stage, we recently revealed
that the magma chamber consists of two parts: a shallow dyke-
shaped chamber (DK4) ~4—6 km deep and a deep spherical chamber
~7-10 km deep beneath DK4 (Ueda et al. 2005). The deep cham-
ber probably corresponds to the main source supplying magmas to
DK2 and DK3. The petrological study by Saito et al. (2005) also
suggests the presence of a deep magma chamber at the depth of
10 km.

The dyke model suggests that a magma of ~3 x 107 m* was sup-
plied from the deeper chamber. This is possibly the largest estimate
because we do not take account of inflation of magma as a result of
vesiculation. The spherical source with a contraction of 3 x 107 m?
causes crustal deformation at the observation stations no more than
7.5 prad (tilt), 3 cm (horizontal displacement) and 7.5 cm (vertical
displacement). The amount of deformation is close to the standard
errors of each data set. Therefore, it is difficult to detect the deflation
of the deeper chamber at the initial stage.

Fig. 12 schematically shows the magma migration process in-
ferred from our result. DK1 began to intrude from the dyke-shaped
magma chamber (DK4) towards the southwestern flank of Miyake-
jima at 18:30 LT on June 26. At around 21:00 LT, the westward
migration of magma (DK2) started. Considering the gap of dykes
between DK2 and DK4 (Fig. 11a), and the seismicity gap between
DK2 and DK4 (Fig. 11a), we infer that a large amount of magma
was supplied directly from the deep chamber to DK2 and DK3 as
shown in Fig. 12. The magma in DK4 drained into the deep cham-
ber, causing the contraction of DK4. The intrusion of DK1 ceased
at around 21:00 LT on June 26, simultaneously with the beginning
of the intrusion beneath the west coast. This synchronization was

WEST

dike intrusion beneath
the west cast (DK2 & 3)

Miyakejima
EAST

0 km

i dike intrusion (DK1) L

dike-shaped I

magma chamber (DK4)

—5 km
deep-seated 10 km

magma chamber |

Figure 12. Schematic illustration of the magma migration process at the initial stage inferred from the dyke model. (i) At 18:30 LT on June 26, magma began
to intrude towards the southwestern flank of Miyakejima from the dyke-shaped magma chamber. (ii) At around 21:00 LT, a large volume of magma began
to intrude from the deep-seated chamber to beneath the west coast. (iii) Accompanied by the discharge of magma from the deep chamber, the magma in the
shallow chamber drained into the deep chamber. The deflation of the shallow chamber terminated the initial intrusion at around 21:00 LT. (iv) The dyke beneath

the west coast gradually propagated towards the northwest.
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probably originated from the reduced pressure in DK4 as a result of
the magma outflow towards the northwest.

After the initial stage, the propagation of the dyke towards the
northwest continued, with its length reaching 30 km (Sakai et al.
2001). The magma that moved from beneath Miyakejima to the
southwest had amounted to ~0.7 km? until late August (Nishimura
etal. 2001). The magma probably flowed through DK2 and DK 3, and
the discharge of magma from the chamber resulted in the collapse-
caldera formation after the initial stage (Geshi ez al. 2002).

Our magma migration process model suggests that if the intru-
sion of DK2 had not occurred, the intrusion of DK1 might not
have terminated. The intrusion might have continued and resulted
in a fissure eruption on the flank of Miyakejima. The fissure erup-
tion was typical among the other eruption until the last eruption of
1983, but did not occur in the 2000 activity. The outflow of magma
from the magma chamber resulted in the collapse-caldera formation
after the initial stage (Geshi ez al. 2002). The caldera formation was
for the first time in 2500 yr (Tsukui ez al. 2001). The style of the 2000
eruptive activity has been primarily changed compared with the past
eruptions by the discharge of magma towards the northwest.

4.2 Surface phenomena and dyke intrusions

At the initial stage, several visible phenomena associated with the
magma movement were found on the ground surface. Comparing
these observations with our magma migration model, we discuss
the causes of those phenomena.

At 08:30 LT on July 27, discoloured water was noticed 1.2 km off
the west coast of Miyakejima (see Fig. 11a for its location), where
submarine craters were later found on the ocean floor (Shirao et al.
2000). The ejected magma amounted to 5000 m?. The discoloured
water was found near DK3 after the intrusion of DK3; the depth of
the top of DK3 is very shallow. Therefore, the submarine eruption
was probably a small eruption of magma in the upper tip of DK3.

On the west coast of Miyakejima, open cracks and graben struc-
tures with strikes of N50°W—-N60°W were found on June 27 (see
Fig. 11a for their locations; Kawanabe et al. 2002). The cracks are
located near DK2 and DK3, and the strikes of cracks coincide with
those of the dykes. The area between the dotted curves in Fig. 11(a)
is an area where DK2 and DK3 cause tensional stress change in
the NE-SW direction on the ground surface, including the fracture
areas. The stress change is strong especially just above the dyke.
The crack openings might have been led by the strong tensional
stress change. The strong stress change is also shown by a large
magnetic field change recoded at MKA, which is explained by the
piezomagnetic effect associated with the dyke intrusion (Ueda et al.
2003).

4.3 Comparison between the dykes and the stress field
around Miyakejima

The direction of a dyke intrusion is sensitive to local stress fields in
the vicinity of the dyke (Nakamura 1984). Because the directions of
DK1 and DK2 are quite different, we need to compare the directions
of dykes with the stress fields to justify the dyke model and discuss
the cause of the dyke intrusion.

Dykes tend to intrude perpendicularly to the minimum principal
stress axis and expand in parallel to the maximum principal stress
axis. In Miyakejima, the eruptive flank fissures that had formed
in past eruptions are distributed radially from the summit and the
fissures gradually curve to the NW-SE with increasing distance
from the summit (see Fig. 11a). The distribution was interpreted
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by Nakamura (1984) as the result of the stress field in Miyakejima.
The radial distribution is a result of the local stress field caused by
expansion of magma chamber beneath Miyakejima. The curve to the
NW-SE is the result of the regional stress field in the southern Izu
islands, where strike-slip earthquakes with NW—SE compression
axes and NE-SW tension axes are predominant. The regional stress
field is interpreted as originating in the bending of the Philippine Sea
Plate at the northern Izu peninsula (Nakamura 1984) or a collision of
the Philippine Sea Plate with the Eurasian Plate (Ukawa 1991). DK1
and DK4, which are relatively close to the summit, are directed to the
summit, and DK2 and DK3 are directed to the NW—SE direction and
are normal to the NE-SW tension axes in the southern Izu islands.
The directions of the four dykes are a logical result of the local stress
field in Miyakejima.

The horizontal intrusion of magma is often seen in rift zones, such
as in Krafla Volcano, Iceland (e.g. Einarsson & Brandsd-ttir 1980)
and Kilauea Volcano, Hawaii (e.g. Wallace & Delaney 1995; Rubin
et al. 1998). In the case of Krafla Volcano, Einarsson & Brandsd-ttir
(1980) suggest that the primary driving force is the tectonic stress
that has built up on the plate boundary in Iceland. In Miyakejima,
because DK2 and DK3 intruded perpendicular to a minimum prin-
cipal stress axis and parallel with a maximum principal stress axis of
the regional stress field, the lateral intrusion might be similar to these
cases. Buoyancy is not likely to be a driving force behind the lateral
intrusion. Lateral propagation continued after the initial stage, and
a dyke 30 km long and 2—8 m thick intruded off the west coast of
Miyakejima until 2000 September (Nishimura ez al. 2001). If we
assume that this dyke intrusion, which is large enough to change
the eruptive style of Miyakejima, was the result of accumulated
intraplate stress, a long time would have been needed to build up
this level of stress, possibly far longer than the eruption intervals of
20 yr; this is consistent with the fact that the type of the 2000 erup-
tive activity is markedly different from that of recent eruptions in the
20th century (Tsukui et al. 2001). The lateral intrusion in Miyake-
jima might be caused by not only the excess pressure of the magma
chamber but the regional stress field, which had accumulated over
an extended period as a result of the movement of the Philippine
Sea Plate.

5 CONCLUSIONS

We have constructed a source model that approximately explains the
continuous tilt and GPS observations at the initial stage of the 2000
Miyakejima activity (18:30 LT on June 26—06:00 LT on June 27).
The source model consists of four dykes, of which three are intrud-
ing dykes and one is a contracting dyke. Based on the dyke model,
we inferred the magma migration process at the initial stage as fol-
lows. At 18:30 LT on June 26, the magma began to ascend from a
dyke-shaped magma chamber and intrude at the southwestern flank
of Miyakejima. In this intrusion, the total volume of magma was
~4 x 10° m?. At around 21:00 LT, a relatively large volume
of magma began to intrude beneath the west coast. The dyke
propagated laterally towards the northwest. The intruded magma
amounted to ~40 x 10° m? up to 01:00 LT. This large intrusion
caused discharge of magma from the magma chamber and this dis-
charge terminated the first intrusion at the southwestern flank. The
northwestward propagation of the dyke and the contraction of the
chamber continued thereafter.

The activity of 2000 is radically different from the style charac-
teristic of other recent eruptions, which have been fissure eruptions
on the flank of the volcano. The style of eruptive activity of 2000

snbny oz uo 1senb Aq 20861 LZ/L68/S/L9L/2101e/1B/woo dnoolwspeoe//:sdiy woly pspeojumoq



904  H. Ueda et al.

has been changed primarily by the large intrusion beneath the west
coast. This large intrusion appears to have terminated the first intru-
sion that had been ascending towards the flank of Miyakejima. The
discharge of a large volume of magma from the magma chamber
resulted in the formation of a collapse caldera after the initial stage.
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APPENDIX A: A GENETIC
ALGORITHM TO SEARCH THE
BEST-FITTING DYKE PARAMETERS

We employed a GA (Mitchell 1996) to search for dyke parameters,
because it is a useful technique for this type of study. Because the
function C; in eq. (1) is non-linear with regard to the dyke parameters
other than opening, we solved a non-linear least-squares problem
to obtain the best-fitting parameters. This form of problem is often
solved by the use of methods based on derivatives of an objective
function with respect to the parameters such as the steepest decent
method, the Gauss—Newton method and the Levenberg—Marquardt
method. If appropriate starting parameters are given, the method can
quickly and accurately find a best-fitting parameter. Because the ob-
jective function of this study has numerous local minima, derivative-
based methods risk converging on a local minimum rather than the
global minimum. Moreover, the solution is strongly influenced by
the starting model. Other methods that thoroughly search the whole
parameter space cost a lot of time to find the best-fitting parameters.
Because Monte Carlo algorithms, including GA, are not based on
derivatives, they carry a relatively low risk of converging on the
wrong local minimum. Although GA randomly tests various model
parameters over a wide search area, it progressively modifies the
search area in the parameter space, and efficiently and rapidly finds
high-potential areas within the parameter space. One advantage of
a Monte Carlo algorithm is that it generally starts from randomly
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generated parameters. The starting model does not depend on a
priori information, so we can compare the final model with other
geological and geophysical observations.

In GA, the model parameters are coded as genes and a large
population of models composed of genes is searched to achieve
a best-fitting model. A group of models is generated first and
then the GA modifies the group as if they were evolving in a
biological system. The degree to which the model fits the ob-
served data is quantitatively evaluated with an objective function.
The best pair of models is selected on the basis of the function
and then a pair of offspring is generated from the parents ac-
cording to probabilistic rules. This process is iterated over nu-
merous generations until the fit becomes sufficiently high. Con-
sequently, the fitness of the group is improved efficiently and
rapidly.

In this study, we coded a model using one chromosome, formed
from eight genes that correspond to the eight model parameters. We
then divided the search range of the parameter by 256 and assigned
binary values to each. A gene is coded with eight figures of binary
values and corresponds to a point in the search range of the para-
meter. For example, because we searched for the best-fitting dip an-
gle of a dyke in the range from 0° to 180°, 00000000 and 11111111
correspond to 0° and 180°, respectively. Fig. Al(a) schematically
shows a dyke model expressed as a string of 64 binary values. The
binary values are converted to real values when the objective func-
tion is evaluated. The reason a gene is coded with eight binary values

(a) A DIKE MODEL CODED BY A GENOME

Lat. Lon. d 6 6 L WU

01001010 00100010 10111010 ------- 00101010
(b) CROSSOVER
Parent 1 00000000 00000000J00000000 ------- 00000000
Parent2 11111111 1111111111111 - - - - - - 11111111

A
Random Selection

Offspring 1 00000000 00000000 11111111 - ------ 11111111
Offspring 2 11111111 11111111 00000000 - - - - - - - 00000000

(c) MUTATION

00000000 00000000 00000000 - - - - - - - 00000000

/

Random Selection

!

00000010 00000000 00000100 - - - - - - - 00000000

Figure A1l. Schematic views of (a) a dyke model coded by binary values in a genetic algorithm (GA) and the operations of a GA: (b) crossover and (c)

mutation.
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CRandom generation of intitial mode@

(Evaluation of fitness )<

(Selection of two dike models ) «————

(Crossover & Mutation )

No

(Is the number of selected models 3000 ? )

¥ Yes
(Alternation of generations)

(s the number of generation 100 ? )N—O

¥ Yes

(Selection of the fittest model from the 100th generation)

(Optimization of paramters by the Levenberg-Marquardt MethocD

Figure A2. Flowchart of the optimization program of dyke parameters with the genetic algorithm (GA).

is that a search range can be finely divided and it is easy to handle
programming-wise.

Fig. A2 schematically shows a flowchart of our program. First,
we randomly generate 3000 initial models. These models are mea-
sured for their fitness to the observed data by the fitness function
eq. (1). Based on their fitness, we select a pair of relatively good
models with a probability of selection ps = fl.’l/ Zi():()l() fj’l, where
1 is the fitness function of the ith model (i = 1, 2, ... 3000). This
pair produces two offspring by crossover and mutation. Crossover
is the exchange of genes of the models, as schematically shown in
Fig. A1(b). Divisions of genes are first randomly selected in a pair
of chromosomes, and then a new chromosome is combined with the
left-hand portion of one old chromosome and the right-hand portion
of the other old chromosome. The combination of the remains of the
old chromosomes make another new chromosome. The probability
of occurrence of crossover is p.. If it does not occur, the parents are
copied to the offspring in their entirety. Mutation alters the offspring
randomly as shown schematically in Fig. Al(c). The mutation inde-
pendently changes each of the bits in the models with a probability
of pn. The selection, crossover and mutation process is iterated until
the total number of the offspring reaches 3000. The new generation
of models is measured by the fitness function for what degree they fit

the observed data. The process is repeated for 100 generations and
the fittest model in the 100th generation is selected. In this study,
we further apply the Levenberg—Marquardt method using the fittest
model as the starting model to find the best-fitting model without
fixing the search range of the parameter. Using the hybrid method
with the derivative-based algorithm, we can correct errors as a result
of'the dividing and limitation of the search range, and accurately find
the exact local minimum. Because GA does not always converge on
the global minimum, we execute this calculation several times to
find the global minimum.

We empirically use 0.5 and 0.05 as p. and p,, respectively. If the
probabilities are too high, good genes do not easily descend to the
offspring and the calculation does not converge rapidly enough.
If the probabilities are too small, the models do not easily im-
prove and the calculation does not home in on the best-fitting
model fast. We carried out several tests with different probabili-
ties and selected the most efficient value for convergence. We added
a specific procedure to improve the performance of the GA. The
worst model of a generation is exchanged with the fittest model
of the preceding generation. This operation prevents the loss of
good genes by crossover and mutation, and thus promotes rapid
convergence.
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