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Short Note
Rotational Motions Observed during an Earthquake Swarm
in April 1998 Offshore Ito, Japan

by Minoru Takeo

Abstract We observed six components of ground rotational and translational mo-
tions in a near-field region during an earthquake swarm in April 1998 offshore Ito, Izu
Peninsula, Japan. To check the reliability of our observation using a MotionPack sen-
sor, we installed an 8301F sensor, which is an inertial angular displacement sensor
with a higher sensitivity than MotionPack. The noise level of the MotionPack is much
higher than that of the 8301F, but the waveforms of these signal components are quite
similar to each other, suggesting that the MotionPack records rotational rate correctly
but with higher noise. Our observation made known a linear correlation between the
maximum rotational displacements around the vertical axis and the maximum trans-
lational velocities. The waveforms of rotational motion around the vertical axis are
analogous to those of translational horizontal velocities, suggesting the linear correla-
tion between maximum values. These rotational motions are much larger than those
calculated by array data at the San Andreas fault. This large discrepancy might be
explained by one or more of the following effects: the difference in the spatial scale
of rotational motion by single gyro measurement and by array observation, the effect
of the precipitous topography at the station of the offshore Ito swarm, and the dif-
ference of the degree of maturation between the San Andreas fault and the swarm

regions of offshore Ito.

Introduction

It has been recognized progressively by seismologists
and earthquake engineers that ground rotational motions
should be recorded together with ground translational mo-
tions to get more reliable information concerning torsion and
distortion of buildings and long structures, seismic velocity
structure, stress induction due to seismic waves, and the rup-
ture process of an earthquake. Recently, Igel er al. (2005)
succeeded in recording weak rotational motion excited by
the 2003 Tokachi-oki, Japan, earthquake at a far-field station
using a ring laser gyro. In the near-field region, several ob-
servations on ground rotational motions had been reported
based on different measurement methods, observations using
a single gyro sensor (e.g., Nigbor, 1994; Takeo, 1998), array
observations (Spudich et al., 1995; Huang, 2003; Spudich
and Fletcher, 2008), and both (Suryanto et al., 2006).

In this short note, we report an observation of six com-
ponents of ground rotational and translational motions in a
near-field region with hypocentral distances less than 8§ km
during an earthquake swarm in April 1998 offshore Ito, 1zu
Peninsula, Japan. In this observation, we installed not only a
gyro sensor, which was used in the rotational motion obser-
vation during a swarm of March 1997 (Takeo, 1998) but also

high-sensitivity angular displacement sensors to check the
reliability of observations. Using these high-sensitivity sen-
sors, we obtained more than 200 records of ground rotational
displacements ranging from 1 x 1077 rad to 1 x 1073 rad.

Observational System

The observational system consists of a Kinemetrics
FBA-23 triaxial accelerometer (up—down, north—south, and
east-west components), a Systron Donner MotionPak tri-
axial gyro sensor (rotational components around the vertical
axis, north—south axis, and east—west axis), a triaxial high-
sensitive angular displacement sensor, and two six-channel
digital data loggers. The inertial angular displacement sen-
sor, a Systron Donner 8301F, has a higher sensitivity and
a lower internal noise than those of MotionPack. Three
8301F sensors were mounted on a triaxial base forming a
triaxial angular displacement sensor.

Full-scale outputs of the FBA-23 and the MotionPack
are =1 G and £8.73 x 107! rad/sec, respectively. The scale
range and the internal noise level of the 8301F are £2 x
10~ rad and 3 x 10~® rad rms, respectively. The MotionPak
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has a internal noise of 7 x 10~ rad/sec (rms). The FBA23
sensor has a flat frequency response to translational accelera-
tion from static component to 50 Hz. The MotionPack also
has a flat frequency response to rotational velocities around
three perpendicular axes from static component to 75 Hz.
The 8301F sensor has a flat response to angular displacement
in a frequency range higher than 2 Hz, but the sensitivity de-
cays 12 dB in octave in frequency range from 2 to 0.07 Hz.
The digital data logger used in this observational system is a
LS7000XT manufactured by Hakusan Co., Ltd., which has
a six-channel, 24-bit resolution digitizer. The sampling rate
of this logger is 50 samples/sec under a continuous record-
ing mode using an antialias filter with a cutoff frequency
of 20 Hz.

Near-Field Ground Rotational Motions

Repeating seismic swarm activities at offshore Ito on the
Izu Peninsula, Japan, occurred every spring from 1995 to
1998. In 1998, the earthquake swarm started on 20 April
and lasted for 10 days. The source area was located about
3 km east of Cape Kawana extending about 5 km long east
to west. We installed the observational system at Cape Ka-
wana (station KAW) on 21 April 1998, one day after the start
of the swarm activity, and had operated until the end of the
swarm activity. Figure 1 shows the distribution of the hypo-
centers of all swarm activities from 1995 to 1998 (left panel)
and that of the 1998 swarm activity (right panel). The swarm
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source regions were shifted slightly to each other, and each
swarm seemed to occur while rupturing a new region
every time.

The accelerometer (FBA-23) and the angular displace-
ment sensor (8301F) of the observational system detected
943 events and 216 events, respectively. All events whose
angular displacements were recorded are listed in Table 1
with the magnitudes, the epicentral distances, the maximum
values of translational acceleration, translational velocity,
rotational displacement, rotational rate, and the location of
hypocenters. The magnitudes and the epicentral distances
ranged from 5.0 to 1.2 and from 1.5 to 10 km, respectively.

In Figure 2 rotational rates around the vertical axis re-
corded by the MotionPack are compared with those calcu-
lated from the 8301F records. This event occurred at 6:09
Japanese Standard Time, 27 April 1998, with depth, epicen-
tral distance, and magnitude of 5.0 km, 4.5 km, and 4.8, re-
spectively. The noise level of the MotionPack is higher than
that of the 8301F, but the waveforms are quite similar to each
other. This suggests that the MotionPack measured rotational
rates correctly even with its higher noise level.

The maximum rotational displacements around the ver-
tical axis are compared with the horizontal peak-to-peak
maximum translational velocities in Figure 3. We can recog-
nize a linear correlation between these two measures.

Accelerations, velocities, rotational displacements, and
rotational rates, which were excited by four earthquakes with
magnitudes ranging from 2.4 to 5.0, are compared in Fig-
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Figure 1.

Epicenters of four offshore Ito swarm activities from 1995 to 1998 (left panel) and that of the 1998 swarm activity (right panel).
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Comparison of observed rotational motions using two sensors
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Figure 2. Comparison of rotational rates around the vertical

axis observed by the MotionPack and by the 8301F. The noise level
of the MotionPack is higher than that of the 8301F, but the wave-
forms are quite similar to each other. This suggests that MotionPack
records rotational rate correctly even with its higher noise level.

ure 4. The rotational motions around the vertical axis resem-
ble the translational velocities of horizontal components,
suggesting the linear correlation between the maximum
values of rotational displacements around the vertical axis
and the maximum values of translational velocities.
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Figure 3. Comparison of the maximum rotational displace-

ments around a vertical axis with the horizontal peak-to-peak max-
imum translational velocities. Black squares represent observed
values during the 1998 offshore Ito swarm activity. A gray square
indicates the maximum values of the largest earthquake in the 1997
swarm activity. Synthetic values of maximum rotational displace-
ments around the vertical axis and of horizontal peak-to-peak max-
imum translational velocities changing the length of source time are
shown by white squares in a gray zone, whose moment magnitude
and the location of point source are same as those of the largest
earthquake in 1997 swarm activity.

Short Note

Discussion

We calculated a maximum rotational displacement and a
maximum translational velocity of the largest earthquake in
the 1997 swarm activity of the offshore Ito region whose mo-
ment magnitude was 5.3. The data point is plotted by a gray
rhombus in Figure 3. Assuming a simple dislocation point
source with a triangle source time function, we calculated
ground rotational displacements and ground translational ve-
locities while changing the lengths of source time function
from 0.1 to 1.0 sec. The reflection-transmission matrices
(Kennett and Kerry, 1979) and the discrete wavenumber
method (Bouchon, 1981) are used in the calculation of
ground motion, assuming the anelastic layered half-space
structure listed in Table 2 (Yoshii et al., 1985; Takeo,
1992). These maximum rotational displacements and maxi-
mum translational velocities are plotted by white squares in
Figure 3 with lengths of source time function. The moment
magnitude and the location of point source were the same as
those of the largest earthquake in the 1997 swarm activity;
therefore, these white squares should be compared with the
gray thombus. The maximum velocity of synthetics with the
source time of 1.0 sec achieves the observed value of max-
imum translational velocity, but the maximum rotational
displacement of the synthetics is about one third of the ob-
servation. Takeo and Ito (1997) derived a general expression
for rotational motion of seismic waves as a function of the
geometrical quantities, a torsion tensor, and a curvature ten-
sor, showing that not only the plastic strain, but also the rota-
tional strain, and the spatial variation of slip at earthquake
sources directly generates rotational motions in seismic
waves. On the other hand, translational motions in seismic
waves are only excited by the plastic strain, which can be
transformed into a dislocation in case of a simple fault plane.
The source time of 1.0 sec is about half of the typical source
times of earthquakes with magnitudes of 5.3 (Utsu, 2001).
This indicates the existence of asperity; the slip is localized
in a smaller region than a typical source region with the same
magnitude. The localization of slip induced the large spatial
change of slip in the source region, which might excite the
rotational motion effectively. Every swarm that occurred
from 1995 to 1998 seemed to rupture an intact region, in each
case producing an inhomogeneous rupture zone. It seems
possible that the small-scale asperity and the large spatial
change of slip could be attributed to the inhomogeneity.

Spudich and Fletcher (2008) analyzed the U.S. Geologi-
cal Survey Parkfield Seismic Array data of the 2004 Park-
field earthquake (M, 6.0) and four aftershocks (M, 4.7-5.1)
to determine both time variance and peak values of ground
strain, torsions, and tilts. Huang (2003) also estimated
ground rotations based on array measurements of the
1999 Chi-Chi, Taiwan earthquake (M,, 7.6). Our observa-
tions of peak rotation values are about 100 times larger than
their observations for earthquakes with similar magnitudes.

There are several prospects to explain this discrepancy.
The first possibility is the difference in the spatial scale of
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Figure 4.  Accelerations, velocities, rotational displacements, and rotational rates, which were excited by earthquakes with magnitudes
ranging from 2.4 to 5.0, are compared in the four panels. The rotational motions around the vertical axis resemble translational velocities of
horizontal components in the waveform, suggesting the linear correlation between the maximum values of rotational displacements around
the vertical axis and the maximum values of translational velocities. (Continued)
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Table 2

Velocity Structure Used in the Calculation of Synthetic Waveforms”

Vp (km/sec) Vg (km/sec) Density (g/cm?) H (km) Op Qs
1.95 0.23 2.00 0.00 50 30
2.05 0.48 2.00 0.04 50 30
2.15 0.73 2.00 0.08 50 30
2.25 0.98 2.00 0.12 50 30
2.60 1.30 2.00 0.16 100 50
4.20 2.20 2.30 0.36 300 200
5.30 3.10 2.50 1.86 500 300
6.00 3.46 2.70 4.30 1000 500
6.80 3.93 3.00 15.0 1000 500
7.80 4.50 3.20 30.0 2000 1000

“(Yoshii et al., 1985; Takeo, 1992)

rotational motion measurement as pointed out by Spudich
and Fletcher (2008). The results of Spudich and Fletcher
(2008) and Huang (2003) were based on the array measure-
ments, so that their rotational motions were averaged over
tens of or over 100 m. Our measurements were performed
using the gyro sensors, and these point measurements must
be sensitive to the local structure around the station. The two
gyro sensors, the MotionPack and the 8301F, were separated
by several meters, and their instrumental foundations were
separated from each other. The coherence of both gyro ob-
servations, as shown in Figure 2, infers that the observed ro-
tational motions were not affected by the rocking behavior of
the foundations. A short wavelength rotational motion could
be amplified easily due to local heterogeneities such as to-
pography and/or surface soil structure. The KAW station is
located at the headland of Cape Kawana. Therefore, another
possible explanation of large rotational motions is the effect
of the precipitous topography.

On the other hand, the high levels of rotational motions
are obtained at the low levels of acceleration (1073 G) as
listed in Table 1. The wide range linear correlation between
the maximum values of rotational displacement and of trans-
lational velocity suggests that the soil nonlinearity beneath
the station cannot explain the disagreement between our
measurements and those of the other researchers. The other
possible explanation is the difference of the degree of matu-
ration between the San Andreas fault and the swarm regions
of offshore Ito. Every offshore Ito swarm activity ruptured an
intact region in each case, so the degree of heterogeneity in
the swarm source regions seemed to be higher than those
along the San Andreas fault. This difference presumably
produced a severe change of spatial variation between the
earthquakes in these two regions. We need more examples
of near-field observations of rotational motion within a dis-
tance of several kilometers to progress the discussion con-
cerning this large discrepancy. We also need a broadband
(from static component to several hundred hertz) observation
to reveal the relations between amplitude and wavelength of
rotational motions.
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Data and Resources

Seismograms used in this study were collected using the
observational system explained in this article. The data are
available from the author.
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