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Abstract

The Earth’s surface is influenced continuously by natural forces such as tides, air pressure, and
precipitation, as well as human-induced sources. To separate the geodetic strain of trend components from
these induced responses, state-space modeling is applied to volumetric strain data recorded with borehole
Sacks-Evertson strainmeters, which have been operated by the Japan Meteorological Agency (JMA) since
1976 in the area of an expected Tokai earthquake. Modeling reveals that no pre-slips occurred just before
the earthquake at Suruga-bay in 2009 (M 6.5), regardless of the clear trend components extracted at all
stations. Coseismic strains at stations within and near the coastal area indicate extension, despite the
contraction field predicted from the inversion of strong motions. This suggests that fluid movement is
stimulated by variations of water volume, which are caused by seismic motions changing pore pressure in
the sand layer. Liquefaction in the same area supports this hypothesis. Moreover, normalized trend
components suggest that long-period waves of strain changes still exist, inducing further strain responses.
Such information may provide a breakthrough in geodetic studies of the area.

Keywords: Signal extraction, State-space modeling, 2009 Suruga-bay earthquake, JMA borehole volumetric
strainmeters in the Tokai area.

. L &I BL, Fil@roZNox20Mid 52 12k - THEE S
S HERMEDFENE ST D HiEH T Tl N5, Bk, SHODIHEED 720 D72 7 IR 22 2 h%

ZOHIkE L COMBRER ZWZ 5720, %-ﬁi@i&i&%’é I, T TICZOHEELEE Ve A H T

BHE (B0 208, K - A, 1987) AFEiShTwb. W% (Takanami et al., 2009, Peng et al., 2014).

L2L, ZoOMOBIHGERORICIZIREED) & mESR AR TR, ZoNEFERMEORAEPHESISTY

L MbY, 7L — FEFICL 2 HOWBR T A2 % B T O SGT AR O3 A B (Fig. 1) 125

AT 2 DI —RICHER TRV, 5L, Bl M7z 2009 AEEREHEE (M 6.5) Hitkd 2008 4 12 J 25
OB O A I T B 7203, Wy, BEWR Y H725 2010 4% 3 J 31 HOB 7 — # (@M L, M
DEEAIDOBIN T — ¥ HIZ X 2 0T ARINE % H S0 LiEt D) BORB O AOHIM 2 AA 7. B OME

*e-mail: takanami@dtm.ciw.edu (DTM, Carnegie Institution of Washington, 5241 Broad Branch Road, NW Washington, DC

20015-1305)



[=AUE: SN

35.0°N

,"
.»g
. ) ¥

. | Hamamatsu-Yokoka i

137.0°E 138.0°E

. Shimada-Kawane

Fuji-Unaigafuchi

AN tioka-Tadanuma

3 B ika-Urlishiyai
AR &
- 4 '\QQ
edarHanagura » r
4 zu-Koshimoda

. [ ] hara-Saka&
Ll

L]

{ J@maezaki-Sakura ,

'Omaezaki-00¥am

139.0°E

Fig. 1. Location map of the borehole volumetric strainmeters indicated by yellow circles. The source area of anticipated
Tokai earthquake is indicated by a dotted line (red). The epicenter of the 2009 Suruga-bay earthquake (M 6.5) occurred
on 05:07 August 11, 2009 (JST) is marked with a yellow asterisk.
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Fig. 2. Example of the input data used in the state space modeling. From top to bottom, volumetric
strain, air pressure, and precipitation records observed at Fujieda-Hanagura located almost directly
above the west edge of western one of two fault planes after Ueno et al. (2009). A dotted vertical line
indicates the 2009 Suruga-bay earthquake. The time series data are sampled at 1 hour intervals.
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(a) Raw data (2008/12/25 00 - 2010/03/31 23)
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Fig. 3a. Observed volumetric strain data recoded at the western neighboring stations near the seismic source area of
the 2009 Suruga-bay earthquake (M 6.5). Two-directional arrows indicate the 2009 Suruga-bay earthquake. Sampling
interval of data is 1 hour intervals. Unit of vertical axis is nanostrain. The big down-step before the Suruga-bay

earthquake at Makinohara-Sakabe is local site effect.
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Fig. 3b. Other volumetric strain data observed at the stations located in the Izu peninsula and at the far west-most
stations. The co-seismic strain steps at these stations are too small to detect. A remarkable step at Atami-Shimotaga
and Higashiizu-Naramoto are due to the earthquake swarm occurred east off the Izu peninsula starting on December
17, 2009. The unit of vertical axis is scaled up 1.4 times that of Fig. 3a. The other explanation is same as those of Fig. 3a.
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Table 1. Gradient of a linear approximation equation fitting to the data.
Station Gradient R2 Ref.
(nano-strain/hour)

Shimada-Kawane —5.633x107?2 0.512 B
Shizuoka-Tadanuma —2.233x107? 0.784 B
Shizuoka-Urushiyama +5.269x1072 0.712 B
Fujieda-Hanagura —1.148%x1071 0.943 B
Makinohara-Sakabe —2.947x1071 0.969 E
Omaezaki-Sakura —2.277x1071 0.960 B
Omaezaki-Ooyama —2.350x1071! 0.993 B
Izu-Koshimoda —6.273x1072 0.682 D
Atami-Shimotaga —4.634x1072 0.6.16 B
Higashiizu-Naramoto —9.325x107?! 0.933 B
Minamiizu-Iruma +2.101x107?2 0.262 F
Fuji-Unaigafuchi —2.397x1071 0.866 A
Hamamatsu-Yokokawa —8.324x107? 0.916 A
Hamamatsu-Mikkabi +1.496x1071 0.661 C
Gamagoori-Seida —1.893x1072 0.304 B
Tahara-Fukue —1.335x107? 0.451 A

Fitting intervals corresponding label shown in Ref.

A:2008/12/25/23:00-2010/03/31/23:00,B:2008/12/25/23:00-2009/08/11/05:00,C:2009/01/07/18:00-2010/03/31/23:00,
D:2008/12/2523:00-2009/08/05/13:00, E:2008/12/25/23:00-2009/06/12/05:00,F :2008/12/25/23:00-2009/07/17/09:00
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Fig. 4. Example of result by the state space modeling using the data at Fujieda-Hanagura, Top
indicates the observed volumetric strain data; second is the trend component of true geodetic strain;
third is the induced pressure effect component; fourth is the induced earth tide effect component;
bottom is the induced precipitation effect component. Vertical axes are scaled in nanostrain.
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nanostrain Co-seismic step (2009/08/01 00 - 2009/08/21 23)
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Fig. 5a. Extracted co-seismic strain steps in the neighborhood of the 2009 Suruga-bay earthquake.
Every trace of trend component is drawn within the scale range from 0 to 2000 nanostrains.
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Fig. 5b. Extracted co-seismic strain step in the neighborhood of the 2009 Suruga-bay earthquake.
Every trace of trend component is drawn within the scale range from 0 to 1000 nanostrains.
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Table 2. Co-seismic steps due to the 2009 Suruga-bay earthquake (M 6.5).

Station

Co-seismic step, strain

Shimada-Kawane
Shizuoka-Tadanuma
Shizuoka-Urushiyama
Fujieda-Hanagura
Makinohara-Sakabe
Omaezaki-Sakura
Omaezaki-Ooyama
Izu-Koshimoda
Atami-Shimotaga
Higashi-Izu-Naramoto
Minami-Izu-Iruma
Fuji-Unaigafuchi
Hamamatsu-Yokokawa
Hamamatsu-Mikkabi
Gamagoori-Seida
Tahara-Fukue

1. 06004E-06
. 25236E-07
. 79946E-07
. 53120E-07
. 58331E-06
. 94226E-07
. 75024E-06
. 85060E-07
-9. 69422E-08
-2. 64280E-07
—7.67720E-08

7. 26590E-08
-5. 09234E-08

4. 38671E-08
-1. 17300E-08
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Fig. 6. Normalized trend components from the start time of analyses to the just before the 2009 Suruga-bay
earthquake. The four panels with 4 traces are arranged in order of regions. The disturbances at the start of
the traces are artifacts that are due to the initialization of the modeling or unrelated phenomena and are
ignored. In the missing data section of Makinohara-Sakabe, the large irregular down-step due to local site
effect are replaced by missing data flags and the data level are shifted to the same level as before the gap.
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