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Talk Outline

Interseismic coupling

The Sumatra megathrust

ne Longitudinal Valley Fault, Taiwan
ne Himalayan megathrust

Dynamic modeling: Parkfield, SAF
What makes fault stick or creep?
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Interseismic coupling

Definition:
ISC
Xi=deficit of slip/long term slip

Determination:

Elastic Dislocation Modeling of
Interseismic geodetic
displacements
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Relation to Seismic slip:

If deformation of the hanging wall in
the long term is negligible then seismic
slip and aseismic transients must
balance ISC

Interseismic coupling

ISC=1

Implication:

The ISC pattern should determine the
location, amplitude/frequency of
seismic and aseismic transients.
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Relation to Seismic slip:

If deformation of the hanging wall in
the long term is negligible then seismic
slip and aseismic transients must
balance ISC

Interseismic coupling

ISC=1
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location, amplitude/frequency of
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Dynamic Modeling

Seismic coupling =1
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The Sumatra Megathrust
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Interseismic coupling
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Comparison of Interseismic Coupling (deficit of slip in the
interseismic period) with seismic and aseismic transient slip.
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Interseismic coupling
Mw, 8.6, 2005, Nias EQ
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Comparison of Interseismic Coupling (deficit of slip in the
interseismic period) with seismic and aseismic transient slip.
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- Interseismic coupling
- Mw 8.6, 2005, Nias EQ
- Mw 8.4, 2007, Bengkulu EQ
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Comparison of Interseismic Coupling (deficit of slip in the
interseismic period) with seismic and aseismic transient slip.
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- Interseismic coupling

- Mw 8.6, 2005, Nias EQ

- Mw 8.4, 2007, Bengkulu EQ
- Mw 7.9, 2007, Bengkulu EQ

|
&~
1

Coupling

0246 381

Comparison of Interseismic Coupling (deficit of slip in the
interseismic period) with seismic and aseismic transient slip.



The Sumatra Megathrust
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Comparison of Interseismic Coupling (deficit of slip in the
interseismic period) with seismic and aseismic transient slip.



The Sumatra Megathrust
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- Interseismic coupling is highly
heterogeneous

- Slip is mosty aseismic (50-60%)
in the 0-40km 'Seismogenic’
depth range

- Seismic ruptures seem confined
5 to 'locked’ areas. Creeping zones
tend to arrest seismic ruptures.

Benbhﬂu
.

E - Afterslip increases as a
logarithmic function of time.

/

5.7 cm/yr

Enggano

Coupling

Does the slip budget close
(seismic +aseismic slip=long term slip)?

0.2 4 6 81

(Chlieh et al, JGR, 2008; Konca et al. 2008, Hsu et al., 2006...)
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Number of Events(M>Mw)/ Year
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(Thomas et al, JGR, 2014; Thomas et al, Tectonophysics, 2014))
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Why studying the longitudinal

valley

fault?

LVF is part of very active plate
boundary

High slip rate: >4 cm/yr

Aseismic creep documented at the
surface

Large earthquakes : M>7 1951 ;
Mw6.8 2003

Thrust fault; an access to exhumed
fault zone
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THE LONGITUDINAL VALLEY FAULT (TAIWAN)
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THE LONGITUDINAL VALLEY FAULT (TAIWAN)
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Principal Component Analysis based Inversion Method (PCAIM)

= Method based on the theory of dislocations in an elastic half space and

Principal Component Aasissis
X = USV!

U=GG.L

X = (GG . L) Swt
X = GG (LSVY)

= PCA and theory of dislocations are linear and associative and thus you can
switch their ordering.

. PCA D iti
Displacement Data bl L

-
> ZPrincipal Component(i)
i=1

UOISIOAUT BPEYO
UOTSIOAU] BPBYO

Slip at Depth ' ¢ PCA Recombination Z Slip Disttilf)ution(i )
i=1
= PCAIM can deal with any kind of time variation of fault-slip

= PCAIM can integrate simultaneously different geodetic measurement and
remote sensing data.



THE LONGITUDINAL VALLEY FAULT (TAIWAN)
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CO-SEISMIC MODEL
(2003, Mw 6.8, chengkung earthquake) (Thomas et al, JGR, 2014)



THE LONGITUDINAL VALLEY FAULT (TAIWAN)

24°12'

Interseismic Slip Postseismic Slip following !
Mw 6.8, Chenkung EQ \
(2003)

24°00'

23°48

23°00'

22°48

121°00' 121°12' 121°24' 121°36' 121°48' 121°00'  121°12' 121°24' 121°36' 121°48'

(Thomas et al, JGR, 2014)




THE LONGITUDINAL VALLEY FAULT (TAIWAN)
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THE LONGITUDINAL VALLEY FAULT (TAIWAN)
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THE LONGITUDINAL VALLEY FAULT (TAIWAN)
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- Interseismic coupling is
highly heterogeneous

- Slip is mosty (80%)
aseismic in the 0-40km
'Seismogenic’ depth
range

- Seismic ruptures seem
confined to 'locked’
areas. Creeping zones
tend to arrest seismic
ruptures.

(Thomas et al, JGR, 2014)



THE LONGITUDINAL VALLEY FAULT (TAIWAN)
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Estimated rupture areas of major earthquakes in the Himalaya since
1700 (e.g., Ambraseys and Bilham, 2000; Hough et al, 2005).



Himalayan Megathrust
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Seismicity follows the downdip
end of Locked Fault Zone where
shear stress increases in the
interseismic period by > 4kPa/yr.

Latitude ( N)
B

The moment deficit accumulates
in the interseismic period at a rate
of 6.6 10'° Nm/yr.

B

purd

268
e

(Ader et al., 2012)

How large and how frequent need the largest Himalaya earthquakes be?
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Estimated rupture areas of major earthquakes in the Himalaya since
1700 (e.g., Ambraseys and Bilham, 2000; Hough et al, 2005).



The Mw 2005, 7.6, Kashmir
Earthquake

_ Surface rupture measured
—_— -
__ s 2 1 2 « from cross-correlation of
b T ASTER satellite images

(Avouac et al., 2006)



The Mw 2005, 7.6, Kashmir
Earthquake
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@S The Himalayan Megathrust

Seismicity follows the downdip
end of Locked Fault Zone where
shear stress increases in the
interseismic period by > 4kPa/yr.

The moment deficit accumulates
in the interseismic period at a rate
of 6.6 101° Nm/yr.

How large and how frequent
need the largest Himalaya
earthquakes be?

1-Mw 7.6 : 7 yr
2- Mw 8.2 : 50 yr
3-Mw >8.5 300yr

(Ader et al., 2012)



Key points so far

* Interseismic Coupling on subduction Megathrust is highly
heterogeneous./ more homogeneous on the Himalayan

Megathrust

e Seismic ruptures tend to be confined within locked fault patches
and to nucleate at the edges of these patches.

* The frequency/magnitude of the largest earthquakes can in
principl be constrained from the determination of ISC,... but

uncertainties are large.
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THE LONGITUDINAL VALLEY FAULT (TAIWAN)
INSIGHTS ON FRICTIONAL PROPERTIES
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magnitude (Mw)

cumulative fault slip (m)

Dynamic modeling
Modeling the Parkfield EQs

Sequence on the SAF
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Dynamic modeling

Modeling the Parkfield EQs
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 How to constrain frictional properties in
absence of large co- and post-seismic signal?

 Why makes fault creep (or stick)?



 How to constrain frictional properties in
absence of large co- and post-seismic signal?

 Why makes fault creep (or stick)?
— Lithology a-b>0
— Temperature
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&% The Himalayan Megathrust
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Aseismic slip dominant
where T > 350°C.

Temperature on the MHT ( °C)

consistent with laboratory experiments which
show that stable frictional sliding is promoted
at temperatures higher than about 300°C (for
Quartzo-felspathic rocks).

(Blanpied et al, 1991; Marone, 1998)

(Ader et al., 2012)
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THE LONGITUDINAL VALLEY FAULT (TAIWAN)
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* |Indications that fluids promote creep:

— Soultz-la-foret experiment (e.g., Cornet et al,
1997; Bourrouis and Bernard,2007)

— Correlation between swarms and creeping zone
(e.g., Holtkamp and Brudzinski, 2014)

— The Brawley example (Wei et al, in prep)

— The LSBB expriment (Guglielmi, Cappa et al, in
prep)



The Brawley Swarm
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In-Situ probing of fault friction
from hydraulic stimulation

Injected Flow rate

The HPPP probe l
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In-Situ probing of fault friction
from hydraulic stimulation

Pressure (MPa)

Cumulated Slip and
Normal Displacement (10-3m)
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Comparison between measured and modelled slip on the fault (bottom)
assuming rate-and-state friction (with the aging law), complete stress
drop and uniform effective normal stress. Aseismic slip is induced when
the ratio of the shear stress to the effective normal stress is around 0.7
(top panel). Friction parameters: u=0.6, a=0.056, b=0.001, dc= 1um.



Conclusions

Interseismic Coupling on subduction Megathrust is highly
heterogeneous.

Seismic ruptures tend to be confined within locked fault patches and to
nucleate at the edges of these patches.

Dynamic models of the earthquake cycle can be designed and calibrated
based on ISC and past seismicity. Such models might be used in the
future to predict the full range of possible EQs scenario and their
probability of occurrence.

We have little understanding of the factors favoring aseismic creep
and of the aseismic deformation mechanisms

We would learn a lot from in situ probing of creeping and non
creeping faults from fluid injection experiments.
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Horizontal displacements relative to India
Note seasonal variations
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Seasonal variations of surface load
derived from GRACE
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Observed seasonal displacements and
predictions from surface load variation
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Variation of Coulomb stress due to
seasonal surface loading

Stress on the MHT estimated from GRACE data

Coulomb stress (kPa)
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Time (years)



Number of events

Coulomb Stress Rate
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(Bettinelli et al, 2008)



Standard Coulomb Failure Model

S=1t—-u-0,
C
2
: /
k
Time
Assuming S > () , seismicity rate obeys : R_R S
=R, =
SO

Seismicity rate is proportional to stress rate

AR o o

For periodic loading : T .
R, T-S,

The amplitude of seismicity rate fluctuations scale as 1/T



Standard Coulomb Failure Model
Seismicity rate: R(t) oc 7(t) ) AR

. R T-S
Stress: (1) = Az'smzﬂy ° °

1 T T N N S N1 I T N T T T N1 I T T N T S 1 1 T R N N S B I T R N T |

Period T

The amplitude of seismicity rate fluctuations scale as 1/T



Coulomb stress (kPa)

Coulomb stress (kPa)

Variation of Coulomb stress

Stress on the MHT due to tides

Tides
ae Same amplitude

Different periods

R T Monsoon

Time (days)Stress on the MHT estimated from GRACE data

| |
2004 2005 2006 2007 2008
Time (years)



Proba that the correlation is random

10714

108

107

Periodicities of Himalayan Seismicity

Schuster spec‘rr'um

Annual }‘

[
i variatlons
[ t

L ¥

|

I oy
<-—n-— Tides periodicities > j ';

i
3 'l

i \fw”“” ‘\f

Time (days) (Thomas Ader)

I
1]
1
1
1
1
1
1
1
1
I'
I3

No correlation with tides // Annual correlation
The absence of a detectable correlation with earth tides shows that rupture is a
time-dependent process at the 12h scale (ta>12h)

12 h << nucleation time << 1yr



Standard Coulomb Failure Model

Seismicity rate: R(t) oc 7(t) AR .
— — = 272- m.
Stress: (1) = Arsinzﬂy i T

Period T

Failure has to be a time-dependent process



Rate&State Friction Model
O
|

R k

- () = g( +a1n—+b]n d J

C

do _, &V

pm = 5 Stick-slip requires rate-
c weakening friction
a-b <0




Slip (mm)

magnitude of earthquake

0.02 s between lines

0.01 yrs between lines

=)

STRENGTHENING
(CREEPING)
MATRI X

CONSTANT LOADING

(Ader et al., in prep

WEAKENING
(SEISMOGENIC)

PATCH

STRENGTHENING
(CREEPING)

CONSTANT LOADING



slip, mm

Rate&State Friction Model

25

Model parameters:
G,=5 MPa
a=0.008

b =0.004, RS

b= 0.012, RW
D.=5pum.
V,=1cm/yr.

(Ader et al., in prep)

107 10° 10" 107 107 107" 10’ 10'

Stress period (years)
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FINR The 2011, M 9.0
| Tohoku-Oki Earthquake

(b)
140°E 142°E 144°E 146°E

Source model determined from the
joint inversion of CGPS, teleseismic
and acclereometric records

(Wei et al., EPSL, 2012)
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Co-, Post- and Inter-seismic Models of the
2011 M,9.0 Tohoku-Oki Earthquake

Coseismic ruptures shown for reference:
Wei et al, 2010 (blue) Kato and Igarashi, 2012(Green)

Method: Joint inversion of onshore GPS time series
and offshore campaign data for co- and post-seismic
slip using PCAIM (Kosistsky and Avouac, 2010)

Data: GEONET+ seabottom data (Inuma et al, JGR,
2012)

Postseismic Model
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-seismic

Co-, Post- and Inter
2011 M, 9.0 Tohoku-Ok

m
°
c
<
3
=
-
Q
g
|
=
=
]
&
g}
c
£
p
©
o

950158

940038

3 3 3
2 8 g
T 3 T 3 8
' s ' o s
B e E---- 48 2
& & &
. 3 . 3 3
“““ 8 E----f-48 g
. 8 . 8 8
) s . 2 2
. Lo -48 3
. . =
B
. . g
. . >
. . E
. . F
3 3 3
.- -8 E----f--48 8
g 2
8 3
o °
7
(w) yuon
8 g
T T T @ T @
- o
Loo-- %18 L
&
- N
Loo..-§-1s L
- &
- 2
. L
- s
- g
- o
- g
- F
3
E-----F-48 L
L., g L
3
L e L
M 1Y . 2
9 9 - o =% g S P
o o o =) <
i S 5
(W) yuoN (w) jeomen
8 8
T T T T o T ®
o N e . o
F----- 448 b 18
& &
- N . N
L. § 18 [ {8
- & . &
Lo s . 3
Fer 1 o8
- . 5
- . g
- . >
- . g
- o . oF
E-----f-48 [ {8
Lo g 1s
. i | 0
adt 4o
¥ o o
s S o
(w) yuon

T T B T T & T T £
L C - s 3 s
. . . L 3 8 T 8
. o . o . o Lo 1
L-f-----48 - -8 F----§ -8
2 2 2 M 1
. . . M o o ! B o
. . . R L + 8 F--f----18
i . . g . « « B . «
. 2 . g . s -
L-g-----d 2 Lo... % 18 Lo f 48 S |
. s . & . & L .
. . . ' s 3 . 3
“““ 8 L 8 L-4----48
) ) ) . 8 & . &
. 3 . =) . 3 . .
I R r- - f 12 r- - 12 . .
. . . s . )
8 . . . g S---48 b 8 418
5] ' ' . r . - - . s
8 . : ' E o . . g
. . . S 2 . . e
F-§---ds L-2- )48 F---F-{s g : : 2
. . . . . F
' ' ' 3 3 3
4 ----48 L 8 L-f-----48
L. R--.]g L e . . .
i @ o
. I L. 2 L
. ! 8 ' 2
Fo - — ° 1° . .
. . - . -gqo e : o F
& . .
L o . 3
w) ise: w) Yoy
(w)isea () uon (w) eonsen ST e gt w5 &
(W) o3 (w) yuon
3
T T T T T T T —
°
.
(s}
L <
. —

9991

H
100

Y
(w)1se3

(w) yuon

0.5,

0
05} - -

7
(w) [eoop

Time (day)

93021

100

300

o
F----%-18
&

- S
I -48
A s

" 2
F-----F-18
Co =
g

- g

- Py

- €

- F
s
Eo----@-418

(w) jeowen



Co-, Post- and Inter-seismic Models of the
2011 M,9.0 Tohoku-Oki Earthquake

Interseismic Coupling

Coupling Japan weight smoothing:50, normalized chi2:13.0949, Tectonic Angle:145, Mw:9,8808

Coupling Japan weight smoothing:50, normalized chi2:13.5995, Tectonic Angle:145, Mw:9.8174
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Cumulated Slip (m)

il Data: - Interseismic GPS velocities from

' GEONET (Loveless and Meade,
2010,2011)

- Sea bottom displacements
(Matsumoto et al. EPS, 2008)

Implication

- Return Period of Tohoku Oki EQ
estimate to 100yr (BT) - 300yr (FT)

Depth (km)

ol & :
------ interseismic 2011 post-seismic

— pre-2011 events 2011 co-seismic




Distance along dip (m)
T
1
1

Accumulated slip (m)

TR TRp

W

TR

LR

__________ BEHRRREANANN R RERRAN AN N AR

time (year)
Thermal Pressurization allows overlapping seismic and aseismic slip

(Noda and Lapusta, 2012)



Dynamic Modeling

[ ———

_California "Et:fﬁw logy.

) : . . Rupture
Observed and simulated slip during over the seismic cycle prure
accumulated slip (m) accumulated slip (m) p ropag a‘t I On
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time (s)
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(wny) 3yney auyy Buope aoueysip
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L

— Co-seismic slip, one line every 2s

interseismic 2011 post-seismic
— pre-2011 events 2011 co-seismic

Aseismic slip, one line every 30yrs

end Events (w) dus
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Dynamic modeling
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Rate & state friction:

(Dieterich, 1979;Ruina, 1983)
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Numerical Method: Boundary Intregral Method in 3-D
(Lapusta and Liu (JGR, 2009)

(Kaneko, Avouac and Lapusta, 2010)



Interseismic coupling
ISC=0.5
° ° SEAWARD
Partial Coupling:
Distance from trench (km)
. 0 100 200 300 400
In kinematic inversions ISC is allowed
to vary between 0 and 1.
LANDWARD
Implication: o
Distance from trench (km)
Seismic slip is required to balance the o 0 100 _—260— 300 A00

guantity ISC x Long Term Slip Rate

SUBSIDENCE

Distance from trench (km)
3(?0 400

200

ISC=0.5

\

ISC=0

-

> Overriding
Plate




S

Partial Coupling:

In kinematic inversions ISC is allowed

to vary between 0 and 1.

Implication:

Seismic slip is required to balance the
guantity ISC x Long Term Slip Rate

Compared to the case ISC=1, ISC=0.5
requires transients slip events half as
large, or a return period twice as long.

ISC=0.5

ISC=0
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LIE=4 Je

Distance from trench (km)
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LANDWARD

UPLIFT
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> Overriding
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Dynamic Modeling

_Galiforni Irl1sti(’lﬁlltre f logy._
lifornia nstity

Backward
propagation

Observed and simulated slip during over the seismic cycle

Cumulated Slip (m) Cumulated Slip (m)
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ol AN
------ interseismic 2011 post-seismic
— pre-2011 events 2011 co-seismic

(Nadaya Cubas et al, T22C-08.)



Interseismic coupling

SEAWARD
Distance from trench (km)
0 0 1 Op 2Q0 3Q0 40Q
LANDWARD
UPLIFT
Distance from trench (km)
0 0 100 200 300 409
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Interseismic
coupling

Accumulated slip (m)
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(Kaneko, Avouac and Lapusta, 2010)



Uplift rate (mm/yr)

10
| Interseismic Coupling derived from
. inversion of CGPS, campaign GPS and
: levelling data
T 50 100 V. . =205+1.0 mm/yr

Distance from the MHT (km) -

V.. =178+0.5mm/yr |
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|

Ader et al. (2012)
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Correlation of ISC with seismicity

5 5 :— Seismicity follows the downdip
o o Ty S S A S i €N Of Locked Fault Zone where
= | - SRR R shear stress increases in the
“ """"" o - | interseismic period by > 4kPa/yr.

B
I

The moment deficit accumulates
in the interseismic period at a rate
5;}% of 6.6 101° Nm/yr.
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How large and how frequent
need the largest Himalaya
earthquakes be?

Latitude (°N)

83 84
Longitude (“E)



