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Structure of the Earth

Plate tectonics
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Tomographic Technique

Theory d=g(p)
d data space, p parameter space

- Retference Earth model p,:

d, = g(p,)

- Kemels dg/dp

- (Cd function (or matrix) of covariance of data

p-p, =g (d-d,)
- C,, a priori Covariance function of parameters

- C; a posteriori Covariance function of parameters

- R Resolution
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Différents types de donnees

-Ondes de volume (temps d’arrivée)
P,S, ...

-Ondes de surface (Rayleigh, Love)
-Modes propres de la terre

-“Bruit de fond” (1-20s microsismique,

>200s “seismic hum?)




one day of seismic record




one day of seismic record




one day of seismic record

TT 1 1 1 ?l;l
043

ballistic waves used in traditional tomography



one day of seismic record

noise ‘ ]

i i H Bl R a2
043

ballistic waves used in traditional tomography
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1D- Reference Earth Model: PREM
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Wave speed (km/s)

5150 6371

Depth (km)

u(r,t) = 2, u, (r) cos wt/w?2exp(-w/2Q) (u,.F)s

(ewa/E) L1sus



Parameter Space

Physical parameters: p + 21 (13) physical parameters

Geographical parameterization: p(r,6,9)

Continuous parameterization

Op \ Covariance fonction
L\
\

" Spherical harmonic expansion

“Lateral resolution:
Hor 1000km, Rad 50km => 500"60"14 = 420,000 parameters



Différents types de donnees

-Ondes de volume (temps d’arrivée)
P,S, ...

-Ondes de surface (Rayleigh, Love)
-Modes propres de la terre

-“Bruit de fond” (1-20s microsismique,

>200s “seismic hum?)
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Surface wave full ray theory

Waves locally as plane waves A < Ag

7 {u_;) — Z Z A[u.ﬂ C}ip—irp{@' |

branches orbils

_’q — ;45-_’4}];4?* (j) — C-f)q + (f)p + q:.f)?»

Woodlhouss 197, Woeodhouse & Woog 1920, Tromp & Dsbilen 1992 Forrgira £ Woodhooss 2007 4,



Surface wave full ray theory

Waves locally as plane waves A < A

uw)= > > Alw)exp ip(w)

branches orbits

A= 4_;15;13:,;“1?1 O = (s - (j')p - Dy

TVl el e [0TAd Wimedlimgea de W apme 038 Treme o [iaklar 1007 Fersaira o W e mdlimres 20007 =



surface wave full ray theory

Waves locally as plane waves A < A

uf[uu\ = Zf Z Afbr.?) exp_""“?*"#-’,'

branches orbits

14 = ;45 i’q_!:}jqff' (;'b == Gb_:. —I— L’-,}p —I— (;-5?.

Yoochouso 1974, Weodhouse & Wonz 1026, Tromp & Dancn 1992, Ferrcira & YWoodhouss 2007a.



Surface wave full ray theory

Waves locally as plane waves A < Ap
ulw)= Y S Aw) e}[p_“’:"a““]

branches orbits

A= Arﬁﬂpﬂr » = @5+ 'i.'fﬁp + O

Yearphoyze 1374 Wisodhousos &0 Winne 1586 Tramp & Dablon 1003 Ferreirg b Wandqouce 2007y



Setting up the linearized inverse problem

Phase ¢o- @= wt -Alv

Amplitude: source, focalisation, scattering,
atténuation

1
*\ - T — ds
from ray theory( ) ./1';1.}-' path v(r(s))




Least-squares solution

given a linear inverse problem: 4dT =A -c

its least-squares solution:
crg = (AT -A) T AT LT

IS typically solved by either:

TN

direct algorithms (SVD, Cholesky...) Egrggle )algorithms (CG,



Setting up the linearized inverse problem

1

from ray theory:

T — / ds
Jray path v(r(s))

“parameterization’:
Unknown N ”
coefficients are 0T = - ¢ / L
constant and don’t ~  Jray path V5(r(s))

heed to be

ds



Setting up the linearized inverse problem

N

: fi(r)
0T = — E c’:i[ ds
— Jray path vg(r(s))

1=1

The same eq. Applies for many data and corresp. ray paths:

0T = — Z / filr) g (j=1,....M)

ay path vg I'( )

given a linear inverse problem: Ol =G dv

YT =A c



Parameterization, or choice of basis

fiintinnc

N
dv(r) = Z ﬂt-.
i=1

pixels (“local”
basis

functions)




Parameterization, or choice of basis

fiintinnc

N
i) = 3ol
i=1

spherical harmonics
(“global” basis

functions)
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body wave tomography: examples

MODEL LO2.56
E70 km 2000 km

--

1000 km 2500 km

1600 km

-0.5 % o +0. E‘En

1980s low-degree model (Dziewonski)
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body wave (+surface wave) tomograpny:
examples

1980s low-degree model (Dziewonski & Woodhouse), cross-sec



Tomographie d’onde de surface
Phase ¢- @= wt -A/c

C(T) phase velocity, C,(T) ref. phase velocity

What tomographers need is the relationship between
displacement u and Earth’s “structure”, o(r) A(r) Lqr)

we can linearize it in a perturbative approach:

su= [ 1K, (£)6p(e) + K ()9AE) + K, (1)) AV
Jv



1st step: Calculation of dispersion curves:
Fundamental modes and higher modes
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2nd step: regionalization

BRIC RETICLERR . . . o o s o o o o e e e e e e e e e e e e e e e e e W2

-B7 -4.5 -2.2 -2.1 -0 -0 D2 09 21 2.3 4.5 57

Anisotropic nodel resulting from phase velocities imversion (C.L.AS H., inclacing 2% and 4% terins),
n=0,1=50s



Phase velocity maps
R At 100s

Ho, At e
e,

2nd overtone

1st overtone

Fundamental mode

= : 1 =
A105.0-40-30E040-03 5 1.0 20 3.0 40 5IALE

Beucler and Montagner, 2006



Global Tomography
3rd step: Inversion at depth

Scale A= 2000km (degree 20)
:> Seismic wavelength A < 500km
Ray theory applies

Shear wave velocities - depth = 100km




Global and Regional Tomography

From Global Scale to Regional scale

Scale A= 200-500km
Seismic wavelength 20km < A < 500km

Van der Hilst et al., 1998



Sensitivity of the delay
time to the local seismic
velocity
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Marquering et al., GJI 1998



A heterogeneity scale, A wavelength rays

Diffragted waves

wavefronts
wavefronts

ALl AorA>>A A<



A\ heterogeneity scale, A wavelength

A A\ or A>> AN\
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A\ heterogeneity scale, A wavelength

wavefronts

<< A
Typical scales A=2,000km, A= 500km



Banana-
Doughnut Theory
(Dahlen et al.)

Application to
global
tomography
(Montelli et al.,
Science, 2004)

a0

AR

120

145D

18ca

238

2800

et
L] o
depth [km; i

Hawaii

o _

&

L ™

-

'I-.______‘-_

/

\"\——-q\___

T

"--.-_-1--'\-"_

e

e
e, S

- -
i’j//
1"-.__

="
- -!'”
—_ _:':--.-\_f

e T

-
1]
=
-

e
o

_—

-—-._“_'-_‘“_

-
-
o
.
T
ok
r'.
o
.
o
T
i
ol
1=
.

N

000 Aor 4 3146 mn | Gl ble




Importance of seismic anisotropy

ANISOTROPY is the Rule not the
Exception

Seismic Anisotropy is present at all scales
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CLIVINF CRTHOPYRCXENE

From Christensen and Lundquist, 1982



Cracks, fluid inclusions
Crust Inner core
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(Babuska and Cara, 1991) (Singh et al., 2001)



Importance of seismic anisotropy
ANISOTROPY is the Rule not the Exception

Anisotropy is present at all scales

-From microscopic scale up to
macroscopic scale

-Efficient mechanisms of alignment
(L.P.O.: lattice preferred orientation
S.P.O.: shape preferred orientation; fine
layering)



Montagner &Guillot, 2001

Hot | Cold

A Ellest ol Mineral O leuta o

AT Cffect of Temperanee Heterogeneities



Aa:Anisotropy Olivine (60%) +Opx (40%)
Effect
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Montagner & Guillot, 2002




S- Velocity

Radial

Anisotropy .
Interpretation

Azimuthal
Anisotropy

SCC-2 005 J07 CHOED-C2EC AR 0.ED1.0CE JO02.00 F.CC

Anisotropy is observed on different kinds of seismic waves
- Body waves (Pn, Shear wave splitting)
- Surface waves (Rayleigh-Love discrepancy; Azimuthal anisotropy)



Importance of seismic anisotropy -
ANISOTROPY is the Rule not the Exception CJOOSCONC

Anisotropy is present at all scales

- from microscopic scale to macroscopic scale
-Efficient mechanisms of alignment

(L.P.O.: lattice preferred orientation

S.P.O.: shape preferred orientation; fine layering)

Anisotropy is observed on different kinds of seismic waves
-Body waves (Pn; S-wave splitting)
-Surface waves (Rayleigh-Love discrepancy, azimuthal anisotropy)

ANISOTROPY REFLECTS AN INNER ORGANIZATION

ANISOTROPY IS NOT A SECOND ORDER EFFECT



Pn- velocities
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Shear Wave Splitting (Birefringence)

5oTROPC mepM

Animation courtesy of Ed Garnero



SKS- Splitting
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Compilation of S-wave splitting measurements
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Savage, Rev. Geophys., 1999



Importance of seismic anisotropy -
ANISOTROPY is the Rule not the Exception CJOOSCONC

Anisotropy is present at all scales

- from microscopic scale to macroscopic scale
-Efficient mechanisms of alignment

(L.P.O.: lattice preferred orientation

S.P.O.: shape preferred orientation; fine layering)

Anisotropy is observed on different kinds of seismic waves
-Body waves (Pn; S-wave splitting)
-Surface waves (Rayleigh-Love discrepancy, azimuthal anisotropy)

ANISOTROPY REFLECTS AN INNER ORGANIZATION

ANISOTROPY IS NOT A SECOND ORDER EFFECT



Effect of anisotropy on surface waves

Effect on eigenfrequency for multiplet k={n,l,m}

0w,  Jog" 0Cy g, dQ BV
(. oo U T d'Q_V'

€ strain tensor, u displacement, 3C;,, elastic tensor perturbation

Phase velocity pertubation V(T,0,¢,¥) at point r (8,¢) (Smith&Dahlen, 1973)

oV(T,0,0.W)/\, = ay(T,0,@+ a,(T,6,p)cos2W+ a,(T,6,@sin2¥
+ 0,(T,6,pcos4¥W+ a,(T,0,psind¥

W Azimuth (angle between North and wave vector)



13 parameters
¢ Best Resolved parameters for Surface Waves
[y = p’r’ 2. - Lsotropic part of Vsyv.
— ¥ VSH
£ = v Radial Anisotropy.
(7, W Azimuthal Anisotropy of Vgy, also related to SKS splitting
(when horizontal synunetry axis).

+ a prior1 information (from mineralogy, ...)
¢ Body Waves (Crampin, 1984)

qusv — L+ G.cos2W + (G 53n2 W
PVEy — N — B cosAl — B sindW



Geodynamic
|nte|‘pretati0n Conoentioe vells mﬂia'ratn;pi.r: purunetens

S- Velocity
Interpretation

Radial Anisotropy (L.P.O.)

E= (VSHZ_VSVZ)/ st2
Azimuthal Anisotropy ¢
Vo, =Vqo + ,Gcos(2(W-W,))

At a given depth

SFO0-202-2 20000500250 26 CE0 | 20200 200 7 20



2 D tomography: N cells
Isotropic Inversion:

N independent parameters
0-W term
VR1
Variance reduction

Anisotropic inversion
3N’ =N
0+2 W term
VR2

VR2-VR1 => the anisotropic model can
be simpler than the isotropic model



| VIAGING OF FAMOUS SCIENTISTS

lsotropic Imaging
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Anisotropy- Geodynamics Relationship

Gaboret et al., 2003



CONCLUSIONS

Progres en instrumentation (Fond de Mer, Planete
Mars; Spatial)

Théorie des rais - Modes Normaux -> Méthodes
numeériques de plus en plus puissantes et précises
grace a des ordinateurs de plus en plus puissants.

Du Global vers le régional- Incorporation de
nouveaux parametres (anisotropie, anélasticité) en
tomographie

Approche pluridisciplinaire systématique:
Confrontation des résultats sismologiques, avec
expériences analogiques et numériques



