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ABSTRACT

Ground deformation of Miyakejima, Japan, between
2006 and 2011 was investigated from Synthetic Aperture
Radar images to gain insights into the mechanics of post-
caldera deformation associated with the 2000 eruption.
70 and 69 interferograms were created from 22 ascend-
ing and 21 descending images, respectively, of PALSAR
boarded on the ALOS satelitte. Our result reveals a lo-
calized vertical subsidence of up to 150 mm/yr around
the collapsed summit. The observed displacement field
is well modeled by a closing sill at 0.5 km below the sur-
face. The compaction volume is too small to be consistent
with the amount of sulfur dioxide emission. The modeled
sill would thus represent the compaction of the conduit
column associated with the summit collapse, rather than
the gas emission.
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1. INTRODUCTION

Circular collapse structures are ubiquitous at the summit
of volcanoes. They are called pit craters or calderas and
exist in nearly all tectonic settings. These structures are
formed by the evacuation of a crustal magma chamber
due to either vertical eruption or lateral intrusion.

Structure and evolution of the collapsed caldera has been
well studied by analog modeling [1] and numerical mod-
eling [2]. The collapsed caldera is generally bounded by
ring faults which are inward, outward, or mixed. Ana-
logue and numerical experiments suggest that the ge-
ometry of the ring faults primarily depends on the ratio
between the radius of the caldera and the depth of the
magma chamber. Insights gained by analog and numeri-
cal experiments are consistent with the field observations
[3].

Notwithstanding these extensive studies, the direct obser-
vation of the caldera formation is rare simply because the
occurrence of caldera formation is rare. The 2000 erup-
tion and caldera formation at Miyakejima, Japan, is one
of such rare events, from which we can gain insights into

the observational constraints of the caldera formation.
Here we investigated ground deformation of Miyakejima
between June 2006 and December 2009 from Synthetic
Aperture Radar (SAR) images. We first generated in-
terferograms from coherent image pairs, then applied a
time-series analysis [4, 5] to derive time-dependent de-
formation of all available pixels. Our goal is, again, to
gain more insights into the mechanics of post-caldera de-
formation through taking advantages of spatially dense
observations. It is worth noting that there are only six
continuous Global Positioning System sites, four along
the coast, in Miyakejima between 2006-2009, leading to
the difficulty in gaining insights into the details of the
post-caldera deformation there.

2. GEOLOGICAL BACKGROUND OF MIYAKE-
JIMA AND ITS 2000 ERUPTION

Miyakejima is one of the arc volcanoes on the Izu-Bonin
chain associated with subduction of the Pacific plate (Fig.
1). It is a basaltic-andesitic stratovolcano with a sub-
circular shape with a diameter of about 13 km and a
height of 1000 m above the seafloor. The main part of the
edifice was formed within the last 10,000 years [6]. The
largest eruption during last 10,000 years occurred 2500
years ago with a caldera formation. The caldera then was
buried by subsequent summit eruptions before the caldera
formation in 2000. Eruptive activity during last 600 years
are characterized by quasi-periodic flank fissure eruptions
with intervals of 21 to 69 years [6]. Recently, Miyakejima
erupted every∼20 years in 1940, 1962, 1983, and 2000.
The 2000 eruption was phenomenal in that it resulted in
a collapse of the summit with a diameter of about 1.7 km
and depth of about 450 m [7].

The 2000 event of Miyakejima started from a dike intru-
sion followed by westward migration. Mass loss by the
westward magma migration resulted in a creation of the
collapsed summit. Explosions at the summit and exces-
sive degassing followed after the emergence of the sum-
mit caldera.

A series of the activity started by a seismic swarm due
to a magma intrusion beneath the summit. Earthquake
locations and deformation measurements indicate that the
intruded magma started to migrate west-southwestward
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Figure 1. Location of Miyakejima denoted by a large
black triangle. Smaller gray triangles represent active
volcanoes. PAC denotes the Pacific plate.

in less than 12 hours after the initial intrusion [9, 10].
A submarine eruption occurred probably right after the
passage of the dike [11]. Continuous GPS observations
show the north-south lengthening to the west of the island
due to the dike intrusion and a contraction in the island
due to the outflow of magma from the island [12].

The summit collapse started on 8 July accompanied by a
small explosion [13]. The collapse continued for almost
two months to form a caldera with a diameter of about
1.7 km and a depth of 450 m. Tilt records during this
period consist of continuous deflation and sudden infla-
tion of the summit area, indicating that the summit did
not collapse continuously with time but the collapse con-
sists of repeating stick-slips, whereby the conduit column
slips downward driven by gravitational force [14]. The
summit collapse removed the load on the aquifer, leading
to phreatomagmatic eruptions at the summit between 10
and 29 August [15].

Excessive degassing started after a series of phreatomag-
matic eruptions, while the size of eruptions became
smaller. The amount of SO2 emission rose up to about
4×107 kg/day at the end of 2000 [8]. The SO2 emission
decreases gradually down to the order of 1×106 kg/day
until 2006 and has been constant until recently.

3. DATA PROCESSING

We processed SAR images taken from PALSAR boarded
on the ALOS satellite [16, 17]. PALSAR is an L-band
radar, taking advantage of high coherence of interfero-
grams even in highly vegetated areas like Miyakejima.
SAR images from both the ascending and descending or-
bits are available. The line-of-sight (LOS) unit vectors
are

ea = [ 0.6154 0.1107 −0.7804 ]
T (1)

for the ascending images and

ed = [ −0.6167 0.1110 −0.7793 ]
T (2)

for the descending images, respectively.T denotes the
matrix transpose.

The interferometric analysis was done with GAMMA
software [18] for all possible pairs. The orbit of the
satellite was refined with the unwrapped interferogram
and Digital Elevation Model (DEM) with a resolution of
0.4 arc seconds by Geospatial Information Authority of
Japan to increase the reliability in longer wavelengths.
The atmospheric noise was removed with an assumption
that the atmospheric effect is correlated with topography
[19].

We generated 70 interferograms from 22 ascending im-
ages and 69 from 21 descending images, respectively.
Note that there are many pairs whose orbital separations
are too large to be coherent. Also we found that pairs
with temporal baseline larger than 1.5 years tend not to
be coherent enough to successfully unwrap the observed
interferograms.

Fig. 2 displays an example of ascending and descending
images, indicating a localized extension of the LOS dis-
tance around the summit. Qualitatively, this extension of
LOS distance corresponds to subsidence rather than hori-
zontal deformation because both ascending and descend-
ing images show the extension of LOS distance. Fig. 2
shows that the amount of LOS changes is not correlated
with the baseline separation, indicating that the observed
LOS changes do not purely result from DEM errors. We
explore the temporal changes of the displacement more
quantitatively in the next section.

4. TIME-SERIES ANALYSIS

Eqs. 1-2 shows that the observed LOS changes from both
ascending and descending orbits are relatively insensitive
to the north-south component so that here we estimate
two components of the displacement field from the time
series analysis [20].

The observed LOS changes are insensitive to the direc-
tions perpendicular to LOS vectors. As those both from
ascending and descending orbits are thus insensitive to
the direction

ep =
ea × ed

|ea × ed|
= [ 0.0002 0.9990 0.1409 ]

T
,

(3)
we discuss the two-component displacement project onto
the plane with the normal vector shown in eq. 3, which
shows that the plane strikes mostly east-west and dips
slightly from vertical. Here we call the two component
on the plane quasi-east and quasi-vertical, the unit vec-
tors of which are represented by

eqe = [ 1.0000 0.0002 0 ]
T (4)

eqv = eqe × ep

= [ 0.00003 −0.1409 0.9900 ]
T (5)



Figure 2. Sample interferograms from (left) ascending and (right) descending orbits. The left panel shows the LOS change
between 16 September 2008 and 4 August 2009, a separation of 322 days. The right panel shows that between 28 January
2007 and 15 September 2007, a separation of 230 days. The perpendicular component of the orbital separation is 1176 m
and 599 m. Line of sight is indicated by arrows. Solid white lines indicate contours with an interval of 100 m. Both
interferograms indicate localized extension of LOS around the summit.

whereeqe andeqv represent the unit vector for the quasi-
east and quasi-vertical components, respectively.

The observed LOS changes are thus given by

dLa = (eqe · ea)uqe + (eqv · ea)uqv

= 0.6154uqe − 0.7882uqv (6)

dLd = (eqe · ed)uqe + (eqv · ed)uqv

= −0.6167uqe − 0.7872uqv (7)

@ wheredLa anddLd denote LOS changes from ascend-
ing and descending orbits, respectively, anduqe anduqv

represent the quasi-east and quasi-vertical component of
the displacement, respectively.

The observation equation in our time-series analysis is
given for an arbitrary pixel by

da =

N
∑

i=1

ci
(

0.6154viqe − 0.7882viqv
)

+
∆hB⊥

ρ sin θa
(8)

for the ascending images and

dd =
N
∑

i=1

ci
(

−0.6167viqe − 0.7872viqv
)

+
∆hB⊥

ρ sin θd
(9)

for the descending image, respectively, whereda anddd
represent the observed range change of ascending and de-
scending interferograms, respectively, andviqe and viqv
denote the quasi-east and quasi-vertical component of the
velocity of the pixel.ci denotes a fraction by which the
i th time period is included in time interval corresponding
to the interferogram, thus must be between 0 and 1. The

second term of eq. 8 and 9 represents the spurious signal
from the DEM error, where∆h, B⊥, andρ denote the
DEM error, perpendicular component of the orbital sep-
aration, and the slant rage, which is about 900 km in this
case.θa andθd represent the incidence angle at the pixel.

The observation equation can be written in matrix form
by
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(10)

whereDa andD represent the finite approximation of
Laplacian so that so that the velocity of the pixel should
be temporally smooth.λ2 imposes the relative weight for
the smoothing constraint where largerλ2 favors a solu-
tion which fits the observation better at the expense of
the roughness. Here we choose the value ofλ2 rather
subjectively by visual inspection.da anddd represent
the observed LOS changes from ascending descending
orbits, respectively, andGqe

a , Gqv
a , Gqe

d , Gqv

d , ba, and
bd denote the kernel corresponding to eqs. 8 and 9.vqe

andvqv are vectors corresponding to the quasi-east and
quasi-vertical component of the displacement, both of
which are estimated by the inversion.

5. RESULTS

The time-series analysis reveals that the quasi-subsidence
near the summit slowed down from about 150 mm/yr to



Figure 3. An example of the snapshot of the quasi-east and quasi-vertical velocities. The top panels show the quasi-east
(left) and quasi-vertical (right) velocities at t=2007.1. The bottom panels are those at t=2010.1. A black triangle and
rectangle indicate the location at which the temporal evolution of the velocities are shown in Fig. 4.
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Figure 4. An example of the time series at points shown
by a triangle (left) and rectangle (right) shown in Fig. 3.

50 mm/yr between 2007 and 2010 (Fig. 3). This defor-
mation pattern is localized near the summit, implying a
shallow origin of this deformation. On the other hand,
southwestern part of the island exhibits the acceleration
of the uplift from about 15 mm/yr in 2007 to 30 mm/yr in
2010 (Fig. 3), implying a deeper source beneath the sum-
mit. The quasi-east component of the velocity is smaller
than the quasi-vertical component with a velocity only up
to ∼20 mm/yr in 2007 and less in 2010.

The temporal evolution of the deformation can be better
view by looking at the time series of selected points. The
left panel of Fig. 4 indicates that the subsidence near the
summit slows down monotonically over time. The right
panel of Fig. 4 shows that both quasi-east and quasi-
vertical deformation slows down in the western flank.
Note that the quasi-east velocity is much smaller than the
vertical velocity. The maximum velocity of the quasi-
east component is only roughly 20 % of that of the quasi-
vertical component.

6. DISCUSSION

What is the likely source to cause the localized subsi-
dence near the summit? While a spherical source is of-
ten invoked to explained the observed deformation field
[21], it is not applicable in this case because the hori-
zontal displacement is too small with respect to the ver-
tical displacement. Note that the maximum horizontal
displacement must be about 40 % of the maximum ver-
tical displacement for a spherical source to be applica-
ble as a viable source [21, 22]. A possible candidate is
a compaction of a horizontal sill embedded at depth. A
simple forward modeling with a homogeneous, elastic,
and isotropic halfspace [23] suggests that a closing of a
500 m×500 m sill at a depth of 0.5 m below the surface
can fit the observation reasonably well. However, more
rigorous modeling is required for a more realistic model-
ing. For example, the topography must be incorporated
because the deformation field due to a shallow source
must be influenced by irregular topography [22, 24].

If the sill compaction is a viable source, what causes the
compaction? Is the compaction caused by degassing?
Consideration a sulfur concentration in the magma esti-
mated from a melt inclusion analysis [25] shows that the
magma involved in this degassing is 2 orders larger than
that expected from the deformation data, indicating that
the observed deformation is unrelated the degassing. In-

stead, the magma is likely to convect within the conduit
where the gas emission from the magma sinks due to the
negative buoyancy and the gas-rich magma is always fed
from depth for the persistent degassing possible [8].

Given that the conduit has likely been fractured at the
time of the caldera collapse, it is qualitatively reason-
able to interpret that the observed subsidence as a result
of the gravitational compaction of the conduit column.
This mechanism is also consistent with the observation
that the subsidence has been slowing down over time. If
this mechanism is the case, a volume compaction, rather
than the sill compaction, must be considered with a more
sophisticated way of modeling such as Finite Element
Methods.
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