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Title:

* Subduction zone dynamics: role of H,0 in generation of earthquakes and
magmas

—

* Role of H,0 in generation of earthquakes in subduction zones
as inferred from seismic observations

*ACROSS

Content:
1. Subduction of oceanic plate
2. Slip pattern along plate interface
3. Earthquakes within subducted slab:
Intermediate-depth intraslab earthquakes
4. Transportation of aqueous fluids from slab to arc crust and formation of
volcanic front
5. Deformation of arc crust and shallow inland earthquakes

Study area:
« Japan subduction zones / NE Japan subduction zone



Tohoku University seismic network Nationwide Kiban seismic network

Why Japan
subduction zone? 1253 stations
/NE Japan

subduction zone?
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1. Subduction of oceanic plate



Imaging subducting oceanic plate

eX-ray CT & seismic tomography @ Across —arc vertical cross section of EQs
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Estimated configuration of PAC and PHS plates

a8 —  JL— L EDEFEE
SEMTJL—MERKME
Al

2o REMERR M E

(Nakajima et al., 2009; Kita et al.,
2010; Hirose et al., 2008; Nakajima

& Hasegawa, 2007)

*Contact area between PAC & PHS
plates is shaded; broad area nearly
corresponds to Kanto Plain

*PHS slab subducts beneath SW Japan
being extremely contorted

(Maruyama et al., Gond. Res. 2009)



Slabs stagnate in the mantle transition zone
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(Fukao et al., Ann. Rev. Earth Planet. Sci. 2009)
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Three main types of EQs in subduction zones:
1) Interplate, 2) Intraslab, 3) Inland crustal EQs
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@ Across-arc vertical cross section of NE Japan
Fault planes of Tohoku-Oki EQ & of induced EQs 8




2. 7JU—MRRTOH
I ARYERI

2. Slip pattern along plate interface



Frictional behavior of fault — Asperity model

Bilek & Lay (2002), eAsperity model

Dixon & Moore (2007) 1) Asperity (locked area): a-b<0
Interseismic period: locked

At the time of EQ: dynamic slip

(Seismic slip/unstable sliding)

2) Conditionally stable area: a-b~0

Normally slip aseismically but can
also slip seismically when loaded

Stably sliding: a-b>0 abruptly during the failure of

a-b~0 neighboring seismic patches
Asperity: a-b<0 3) Stably sliding area: a-b>0

Interseismic period: stably sliding

(Aseismic slip/stably sliding)

At the time of EQ: works as barrier

Slip
Lay & Kanamori (2011)

eRate- and
state-dependent
friction law

@The megathrust off the coast of Tohoku

(32, 1999) 10

velocity

Slip

Friction
coefficient



Asperity map

Pink contour: slip distribution of

EQs for the last ~70 yr with M>7
Yamanaka & Kikuchi (2004), Murotani et al. (2003)
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Asperity map &
Tohoku-Oki EQ

Pink contour: slip distribution of

EQs for the last ~70 yr with M>7
Yamanaka & Kikuchi (2004), Murotani et al. (2003)

Black contour: slip distribution
of 2011 Tohoku-Oki EQ

linuma et al. (2012)

Tohoku-Oki EQ
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Cause Of aSperIty ° @ Vp along a plane just above plate

® Seismic section along a line crossing Tokyo Bay interoface off Miyagi e
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Slow slip event & deep low-frequency EQs

eSeismogram showing deep low-F EQs

eEpicenters of deep low-F EQs

eSchematic
illustration

Obara (Science 2002)
Obara & Hirose (2006)

e\ertical cross section of Vp/Vs in Shikoku

Shelly et al.
(2006)

*Oceanic crust just below SSE has anomalously high
Vp/Vs — High pore fluid pressure 14



Effective normal stress along fault plane of deep low-F EQs

@Hypocenter distribution of low-F EQ
families in the lower crust along deeper
extension of SAF
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@Estimated effective stress from tidal triggering

-Effective normal stress estimated from tidal
triggering of low-F EQs
o,=10- 100 kPa average 30 kPa

— Very close to lithostatic pore fluid pressure



Focal mechanism of EQs before & after Tohoku-0ki EQ

Asano et al. (2011 EPS)
75 B = Hasegawa et al. (2012 EPSL)
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* Normal fault EQs
significantly increased

after Tohoku-Oki EQ
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Change in stress field by Tohoku-Oki EQ — Rotation of o, axis

‘Distribuﬁon of P’ T’ B axes (|eft) & that of G,, G,, G5 axes (right) Hasegawa et al. (EPS 2011)
Pre Tohoku-Oki Post Tohoku-Oki

0,: max. compression (red)
05: min. compression (blue)

@Temporal change in angle of o, axis to plate interface

Blue:region A
Red:region B

~45 degree before the earthquake

~ 80 degree after the earthquake
g q Year

# Angle between o, axis & plate interface clearly increased from about 45 degree to about 80 degree after Tohoku-
Oki EQ. This stress rotation is due to slip on plate interface by Tohoku-Oki EQ.



Estimation of deviatoric stress magnitude Hasegawa et al. (EPS 2011)

@Stress rotation due to slip on fault @ A0 as a function of 0 for various A1/t

T: background deviatoric stress

AT :stress drop

(Hardebeck and Hauksson, 2001)

# 0 vs AB relation in 2 dimensional case is given by Hardebeck & Hauksson (2001) for various At/t
#At/t~0.7-1.0
# Background deviatoric stress, which caused Tohoku-Oki EQ, almost released
or stress drop nearly complete
# Average stress drop for areas with slip>10 m is At “8 MPa (linumaetal., 2011) — t=8-13 MPa
This means that fault strength is 8 - 13 MPa — weak fault
# Assuming weak fault is caused by over-pressured fluids, we obtain
pore pressure ratio A= P, /o, (ratio of pore pressure to normal stress) = 0.97 — 0.98.
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Hasegawa et al. (EPSL 2012)

Stress field before & after Tohoku-Oki EQ
& static stress change red:o, blue:o,
@ Pre-Tohoku-Oki @ Post-Tohoku-Oki @ Static stress change

Red contours: slip amount green contours: differential stress

# Stress field in the area enclosed by ~15 MPa contour line completely reversed after Tohoku-Oki, which indicates
differential stress magnitude before the EQ is less than static stress change, i.e. <15-25 MPa— A > ~0.95-0.97




Other observation: pore pressure ratio estimated
based on force balance

* Force balance between shear stress at plate @ Vertical cross section

boundary & lithostatic pressure in the fore-arc
wedge

* Estimated shear stressT and pore pressure ratio A
(pore fluid pressure/normal stress) @ plate interface

B T A
Shikoku 4.8+1.9 MPa 0.980+0.008
N Chile 15.1+7.6 0.97+0.015
S Chile 16.1+4.0 0.96+0.01
Miyagi 20.1+5.7 0.965+0.010
Peru 14.29.0 0.948+0.033 @ Plot of (1-A) against Ao
Washington 7.8t3.4 0.93+0.03
S Vancouver Island 18.0+2.6 0.895+0.015

(Seno, 2009 JGR)

* Estimated A from stress field change
A=~0.97-98 or > ~0.95-0.97
Almost consistent with each other

* (1 -A) seems to be proportional to average stress drop
Ao (right figure)
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3. Earthquakes within subducted slab:
Intermediate—depth intraslab earthquakes



