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Tilt records prior to the 2011 off the Pacific coast of Tohoku Earthquake
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The 2011 off the Pacific coast of Tohoku Earthquake was an unexpected megathrust event with magnitude 9.0
along the Japan trench. Hi-net tilt records prior to the great earthquake are examined in order to determine whether
a precursory tilt change is observed in the short-term (~days) and medium-term (~a month) for confirming
a preslip hypothesis and the effectiveness of an earthquake prediction method based on that hypothesis. For
a quantitative reference to the observation, the detectability of the tilt observation for interplate slip on the
subducting Pacific plate is also evaluated. In this study, no clear signal of preseismic tilt change or preslip is
found in the records. This means that there is no preslip larger than moment magnitude (My,) 6.2 on the deeper
extension of the earthquake source area on the plate interface or larger than M,, 7.3 near the hypocenter.
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1. Introduction

The 2011 off the Pacific coast of Tohoku Earthquake
(M 9.0) occurred at 14:46 on March 11 (Japan Standard
Time, JST) along the Japan trench where the Pacific plate
is subducting beneath overriding northeastern Japan. The
earthquake and the accompanying gigantic tsunami have
caused tremendous damage and over 10,000 casualties.
This is the largest earthquake quantitatively estimated in
and around Japan and is far beyond any prognoses pro-
vided by the Earthquake Research Committee under the
Headquarters for Earthquake Research Promotion of the
Japanese government, which has evaluated the long-term
probabilities of earthquake occurrence for each of sev-
eral segments in the source region of this great earthquake
(ERC, 2002, 2009).

A “preslip” hypothesis is proposed in terms of earthquake
prediction (e.g., Kamigaichi and Tsukada, 2006). The pres-
lip is thought to be a quasi-static preseismic slip that would
lead to the main earthquake rupture (e.g., Yoshida and Kato,
2005). A controversial observational example of preslip is
that large misclosures in the leveling survey just a few days
before the 1944 Tonankai earthquake are interpreted as the
accelerating tilt deformation caused by the preslip of the
earthquake (Mogi, 1984; Linde and Sacks, 2002). However,
there is a possibility that the observed misclosures are ob-
servational errors (Sagiya, 2004). Measurements with bore-
hole strainmeters and other high-precision instruments for
inland earthquakes have also shown no indication of clear
precursory deformation (Johnston et al., 1987, 2006). Thus
it should be noticed that there is no clear and widely ac-
cepted observational evidence of preslip.

This paper investigates tilt records prior to the 2011 To-
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hoku Earthquake observed with high sensitivity accelerom-
eters (tiltmeters) at National Research Institute for Earth
Science and Disaster Prevention (NIED) Hi-net stations in
order to examine possible preseismic deformation. The de-
tectability of the Hi-net tilt observation for slip on the plate
interface is also evaluated for a quantitative measure of the
observation. This is important not only to test the effective-
ness of a short-term earthquake prediction strategy based on
the monitoring of preslip with crustal deformation observa-
tions, but also to constrain a physical process immediately
before a dynamic rupture initiation of an earthquake.

2. Tilt Data before the Mainshock

NIED Hi-net tiltmeter records (Okada et al., 2004; Obara
et al., 2005) are used to investigate possible crustal de-
formations before the earthquake (in this paper, times are
presented in Japan Standard Time, JST). Figure 1 shows
the station locations of the NIED Hi-net stations equipped
with a tiltmeter. Since the duration of a possible preslip
is unknown, two time intervals are assumed: (1) short-
term (~days), and (2) medium-term (~a month). The
original data, which were recorded at a sampling rate of
20 Hz, are resampled to those for one minute for data (1)
and one hour for data (2) by averaging. A sensor direc-
tion is then corrected for each station based on teleseismic
waves (Shiomi er al., 2003). Tidal components are esti-
mated and removed with the BAYTAP-G program (Tamura
et al., 1991). An atmospheric pressure response is also
removed with BAYTAP-G for the medium-term records
(2) based on hourly-observed atmospheric pressure data at
a meteorological observatory of the Japan Meteorological
Agency (Morioka for group A, and Fukushima for group B
in Fig. 1).

On March 9, two days before the mainshock, a magnitude
7.3 earthquake occurred at 11:45 (JST) about 50 km north-
east of the epicenter of the mainshock. The focal mecha-
nism solution of the March 9 event shows a shallow thrust

655



656

41° U‘\/

40° . A L

£ SMorioka™ . !
IS DL .

N

a Alwate pref,‘ YMDH,

s 4 .

. 5 4 ., BakwmiH
L0 RZT 1
39° 4 h L . 1 L
! o KKWH '
A e Wiyagi pref. 1
[ SZGH I 2011-03-09 M7.3
v P oo I KAKHE & 1
S ERAT LS  a®
. : + o mwNe ! @
38" { A Lo S YMMH_ , -
Ay gl 2011-03-11 M9.0
B 1 * ®Fukushima !
4 & & . A - 1
o g N I+ g ONMEH'
+Fukushima preAf.' » MKJH :
. S . |+ OHTA |
a7 dng s 1 IWH Bwen | ,\\E,Q i
a 4 a4, 1 o)
LS . . +8 VRTHGH i N
. a . LUUGH ! Q<
. R ", 1 Q(b
Gl | 1
L L PR LB ¥
A O
364 - « i rer S|
a4 Cape Inubozaki Pacific Plate
o
A8
35° = f T T T
139° 140° 141° 142° 143° 144°

Fig. 1. Index map showing the station locations. Open squares and grey
triangles show the locations of NIED Hi-net tiltmeter stations. Solid
squares denote the locations of the JMA meteorological observatories.
The NIED F-net focal mechanisms (NIED, 2011) of the March 9 large
earthquake and the March 11 great earthquake are shown.

type fault motion (Fig. 1), indicating that this earthquake is
an interplate event. This large earthquake caused a jump
in tilt records at many stations. A pendulum-type tiltmeter,
which is equipped at Hi-net stations, sometimes shows a
jump that cannot simply be explained by a static deforma-
tion in an elastic medium caused by an earthquake fault
dislocation in its output when the sensor is hit by a large
seismic wave. The coseismic jump caused by the March 9
earthquake is then corrected in each trace.

Figure 2 shows the detided tilt records for selected sta-
tions for the short term data (1) from March 8 to 11. The
most prominent feature before the mainshock are the large
seismic waves from the March 9 earthquake and the sub-
sequent aftershocks. If preslip occurred, an accelerating
(nonlinear, exponentially increasing) tilt change would have
been expected before the earthquakes (e.g., Kato, 2003).
However, any clear precursory changes that exceeds a fluc-
tuation level are not seen before the March 9 earthquake nor
the mainshock. The longer-term tilt records, the medium-
term data (2), from February 1 are shown in Fig. 3. Al-
though some small fluctuations of remaining atmospheric
pressure response, rainfalls, and/or unidentified origins are
seen in the records at several stations, no clear preseis-
mic deformation is observed. This is also the case for the
records at other stations that are not displayed in the figures.
It is therefore concluded that possible preslip just before the
mainshock did not cause significant tilt changes, if any.
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3. Detectability for Slip on the Plate Interface

It is important to examine how large the preslip could be
that is not detectable with the present observation network
in order not only to improve a strategy for earthquake pre-
diction, but also to constrain the physical process of earth-
quake initiation. The detectability of interplate slip on the
subducting Pacific plate over the source area of the main-
shock is evaluated based on the Hi-net tiltmeter network.
The condition of slip detection is defined as a significant tilt
deformation larger than 0.1 urad computed at three or more
stations. The theoretical tilt deformation is calculated with
Okada’s (1992) analytical expression for a double-couple
point source in an elastic half-space. The plate config-
uration of the subducting Pacific plate compiled by ERC
(2002) is assumed. The focal mechanism of the interplate
slip is assumed to have a reverse fault with the slip direction
opposite to the relative plate motion of the Pacific plate with
respect to the Okhotsk plate (Sella et al., 2002; Fig. 1).

Figure 4 shows the lower bounds of moment magnitude
(My,) of detectable slip with the Hi-net tiltmeter network.
Although the smallest My, of 6.1 is evaluated near Cape In-
ubozaki because of the relatively shallower plate boundary
beneath the stations onshore and the closest stations among
the evaluated area, this indicates that a slip of My, 6.2-6.5
or larger is required for detection along the east coast. This
also shows that the condition of detection is worse in the
shallower zone around the hypocenters of the mainshock
and the March 9 earthquake. In other words, if the preslip
occurred before the mainshock, the size of the preslip must
be smaller than M,, 7.3 near the hypocenter of the main-
shock and smaller than M, 6.2 on the deeper extension of
the source area on the plate interface.

Note that the detectability of interplate slip with the
GEONET GPS network operated by the Geospatial Infor-
mation Authority of Japan (GSI) is estimated as M,, ~ 6.5
around the Miyagi prefecture area, which can cause 3 mm
or larger displacements at three or more GEONET stations
(GSL 2010).

4. Discussion

The Hi-net tiltmeters have successfully detected the tilt
deformations caused by slow slip events (SSE) in the south-
west Japan subduction zone (e.g., Obara et al., 2004; Hirose
and Obara, 2005). The typical tilt change of ~0.1 urad is
observed when a My, ~ 6.0 SSE occurs at around 30 km
depth. This indicates that the detectability for interplate slip
on the subducting Pacific plate is worse than the cases for
the SSEs in southwest Japan based on the onshore tilt mea-
surement, and therefore if a similar slip episode with the
same size as the SSEs occurs on the Pacific plate interface,
it could not be detected. This is mainly due to the difference
in the depths of the plate interfaces. In order to improve
the detectability, observation of crustal deformation on an
ocean floor is a useful tool to monitor the slip on the plate
interface because the depth of the interface is shallower in
an offshore region than onshore.

The detectability shown in Fig. 4 indicates that the tilt ob-
servation network could be useful for monitoring ongoing
afterslip following the great earthquake (GSI, 2011), which
might trigger a nearby large earthquake such as the slip af-
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Fig. 2. Detided tilt records from March 8, 2011 prior to the mainshock. (a) Records at stations in group A. (b) Records at stations in group B. The station
groups are shown in Fig. 1. The sampling rate of these records is one minute. Atmospheric pressure changes and hourly precipitation at Morioka
and Fukushima meteorological observatories of JMA are also plotted. The origin times of (1) the March 9 earthquake, and (2) the mainshock are
indicated as solid arrows on the top of each frame.
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Fig. 3. Same as Fig. 2, but for detided and atmospheric pressure response-corrected tilt records from February 1, 2011 prior to the mainshock. The
sampling rate of these records is one hour.
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Fig. 4. Detectability of interplate slip on the interface on the subducting
Pacific plate. Color scale indicates the lower bounds of corresponding
moment magnitude of detectable slip with the Hi-net tiltmeter stations
indicated as green squares.

ter the 2003 Tokachi-oki earthquake (M 8.0) which could
have triggered the 2004 Kushiro-oki earthquake (M 7.1)
(Murakami et al., 2006). It is important to monitor the after-
slip in order to evaluate the stress change on possible earth-
quake sources.

The fact that there is no clear evidence of preseismic
crustal deformation for the magnitude 9.0 great earthquake
is a very serious problem for the realization of a short-
term earthquake prediction method, and therefore this may
require a change of the prediction strategy. Nevertheless,
further examinations of recorded data are important to learn
as much as possible from this rare event and to improve
monitoring ability in the future.
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