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Lors de grands seismes les deformations de surface
sont tres variees mais pas forcement faciles a mesurer




les déformations tectoniques créent de la déformation qui est
préservée dans le paysage > signature de l'activité des failles

AR

Fuyun fault, thrust scarp < Im in height




pouvoir mesurer cette déformation
> décrypter l'activité des failles

(c) Klinger 2009




En parallele du travail de terrain,

I’Imagerie spatiale est devenue un outil
indispensable pour I’éetude de la deformation
de la crolte terrestre

- Petit retour sur I’evolution de I'imagerie
spatiale pour la mesure des deformations
de la croute terrestre

- 3 exemples de ce qui se fait aujourd’hui
en imagerie spatiale



Environ 10 ans apres la theorie de la tectonique des
plaques est lance le programme Landsat

> premiere vision globale avec bonne resolution
(80m a 40m)




Au milieu des annees 80, la France lance
les premiers satellites de la famille Spot

> tps de revisite 26j, resolution 10m

Cette nouvelle vision regionale permet le
developpement des études de tectonique active



‘INT E RN&TIONA*&WEEKLY "JEJURNAL@F SCIENCE*-,

Ve .\w-ﬁ.«‘:x\- ”e }0!& Iigq‘.\\ 5 ..*y'"\
Ay ‘R s ot L= -
-~ .‘ Y & x )A-: = '\‘:‘-"“'A v\". .‘",’-.\, Aoem ‘_ ﬁ ,‘ﬁ‘ -‘ {. :

N4 ~ *_.1, e : .
o .:-;;5"' Foo N v (q\;\ /-".r“ - %& -~ /Nn '_.w\ ' - ;‘:-:,.’. Ay ‘u“
[ By ...'i’. L 'ﬁ’:?,‘. ‘: . }{ ;) (C - Qb‘.‘. s S . \'- \'t '\ /." & ' ! ::‘ 3 /’
o ’ }"f"\ g " .u’:‘\'.‘ ;n - L “.‘\ ’.I ':::l b h'.--
[ - LA N <y ’ \, r ,\.,/‘_< e ey /“ . o
;? A £ B E -*sw-?‘ T LA A (o .~‘w\ ""x -
b-\ . L § .'-).‘ . 7"" S " k- -,"x‘ <, i FT st > r J / \ .-.‘._ e
¥’ . A n ‘( 2 '-)"a-"v )'\." '4\.:‘ "Jy:\: \"-.' &8 "
R % A~\ I:\ Y! (" d _,_\"-“f \E;P " ’,\(‘.-q.,.s.._‘_ ' \ ":‘...‘
’ = 1 8 W IR A AT A
AP “:\ ) > P .. 1 .\_}-' s [ ‘.Ak‘\
» K:-'K £ | \ x s ‘;’:.5 L
™ S > LS Y L
A 4
3 O
. 3!

: : ) e \ e
'ﬁ .' "' e,
- g

3
\
;"- *. o —a \
LA . - ) :‘
ge o \a
.‘ . SI\”

O N b"‘\o\“

ol

;‘ {.
_,J".. A
(DL
N
5% o
c,-l-
:'
.Q

‘;'J-:\ : "" A ;-

,..'.. |
D a.".'“‘. AR \
2 e R A S 1 T e D LN
W N ARSI By i e XA |
: -Av.';;“\-y ‘3'.‘.\" . ‘:9 - - el i ol ':.-\‘-_' |\, FTR TR T s |
ST AL ,aout“t'\vans’br,ip \fa 't Fe Vol 2
~ LA T B T TR S AT RN ARUS L T
SRS, 0 NN S P LA Rt S Py Tkt
B A r’{&‘p’i/czil;‘,cfh Iﬁffqr.; éf.s_"ny.,- /’)\*- |
g4 R T A AT B ) R s (A T A ok 1
-"-'_ - 472 ,é' '_<.. . > '
iy Rt aasmb\og\céidﬁi oT PG IR Je |
R o e - S L <A8 D Tt
P -\‘:':‘;. \r,:u. «m.q?tfé plugge?. R P A SET
) R R e AT A R 1 s Sl e e 1A ]

(Massonnet etal., 1993)

En 1992, 1ere mesure par
interféerometrie radar (ERS-1)
de la deformation associee a

un seisme

Un pixel hz de 100m
pour une réesolution
verticale de 3cm



Les années 2000, I’explosion de la haute resolution

. pixel 10m

400m

En 10 ans la taille des pixels a ét¢
divisée par 10




Détails d’une rupture
co-sismique
Pour la premiere fois en 2001 on

peut imager une rupture de surface
depuis I’espace

| extensive jog
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(Klinger et al., 2005)
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melilleures images, meilleure topographie

2~ R sl‘i"v

SRTM3, résolution 3 arcsec ASTER GDEM, résolution 1 MNS Pléiades calcule par
(~ 90 m ; année 2000) arcsec (~ 30 m ; année 2009) MicMac, ré-échantillonné a 2 m
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Aujourd’hui,
les constellations de satellites permettent
une revisite quotidienne avec une resolution sub-métrique

© Planet

jusqu’a 200 satellites operes simultanement



Imager la complexité de la rupture depuis I’'espace
Le seisme du Balouchistan, Mw?7.8, en 2013

Afghanistan

Eurasia/s
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Courtesy of K. Hudnut_& A. Khan

(Modified from Avouac et al., 2014)
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Ground rupture mapping

using Google Earth™

(1:500 scale)
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Ground rupture mapping
using Google Earth™
(1:500 scale)

Image pixel size < 1m

Different styles of ground rupture
localization:
1) Localized slip
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Corrélation d’'images optiques

] ®
Image 1 elsme Image 2
/ // / /
archive image new image
acquired before earthquake post earthquake

Compute horizontal displacement
field using pairs of images

1) SpatioTriangulation +
Orthorectification

2) Image correlation (MicMac)

3) Post-processing

need good

topography!



Optical image correlation

Ima.ge 1 Earthquake Image 2
77 / VA 4
S S xS S S

archive image new image
acquired before earthquake post earthquake

x-N;Z’ X ><+rl\li2

Calculate the horizontal
, ' , displacement field using pairs of
il EEOZ images

1) SpatioTriangulation +
| l I Orthorectification

. | 2) Image correlation (MicMac)
5 [5]s | | (IGN + IPGP, soutient CNES)

Image 1

3) Post-processing

(Rosu et al., 2015; Rupnik et al., 2016)



Optical image correlation

Ima.ge 1 Earthquake Image 2
77 S LS/ 4
// S/ / // / ///

archive image new image
acquired before earthquake post earthquake

Calculate the horizontal

-N/2-1 == . . . .
! displacement field using pairs of
4 images
y+ﬂy...
y+Ni2 - -

1) SpatioTriangulation +
Orthorectification

2) Image correlation (MicMac)

Image 1 3) Post-processing

(Rosu et al., 2015; Rupnik et al., 2016)
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tal displacement amplitude (m) |

Horizontal displacement field

using pairs of images

1) SpatioTriangulation +
Orthorectification

2) Image correlation (MicMac)

3) Post-processing

Horizontal displacement field:

- SPOT-5: 2.5m px size

- Rupture length ~200km

- Amplitude variations (North vs. South)
- Maximum ~14m



in the relay zone
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Co-seismic displacement along the rupture
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(Vallage et al., 2015)

Profiles:

15km long, 100m wide, oriented

Measuring the fault-parallel and fault-normal displacements on both
sides of the fault to determine the slip accommodated at the fault

A) Standard proﬁle elastic displacement

modeled for a 60°
dipping fault

Far-field
displacement

Near-field
displacement

-2500 0 2500
Distance along profile (m)




Detailed meas.
= reveals complex
rupture pattern

Displacement azimuth {°N}

330 390 3

300 ‘ 60
270 .

240
210

H

A) Distributed elastic displacement

displacement modeled for a 60°
profile dipping fault

>

W

Near-field
Distributed displacement
3 (shortening)
extension
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(Vallage et al., 2015)

Fault-normal Displacement (m)
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| Aluvium & extrusive mud
| ) Unsconsofidated swriicial deposits

e a2 7N Variability of surface-

e EZPPr @ rupture azimuth

Eocene sedlmentary rocks
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(Vallage et al. 2016)



What can we get from regional geology?
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I Afiviem & extrusive mud WAL

! || Unsconsolidated suficial deposits

| I Ploistacena sedimentary rocks

Miocene & Oligocene
sedimentary rocks

Eocene sedimentary rocks
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:r l Alluvium & extrusive mud
A Unscansolidated surficial deposits

Pleistocene sedimentary rocks

Miocene & Oligocene
sedimentary rocks

Eocene sedirmentary rocks

(Vallage et al. 2016)
1037 structures
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iImpact of preexisting geological
structures on rupture process



fault branches Slip distribution
> affect rupture dynamics Energy radiation pattern

2517037 structures

N2ogrge V312%65°

Pre-existing structures
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(Vallage et al. 2016)



Le séisme de Kaikoura, Mw7.8, en 2016

Quand une mesure précise des
déformations de surface permet de
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Horizontal ground deformation
from optical satellite image correlation
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ground resolution 1.8m



Using a rupture model that allows
for off-fault damage

Low cohesion zone
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propagating dynamic rupture with geometry
and off-fault deformation
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Dynamic earthquake rupture modelling with off-fault damage on the 2016 M 7.8 Kaikdura earthquake, New Zealand

The Jordan-first scenario

(Klinger et al., 2018)



propagating dynamic rupture with geometry
and off-fault deformation

a 10 km b 10 km c 10 km
0.1 2.0
D SN
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X aleng prafile — Observations — Mode! with Off-fault damage ---- Model without damage
(Klinger et al., 2018)

The Jordan-first scenario



propagating dynamic rupture with geometry
and off-fault deformation
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propagating dynamic rupture with geometry
and off-fault deformation
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The Papatea-first scenario



image correlation + field obs. + rupture modelling
-> favor the Papatea-first scenario

&
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/ Modeled fracture damage

not-ruptured
T~ fault

., 2016’s Kaikoura
surface rupture
" rupture propagation

off-fault damage/
* diffused deformation
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//

(Klinger et al., 2018)




Le seisme de Pawnee, Mw5.7, en 2016
Mesurer des déeformations tres petites depuis I'espace
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in Oklahoma
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Central U.S.
Earthquakes

..\ 1973 - Aug 15,2015

= 855 M = 3 Earthquakes 1973 - 2008
- 1850 M = 3 Earthquakes 2009 - Aug 15, 2015

1985

1995 2005 2015

(Rubinstein & Mahani, SRL 2016
see also Walsh & Zoback, 2015 and many others)




In Oklahoma, up to 90% produced water / 10% of oil
> Salted wastewater with pollutants

> Injected In porous rocks near base of
sedimentary series just above crystalline basement

Oil Production and Wastewater Disposal

up to 90%

—_ —>

SEALING LAYER
PRODUCTION FORMATION

. SEALING LAYER
s DISPOSAL FORMATION
S = CRYSTALLINE BASEMENT §
," - .f {]
!’;;, . - (Rubinstein & Mahani, SRL 2016)
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A Contrainte
cisailante

Seuil de rupture

Chargement
élastique

int2rvalle entre séisme
centaines a milliers
d'années _

Terrps

>

Induced seismicity:
some
(too) simple explanations

> fluid pressure decreases
normal stress
> bring faults closer to
rupture threshold

Contrainte
cisalllants

Seuil de rupture
plus faible

I <—— Seisme « avance »

>

1 ssisme iemps

R Lacassin (IPGP) L.




Enhanced seismic activity since 2009
temporally and spatially correlated with
increased wastewater injection operations

Pawnee
earthquake,
Oklahoma

“12016-Sept-03

>

Mw5.7

% Significant seismic events
m Wastewater disposal wells (2009-2016

!
(Grandin et al., 2017)

Pawnee 2016 Mw5.7: largest earthquake ever recorded in Oklahoma




« Two satellites: S1A (Apr. 2014) and S1B (Apr. 2016)
* C-band system (A=5.6cm)

* Novel acquisition mode « TOPS »

* 6 days revisit time and nearly-systematic acquisitions
* Open data (free, real-time, unlimited access to all)



Sentinel-1 processing Software: NSBAS (ISTerre/IPGP)

Pawnee mainshock

3 Sept 2016 55 interferograms

@ Master - COmPUted
@ Slave

11 rejected due to
poor quality
(low coherence
or large atmospheric
noise)

44 interferograms
kept



interferograms
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(Grandin et al., 2017)
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Time-series
processing:
result
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Extracting earthquake signal
from atmospheric fluctuations

(Grandin et al., 2017)
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(Grandin et al., 2017)



Finite source kinematic inversion: data
b.
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Teleseismic data

OTAV, P, 0.71um
az=150°
az=329"°

YAK,

P, 0.4um 2\ 4?\
az=339"

KBS, Sﬂw\
az=12"

KEV, S%
az=18"
SFJD'%
az=26"

IVI, SH, 1.59um

s ov.—wf\
GRFOWQ
az=40°

RCBR, SH, 1.22u
az:112%

SDV, SH, 1.67um
az=132°

0.0125-0.5Hz

= Slip distribution In space and time



Finite source kinematic inversion: fit with INSAR data

(Grandin et al., 2017)

Distance (km)

INSAR
provides
excellent

resolution
on shallow
slip



| Sept 2016 m, 3.2 foreshock
(depth not ionstrained)

Surface Wastewater
Injection

Induced __|
earthquake

Aftershocks
3Sept-190ct2016 | _49
. Mag
12345

-14
8 10 12 14

Distance along strike (km) £

(Grandin et al., 2017)

Pawnee earthquake was entirely confined in the basement,
l.e. below the sedimentary cover where wastewater
injection is carried out.



Quelles perspectives pour la mesure des
deformations de la crolte terrestre par
Imagerie satellitaires ?

Temps de retour tres courts

> Imagerie de la dynamique des processus:
deformation post-sismique et asismique,
phenomenes volcaniques, geomorphologie

Generalisation de la multistéreo
> imagerie directe des deformations en 3D,
mesure des changements volumiques



