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A crustal deformation model around the Izu Peninsula considering inland faults and elastic
collision
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This study models crustal deformation focusing on inland faults and elastic collision around the
base of the Izu Peninsula using GNSS(Global Navigation Satellite System) time-series data. First,
in order to extract steady deformation, we correct the F3 solution data about antenna replacement
from January., 2000 to January., 2010, and remove non-stationary variations using models of
earthquakes, volcanic deformation and slow slip events. Next, we set elastic collisional power
sources around the base of the Izu Peninsula, locking of plate boundaries, a deep creep of inland
faults and a stationary volcanic deformation with a dislocation model and rotational motion of
rigid bodies of the Izu micro plate and the Izu arc block (Nishimura, 2011). Then we perform an
inverse analysis for the crustal deformation in this region.

The inversion result exhibits that elastic collisional power sources work at -12.7 mm/yr on the
eastern foot of Mt. Hakone, 6.2 mm/yr on the northern foot, 11.6 mm/yr on the western foot and -0.5
mm/yr in the eastern Suruga bay. The plate boundaries are locked at 6 - 43.8 mm/yr beneath the
Sagami trough, 3.6 - 39.3 mm/yr beneath the Suruga trough, 10 - 15.9 mm/yr in a southern edge of
the Itoigawa Shizuoka Tectonic Line and 11 - 185.5 mm/yr on the boundary between the Izu micro
plate and the Izu arc block. The inland faults creep at 23.3 mm/yr in deep extension of the
Northern Izu fault zone and 23.4 mm/yr in deep extension of the Sagiriko Rokuroba fault group. In
addition, the stationary volcanic deformation source at Mt. Mihara in the Izu-oshima island expands
at 2.0x10°m’/yr. Furthermore, for the Honshu, the Izu mirco plate rotates at -3.1 °/Myr with the
Euler pole of 36.57 °N, 139.72 °E and the Izu arc block rotates at -11.3 °/Myr with the Euler pole
of 34.95 °N, 140.46 °E. The spatial variations of the elastic collisional power sourses correspond
to actual terrain around the base of the Izu Peninsula.

F—O— R EMER AENE. TL— ~EFHAK. XLES. FEEEE. HREE
Keywords: elastic collision, inland fault, plate subduction, volcanic inflation, Izu collisional
zone, crustal deformation

©2016. Japan Geoscience Union. A1l Right Reserved. - 555832-01 -



SSS32-02 HAMERSER S EA2016EAS

BRERZZ AV KBTI ND (C X S HREE DT

Analysis of crustal deformation due to slip across faults using finite element method
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Interseismic Crustal Deformation in Southwest Japan: Oblique Plate Convergence and Forearc
Block Motion
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Tectonic and volcanic deformation at the Azores Triple Junction, observed by continuous
and campaign GPS analysis
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Visco-elastic relaxation in volcano deformation
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Satellite-based observation (GPS and/or InSAR) has precisely measured surface deformation, but by
itself does not derives a mechanism of the deformation. We therefore need to employ some
theoretical model in order to understand characteristic deformation pattern for a given source
mechanism, only based on which the deformation source mechanism can be objectively deduced from the
observation. Magmatic activity in depth is particularly considered as the source mechanism in this
study. We employ a parallelized 3-D finite element code, OREGANO_VE [e.g., Yamasaki and Houseman,
2015, J. Geodyn., 88, 80-89], to solve the linear Maxwell visco-elastic response to a given
internal inflation/deflation of magma chamber. In a rectangular finite element model domain, the
crust is mechanically two-layered, in which an elastic layer with thickness of H is underlain by a
visco-elastic layer, but the entire mantle behaves as visco-elastic material. A depth-dependent
viscosity (DDV) is adopted for the visco-elastic crust, where the viscosity exponentially decreases
with depth due to temperature-dependency: hc = h@ exp[c(1 - z/L@)], where h@ is the viscosity at
the bottom of the crust, c is a constant; ¢ > @ for DDV model and ¢ = @ for uniform viscosity (UNV)
model, z is the depth, and L@ is a reference length-scale. The visco-elastic mantle is contrarily
assumed to have a spatially uniform viscosity hm. A sill-like magma chamber is approximated as a
spheroid, and it inflation/deflation is implemented by using the split node method developed by
Melosh and Raefsky [1981, Bull. Seism. Soc. Am., 71, 1391-1400]. We first employ UNV model with c¢ =
@, which shows that visco-elastic relaxation abates the inflation-induced surface uplift with time;
The post-inflation subsidence would erase the uplift in ~ 50 - 100 times Maxwell relaxation time of
the crust unless the inflation occurs within the uppermost elastic layer. The rate of the
subsidence is governed by a depth of the inflation and the equatorial radius of the sill; but the
latter is not important for the earliest post-inflation period. Time-dependent inflation always
accompanies with visco-elastic relaxation, and any significant surface uplift is not expected if
the inflation has occurred over the time-scale greater than ~ 50 - 100 times crustal relaxation
time. DDV model with ¢ > @ is also employed in this study to examine how a spatio-temporal
deformation pattern at the surface is deviated from that for UNV model. The predicted model
behaviour shows that UNV model behaviour approximates DDV model behaviour, but the apparent UNV
which best fits a DDV displacement history depends on distance from the centre of the inflation;
smaller viscosities are required at greater distances from the centre of the inflation. Such a
model behaviour would expect that the spatio-temporal ground movement also depends on the depth of
the sill inflation. Furthermore, a UNV model behaviour that the post-inflation subsidence depends
on the thickness of the uppermost elastic layer requires us to examine the DDV model behaviour in
terms of an effective elastic thickness for a given DDV structure. The model predictions obtained
in this study provide important insights into geodetically detectable ground movement in volcanic
provinces.
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Crustal deformation by the West Off Satsuma Peninsula earthquake occurred on November 14,
2015
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The earthquake (JMA Magnitude 7.7) occurred on November 14, 2015 in the area of west off Satsuma
peninsula. The epicenter is located in Okinawa Trough where is in about 1608 km west from Makurazaki
City in Kagoshima Prefecture. This earthquake is one of the largest earthquakes in this area.
Seismicity in this area is low in last twenty years. Two continuous GNSS sites are operated by
Kagoshima University, one is UJIS site in Uji island which is 84 km to east from the epicenter and
the other is MESM site in Meshima island which is 1271 km north from the epicenter. At UJIS seismic
observation is also operated by Kagoshima University and it is operated by Kyushu University at
MESM. We went to those sites in order to get GNSS and seismic data because GNSS and seismic data
are not telemetered at those sites. In this research, co-seismic crustal deformation and activity
of aftershocks are reported.We relocated the main shock and aftershock until 10:00 on November 16.
Length of aftershock area is about 60 km. Its Strike is the same of Okinawa Trough. The epicenter
of the main shock is located at the south-west end of the aftershock area and maximum aftershock,
which is occurred on November 15, is at north-east end. Activity of aftershock in northern part of
aftershock area is high. However, in southern part it is low except aftermath of occurrence of the
main shock.GNSS data analysis is by Bernese GNSS software Ver. 5.2 with CODE precise ephemeris.
Daily site coordinates of UJIS and MESM are calculated with GEONET sites. Coseismic deformation is
estimated by the difference between two days averages before and after the main shock. Displacement
at UJIS and MESM is 0.82 cm and 0.65 cm, respectively. The theoretical coseismic deformation is
estimated by a strike slip fault model (Okada, 1992). Fault length, strike, dip angle and fault
position are estimated by the length of aftershock area. Fault width is assumed a half of the fault
length. Amount of fault slip is estimated by the relationship between earthquake magnitude and
moment (Sato, 1979). JMA moment magnitude 6.7 is used (JMA, 2015). Theoretical displacement at UJIS
and MESM is 1.3 cm and 1.1 cm. Direction of observed displacement is coincident with that of
theoretical displacement. However, amount of observed displacement is smaller than theoretical one.
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Surface deformation associated with the Meinong, Taiwan, earthquake
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Using the 1998-2013 horizontal velocity field including continuous and campaign Global Positioning
System (GPS) phase data, we interpret the kinematics of Sunda Block and the present deformation of
Indonesia. Four major earthquakes, the 2006 Java (M7.7, e.g. Ammon et al., 2006), The 2009 West
Java (M7), and the 2012 Indian Ocean earthquakes (M8.6 and 8.2) occurred around southern boundary
of the Sunda Block that affected the horizontal velocity field within the block. Since we only have
the short span of time series for several sites especially in the Java island, we should remove the
offsets and the exponential or logarithmic trends in the time series due to the earthquakes. By
means of TDEFNODE (McCaffrey, 2009), we invert GPS site velocities simultaneously to estimate the
Euler rotation parameter of blocks, earthquake slip vectors, and uniform horizontal strain rate
tensor within the blocks. We constructed several block models for the Sunda Block kinematics and
deformations. We assume one to four faults extending from the western part off the southern coast
of Java and estimate the slip distributions. We also assume the different constraints on the nodes
on these faults. From a series of the block models, we determine a preferred model by applying
F-distribution tests between two models. The preferred model here is the one consisting of four
faults along the java trench with unconstrained nodes without a homogeneous strain rate tensor, and
produces the reduced chi-square of 0.754. This model generates the Euler rotation parameters of
48.917 oN for latitude, 86.876 oW for longitude, and 0.330 +0.002 °/Myr for angular velocity with
an error elliptic axes of 0.962 and 0.152 for the pole location. The distributions of interseismic
locking on the plate boundary along the Java trench demonstrates the low coupling rate of ~3@ mm/yr
in the western part, the very low rate <10 mm/yr in the middle part, and the very high rate of ~65
mm/yr in the eastern part. The residual velocities derived from this model indicate the effect of
the postseismic deformation in the western part of Java and the extensional pattern in the eastern
part of Java, which may suggest volcanic deformation.
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Vertical displacement in Naruko Volcano area after the 2011 Tohoku earthquake deduced from
precise leveling survey
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Precursory Strain and Tilt Variations of Earthquake Swarm Occurring in Izu Peninsula in
March 1997 and Occurrence of M5.5 Earthquake.
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Permeability change due to the earthquake estimated by using atmospheric effect on
groundwater migration
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Real-time monitoring of crustal deformation
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Characteristic of inland strain anomalies caused by the postseismic deformation
immediately after the 2011 Tohoku-Oki earthquake based on kinematic PPP data analysis
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University

We have investigated spatial and temporal development of anomalous crustal strain in the
northeastern Japan region associate with a postseismic deformation immediately after the 2011
Tohoku-0ki earthquake. Ohzono et al. (EPS, 2012) found the characteristic strain anomalies
associate with the step-like stress change caused by the large coseismic displacement. Their
results, however, should contaminate the crustal deformation by the early postseismic within one
day.

Based on these backgrounds, we adopted the kinematic precise point positioning (PPP) analysis for
understanding the crustal deformation caused by the early postseismic immediately after the
mainshock. We used GIPSY-QASIS II Ver. 6.3 software for kinematic PPP processing of whole GEONET
sites in 10 March 2011. We applied every 6 hours nominal wet and dry zenith tropospheric delay
value as a priori information based on the ECMWF global numerical climate model. For the coordinate
time series and tropospheric parameters, we assumed white noise and random walk stochastic process,
respectively. These unknown parameters are very sensitive to assumed process noise for each
stochastic process. Thus, we searched for the optimum two variable parameters; wet zenith
tropospheric parameter and its gradient.

Furthermore, we applied the principal component analysis for eliminate the spatial correlated
noise from the kinematic PPP time series. The strain calculation from the displacement data is
based on the method developed by Shen et al. (JGR, 1996). Obtained dilatation strain clearly shows
the inhomogeneous distribution. Compared with the seismic tomography results by Nakajima et al.
(JGR, 2001), large expansion area by this study mostly just correspond to the low Vp region at the
10km depth. This results suggested that these localized expansion areas correspond to the lower
elastic moduli in the upper crust and/or shallower portion. Furthermore, we assessed the amount of
strain anomalies by the early postseismic deformation relative to strain anomalies by the coseismic
deformation. Our early postseismic results suggest that the 20-30% of strain anomalies by Ohzono et
al. (2012) may by caused by the postseismic deformation. This result suggested that the early large
postseismic deformation behaved as “step-like” stress change to the crust as well as the coseismic
deformation.
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Surface movements immediately before and after the 2011 Tohoku-oki earthquake from
kinematic solution of GNSS and thermal expansion of the pillars
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Change of crustal deformations after the 2011 Tohoku-oki earthquake

*IKEE '

*Hisashi Suito'

1. B REEE L IR
1.GSI of Japan

ER23FEIBNBI(CEE LI A A F hiEEHAINEDHRBREEFHICZRIFEEES5 LTV S, HE
BCEBRCREAVEHENEYE LRI CTRASL. nDKESEHE . InDLEICHRRIND LS ICKREL
HWREENERII N, 5ITHMUOTREL TLDIRMZEFHIMERENSSFFMEBUZRESHREL TL

Do AREXRTIE. HILMAKEEDIMERZOEHARTEDHRESHNE(LENSSEFEBDERICE DV THRS
93,

KEZEARD MUIE, MEBRNSEREBICANDELAANDEHNEBL . FHECECEHEFIBEL. £
DEAIICIFEAEZRBIFRSNEL, UNULERS, KEODTFHBETRDE. KELELEARSND, HEE
BOI1ERE. FRAOLEE THROTHANAEEL TLIH. BEHEOXFERITEIEAABROERBO FHMN
BELTUWZ, ERAADHEROTHIFEBE EEICHEL. MEREIEEHNSNDIERTRD & Hibiths
KEFRITEIREAAAOREME. RINLIRAO TEREIEAROER. BAEBRITIIRASAOERRMRSEL TO
3, BPURMNAEEIC U TREFRITEER. BRBRITEERE VWSREARSND, COREIFEROR
BRSO T H G (TRGMERFIC K > THIREHBETE 3,

EFTZEEF. EEROIVFRIFEFRILEER KAFEFAITEEE. aFRIEER=ItAREN S BAEE
[CMFTIETEERLAR D TU e, BAERMNS BEHINS CIGEERIETIIBENER INTLz, MEREEER
(SERABR SN TOVZEFRILIBTE. 1FEETHEENRLEED. ZOREERICEL TULD. ZDEFHDiH
HTEIMEERDERE (TEAERBIFIEV,, RILHATORERETEOBER(FEPLIRTE(CHD. D5
FrISHEEERN S (FE A EBILAEN,

HEROMBREHIRMI RO PRHENZ(CL>TEL TR EEX S5SNI M. FHROMRREEINZE(L (38
—DANZILTIIEHATELL, MREFHS2DDOXANZILDEEEDEELU CHEIT D E(FHEH LUV

M. BXANZILICLZDEHNFHEHEIT D ET. SE HREHODELEVWSBERNSAENDANTZX
LEZRHCHBEL TOEOEEZXTUS,

F—O—F RIS KFEFHE. RNEE

Keywords: 2011 off the Pacific coast of Tohoku earthquake, postseismic deformation

©2016. Japan Geoscience Union. A1l Right Reserved. - 555832-15 -



SSS32-16 HAMERSER S EA2016EAS

Insight into poroelastic rebound deformation following the tohoku earthquake
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K. Wang, Hu, and He (2012) proposed 3 primary processes that dominate the deformation following an
earthquake at subduction zones; (1) afterslip, (2) viscoelastic relaxation, (3) re-locking of
subduction fault. However, if the upper crust was saturated by fluid, the crust must be treat as a
fluid-saturated poroelastic medium instead of elastic medium. Coseismic stress change disrupt pore
fluid equilibrium and cause fluid migration from high pressure to zone of low pressure. Fluid
migration drive transient surface deformation which is known as poroelastic rebound. Pore fluid
flow induced by coseismic stress change is usually ignored due to the fact that; (1) this effect
occurs in short time at early postseismic deformation just around the rupture area, (2) and no
clear evidence of fluid-rich existence in the upper crust of the rupture. Due to the fluids-rich
existence detected in the upper crust (Z. Wang, Huang, Zhao, & Pei, 2012; Yamamoto, Obana, Kodaira,
Hino, & Shinohara, 2014; Zhao, Huang, Umino, Hasegawa, & Kanamori, 2011), pore fluid flow induced
by coseismic stress change can produce contribution to the surface deformation.

Therefore, poroelastic rebound should be included in the analysis of early postseismic deformation
following the Tohoku earthquake. Previous modeling studies in poroelastic rebound used various
values for undrained and drained Poisson’s ratio (e.g., Peltzer, Rosen, Rogez, and Hudnut (1998);
Jonsson, Segall, Pedersen, and Bjornsson (2003)). Instead of just assuming the values of drained
and undrained Poisson’s ratio, we use grid search to estimate undrained and drained Poisson’s ratio
value by combining forward calculation of poroelastic rebound and afterslip inversion of inland and
offshore GPS data. In total, we build 400 poroelastic rebound model with different combination of
undrained and drained Poisson’s ratio. Grid search approach obtained optimum value of 0.23 and 0.29
for drained and undrained Poisson’s ratio, respectively. Poroelastic rebound produced by the
optimum value of drained and undrained Poisson’s ratio estimated horizontal displacement up to .28
m in the rupture area. Majority of large uplift due to poroelastic rebound occurred in and around
the vicinity of the rupture area where maximum uplift estimated up to ©.37 m around the maximum
slip area of the mainshock.

Keywords: poroelastic rebound, undrained and drained Poisson's ratio, grid search, co- and
after-slip inversion
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The slow slip event in the Tokai region, central Japan, since 2013 as seen from GPS data
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Crustal contraction of the Sado Ridge estimated from geologic structure, eastern margin of
Japan Sea
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HABERBOEERET. MEEEHN SHAXMICLDINREMWEDHTEEAH . BAHERR(C(IWZ50EE
FINSEABMERGNICE DT, ZLOEMHBENERIN TS, EMENZ  (SHFIEDERENEESE
LIZEDT. 7 YN=J3VFORIORELTHISNTU S, CEBEJCEEDILAICIB T SR T#250
km. 18570 kmDBEDEZT D T. ZOARABICEFZ OFEMBRFEEL. ZNENHNIE10~20 kmDIEXTRILRT
HER DOEMEEEMN DS, COERBEN LIRS AETIDERBN IR (C L > TERSNIZKIBREEE
HTHDERET DE. HRBEOKEREE. WETImFEE & LBROEBEDBELDIEIT T, MRERH
EEHEITDIENTES,

ARRWTIC(E. |BHESRAER (EEEMBESHER) M1989FE~19924F(CHFTTEE L ERFEMEERAU Z, B
BIYXTLRZYVIILF v IURILOEERME T, MTEBOMEEE IRBERECTH DN, BETHE nEkT
DMEBE I+ CERTE S, FEAEHAMICIV290ESEOARNKISZ knfEkR CEET 3o
CNSORNKEDRETN S, CEBECYENBNAER I NBHIZZFFTERNENSEDMERLN ST
Wz, FREDFEC L > TEHRBENRE LIRS & HERICAEBENER I N EMRESHI(
Ho2TWB, COARBEENDERRE., BEREANRCEBEOBEZ R IERE NBEOERBEETAILZ, C
DR, BERBESANEBEENSHD. LBEREBINTUHVWC ERZF LUV, BREODKTV\ENEE
FEFHABRINTEDONTULD, T, —HBOEFRESIERN SO, REEABHSNLEL, CDLD
IHFIBEICE. REEE LD MUOB L EESEINMEESEN S, SRHBENOENEREHELZ, D
K STSEET & #I50MTEI(C DUV TIT o I,

IEEEEIEROERIINSED, TNENOERIIOEBDAEC(IERNOMEBNRET < ELT BN, BB
BESAEEN T IRAMEOIRTOEREBEAETIT L. ARBEOZEGMNEDINS LD, KE TimE
EB&E15 knERET D& EEBEDAOMBREMHETTFIL TH2 kmsgE VWSEMNHEESI NI, Tz, REMT
ENABEHNNINETHIN, REOEMHEABIELDEAIGEVNC EHHEESINLE, COLSEMERBECETV
EHRREMREEDEEF ENFELEERICOVTERRT 5.
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