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Fig. 11.5 WWSSN-SP vertical-component records of GRSN stations for the same event as in
Fig. 11.4. While the P-wave amplitudes vary significantly within the network, the first-motion
polarity remains the same.
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First-arrival signals
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Earth velocity models?

* Only travel times
* Ray paths and phases

* Seismic tomography
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Frequency range In seismology

Broadband-Seismology
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Wave packets

Hand-pickings
and automatic pickings
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Translucid Earth 0

Source
Same shape !
u(x,t) = A(x) S(t — T(x)) o
u(x, w) = A(x) S(w) e'®T®
Travel-time T(x) and Amplitude A(x) U
Receiver
: wT (x) is sometimes called the phase
~ RN i
I B /ﬁ”f”“?}:}ﬁx@
(o gl SO | f"frﬁ A < Wavefront: T(x)=T,
P ,j* s . ‘w\‘;‘ i S : rA_'f s " \
/)7 "(E‘jilf “«}“,,{«,‘v:\; ’ | (;Ef,'% ‘1'){ ‘?t;ﬁi % Normal to wavefront:
I & l{),q il K’ ORI ;é’% I slowness vector
e B P p=gradient of T with
Diffracting medium: Wavefront preserved lp|=1/v
lost wavefront coherence! where v is the local velocity

05/11/2013 SEISMIC TOMOGRAPHY



mepem-A—< Mo —-HZmMm-—O>»30
v

From discrete to continuous media

Tracing rays?

\ f V(2)
N
I
Zmox
V4 =
v P: ] /V[zmax]
(@) milieu discret (b) milieu continu
siniy _Sini, _Siniz
— - =p=constante
V1 U2 U3 S By b
vmax . Umax : p

The variable p is the ray parameter
(horizontal component) z._ is the deepest point
The conservation of p at an interface is the Snell-Descartes law ...
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Direct wave
Head wave
Reflected wave
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Triplication & shadow zone

Depth
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Phase identification?

Kennett and Engdhal (1991)
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l[dentify phases ?
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l[dentify phases ?

Draw the SS
phase?
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Low-pass or band-pass signals
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an isotropic

T=cte

Velocity c(x)

Direction ? : abs or ¢

The orientation of the wavefre
be guessed from the local inf
specific wavefront
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X
e c(x)VT (x)

but the operator % =tV =cVT.V Ray equations

and, therefore, % =cVT.V (VT)

i L _ & 2_ Cpcl
leading to el V(VT.VT) = > V(VT)*= 5 V(cz)

We define the slownss vec
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Particule stepping

dq€) .
ac P
dp(¢§) 1 1

d¢  c(@) (@)
dr€) 1
dé  c2(§)
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Express with slowness

Runge-Kutta integration @) =z

d [gg ) ' 1 0 1 ()
€ eain Gy 0
Second-order RK integration Z—]; = A(f)
Non-linear ray tracing fil2=f04 A; A(f°)
fr=r0+as A(f72)
ar(§) 1

Travel-time computation

s c?(q)
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How to reconstruct the velocity?

Forward problem (easy)

if we know the velocity structure, we can compute travel times
and horizontal distances (as well as amplitudes)

Inverse problem (difficult)

From measured travel times (or horizontal distances for a given
ray), could we deduce the velocity structure. This is the travel-time

tomography or seismic tomography.
More difficult is the diffraction tomography which uses the
waveform or the amplitude of the signal.
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Earth reference velocity model

* Harrold Jeffreys and Keith Bullen (1940), (J-B)
Remarkable accuracy for teleseismic travel
times (below 1%)

* Herrin et al. (1968), with well located earthquakes.

)

+ Dziewonski and Anderson (1981), Preliminary Reference
Earth Model (PREM) ‘

+ Kennett and Engdahl (1991), most accurate radially
symmetric model (iasp91)

+ (2000), The first 3-D reference model with fravel
times?
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Seismic tomography

Tomography: a very general problem
medical, oceanography, atmosphere

Very difficult problem when considering travel times.

o Direct relation between times and velocity profile: only
tractable for 1D structure ...

Difficult problem when considering delayed travel times.

o Perturbation techniques can be used which requires an initial
medium as the starting guess.
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What is inside ?

How do you know what is.inside?
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Tomography from travel times ....

Earthquake Epicenter g°
Northridge, California
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Medical imaging

(Ll

Geophysical imaging

05/11/2013

X scan: X ray emission, absorption
related to density, density

o '
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First-arrival times: |
non-unicity of the reconstruction

T(X) 0

A b

o
T T

A first-arrival
travel time curve
Is compatible
with an infinite
set of structures

DEPTH (KM)

55

6

2 4
VELOCITY (KM/S)

Aki & Richards (1980)
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Velocity field v(z) or slowness u(z)

Ray equations are simpler dpy _ . Py _ . 4Py _
d_f — U, d_f ) dé ( )
q($),p($)?

The horizontal component of the

du (z)

slowness vector Is constant: ray
tracing is performed in a pl dax _Px _ Px

g is performed in a plan ===
defined by the initial horizontal 1z Pz iJuZ(Z) — Py*
slowness. We can eliminate y by a
simple rotation ...

P, the ray parameter p, Is cte

% — dpz — dlL(Z) op (Z !px) op (Z » Py )+ dz
az = g~ @) S j\/u(z) %

for a downgoing ray
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Herglotz-Wiechert-(Bateman) law
for velocity profile v(z)

dA From the tangent at the curve t(A); we can
Vo () = — = 1 /p estimate the apparent velocity v, which is
dt just the velocity at the bottom point of the
ray, but we do not know this point ...

To get this depth, we need to estimate the apparent velocity for all points from the
source to the distance A;.

1 (41 2 (A
7z(A{) = ;fo arg chi ((Al))

This is valid only for continuous curve and for an increase of velocity. If so, we
have a direct relation between depth and velocity

z(A1)
Va (Al)

05/11/2013 SEISMIC TOMOGRAPHY 40
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HWB inverse law for v(r)

] ( R ) 1 fAl h p dA Spherical Earth
n —— argch —
T(Al) " 0 g ! vitess & [k '1]
B dt - r ]
slope &, = d—A)A1 = D) 1000
T(Al) 3000
= 1r(v) = v(r
Ua(Al) ( ) ( ) 1000
Layered structure —l
Radial structure
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Radial Earth structure

Velocity profile built from travel times

vitess & (ks 1)
2 4 & 8 1012 14 16

z
PKiKP 2
.‘\ 1! l

Quter Core

Lithosphere ~p

Asthenosphere

Transition zones

Inner Core

é
Diffracted P

Slight increase of
complexity If decrease of
velocity -
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Starting model from the HWB method

An initial model has been reconstructed (simple v(z)/v(r))

The HWB law does not allow the introduction of prior
Information ...

F. Press in 1968 has prefered an exhaustive exploration of all velocity

profiles (5 millions at that time). The quality of the profile is simply assessed
through a misfit function evaluation as the square sum of observed times ans
computed times. The design of the misfit function could introduce other features we
may consider such as density and observed inertial moments and so on.

Full model exploration: grid method, Monte Carlo method,
simulated annealing, genetic algorithm, ant path ...
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PKiKP

Outer Core
Lithosphere

Asthenosphere
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Simpler case: small perturbation

VoI ZANN station
> Ig

Initial structure of
velocity

Small variation of
velocity or slowness

Linear approach h

hypocentre
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ple: MassifCentral in Fran
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Global seismic tomography

= Velocity variations at |
200 km: correlation with
superficial structure

= Velocity variations at
1325 km: correlation
with geoid

Document W. Spakman
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t(source,re

Consider sma

t(src,rec) =

t(src,rec) = j

Sr

t(src,rec) — t,

recy

ot(src,rec) = j du(x,y, z)dl

STCo
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Model description

The model of velocity perturbation (or slowness
du(x,y, z)) could be described in a regular mesh
with values at each node du; ; .. We may define

the interpolation function (shape function) for the
estimation of slowness perturbation everywhere.

A simple shape function h; ; ;, could be 1 at
(1,],k) and O everywhere else.

6'LL(X, YV, Z) = 2 5ui,j,k hi,j,k

cube
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Linear system

5U(X, YV, Z) — 2 5ui,j,k hi,j,k Slowness perturbation description

cube rec
St(src,rec) = f dl z Ou ik hijx
cube

D f th i
iscretisation of the
recy

medium fats the ray
dt(src,rec) = 2 OU; j k f dl hij x

Sensitivity matrice is a o
sparse matrice cube Co
dt

St(src,rec) = z OUj jk o
At = AOAU’ cube ou

Matrice of sensitivity or of partial derivatives
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One of the most active
Intercontinental
extension zone

What is the basic
mechanism?

How this mechanism
could be compatible
with physical features

(fracture, fluids, static
equilibrium ???)
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Field experiment in 1991
and in 2001

¥ "
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1D velocity reconstruction
HWB method or random sampling
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Ve I OC|ty Stru Ctu e Vertical sections
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velocity (km/s) velocity (km/s)
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Ratio Vp/Vs: a proxy for fluids?

| T e
Few attributs can be deduced 17 %, 50 e
from Vp and Vs reconstructions '
In order to identify features

related to specific mechanisms

- Ratio Vp/Vs connected to
fluid saturation

- Product VVp*Vs connected to
porosity

This may lead to select the
second mechanism of
opening the continental

margin ...
05/11/2013 SEISMIC TOMOGRAPHY
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Where are converted phases?

Similar to receiver function technique in
connection with migration method

21.8° 22 22.2° A B

o O
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o o
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e m—
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Seismic energy between P and S phases?

trace number
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Alps tomography

In the last five decades, the deep structure of the
Alps has been probed by every geophysical method
applicable, and the resulting amoint of data is
unmatched for any other oregen (Kissling, 1993)

 Bouguer anomaly

* Active seismic profiles
(refraction, reflection, wide-angle
reflection)

« Passive seismic experiments

Tirs a I'explosif dans le lac Négre (Mercantour)
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Alors que la majeure partie des chaines méditerranéennes résultent
~ de la subduction de I’Afrique sous I’Europe, les Alpes sont dans la
situation inverse avec le “sous-charriage” (underthrusting) de
I’Europe sous I’Adria |

52°N

S50°N

44°N
14N

Ja0mn

32*N
30°N
28°N

26°N

T ) S0
L. Jolivet
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Tirsal expfas:f du Lac Negre pour
sismigue réfraction (1a 25 T, 1958)

SURFACE D'IVREA

e  FProfesdeur epparente (lm)
o fastignes des prefendeurs cesbifen fkm| | 09

........ Ansmalie de Bouguer fmget)
o T = T Bt O R A
W 503
g

Fisume V11
Profundeurs apparenies ot isolignes dey profomsdeurs restitedes de 1o surioee d'Tveea.

&r n [ r ~

Map of isobaths of the Ivrea surface (7.4
km/s reflector at 10 km depth at least)
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Reflection Seismics (ECORS-CROP
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Figure 3. Vertical seismic-reflection profile of ECORS-CROP traverse through western Alps, =
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Wide-angle seismic profile

b) Sismique réflexion grand-angle
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Different interpretations

G Wbnard, F. Thousesol o P. Vialen.

L1 [J., [, ([ ... t S
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4 métamorphismes HF de ine.

B. - Dani ce sccond modéle (0.M. ET. et BY.) ob des charriages en retour reprennent nasdivessent les procharriages du domaine penmigque, le romps
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. jres; 3 : credae f i i r H

- L]
érigure |vide; 4 : crodie cominenisle sud-alpine: 5 1P : comps d°[vria principal;
fremil ded unités & mdeam

f
C.PF ¢ chevauchement pennigee frontal; I b hisme HP de Vanoise; FZH. : front de la pome howillee; 1O, - ligne du
Comvese; re. @ memedd exteme de Belledonne: ri, : rasway imicme de Be ledonne: VL. : dcallies de Viu-Locane.

P £ ou crmalie imadlifTéremeide; 3 : crobe in
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(Tardy et al., 1990)
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o - Late Credacecus - EsCane

b - Dligocena

e frenf

Fia. 8. - Allemnative schema for the ECORS-CROP traverse implying in
{a) a crustal accretionary wedging by thick-skinned imbrication of upper
and lower crust, followed in (b) by mantle indemation and back thrusting,
amd in (c} by west-oriented thrust. Same decoration as in figure 7 [Roure
ef al., this volume].

(Nicolas et al., 1990)
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Joint hypo- veloc:|ty
Inversion

Chambry

* Réseau sismologique temporaire
de 67 stations + 59 stations
permanentes, en France et Ttalie

Tarino

* 550 séismes locaux
+ ~15 000 temps d'arrivée (P+S)

* Grille: au mieux 5 km x 5 km x 5
km au centre du réseau

I@ﬁl{ Ud]]l
TRl

& Permanent short-period station @ Permanent broadband station
4 Temporary short-period station B Temporary broadband station

(Paul et al., 2001)
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P-wave velocity - Depth 20 km

T

P-wave velocity
k)

T - r

(Paul et al., 2001)




Recent interpretation
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Brianconnais Moho?

(Thouvenot et al, 2007)

NW SE
0 Subalpine chains Belledonne Gran Paradiso
€
=
=
8
F rw %-Ef'ﬁ.
60 :

0 Distance (km) 200
Very weak signature if there is any moho: importance of the quality control
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L L i

Résultat: une nouvelle
carte du Moho sous les
Alpes sud-occidentales

| 44730

Interesting result of
this experiment ...

44°
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(Thouvenot et al., 2007)
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WORKFLOW of FATT

Selection of an enough fine grid
Selection of the a priori model information
Selection of an initial model

Time and derivatives estimation

LSQR inversion

Update the model

Uncertainty analysis

Geodynamic or geotechnical interpretation
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Different informations

PROBLEME DIRECT INFORMATION A PRIORI
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