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Seismology (Michel Campillo)



Figure 2.8-2: Fundamental mode Love wave group and phase velocities.
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Fitting observations with a layered model.....

Sensitivity of phase velocity to the velocity of the medium at depth.

Relation with eigenfunctions. The case of Love waves

h is the eigenfunction of a mode in the reference medium : p(z) ,u(z) ,8(2)

h = h(p, p, k,w)
In a perturbed medium (p + dp, pt + dp):

h' =h+6h=nh(p+dp, u+ ou, k+ ok,w)

We use stationarity properties of energy quantities to find the change of
phase velocity associated with a small change of the properties of the medium.



The Lagrangian L. = kinelic energy - potential energy.

For elastic motions:

p,.
L = 5(’&@')2 — [=(err)? + pesjeis]

N | >~

Love wave:
us = h(k, z,w)exp(i(kr — wt))

After integration over one cycle:

1 1 oh
Iy = = 2h2 _ k’2h2 TN



Integrating L over z, we introduce the energy integrals I;:
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Properties of H

Equation of motion

0 , Oh

—kuh =0
7 Moy H

w? ph +

X h et Integration over z :

o0 & udh
/O w ph2+haz(“az _ K2uh?|dz = 0

o0 oh oh
2oh? — k2uh® — u(—)?1d hu—7I1 =0
[ o — R = (G

h — 0 for z — [l/oo (2)h*(2)dz
% — 0 at the free surface RO

I, = %/OO w(z2)h?(2)dz
Wl —k*Iy — I3 =0 -

oo b=y [ )G
H = fo (L)dz = 0 for an eigenfunction. 2 Jo 0z



Properties of H
perturbation of h:

1
6H = —{w?81, — k*61, — 615}

2
OH = fooo w?p(2)h(2)6h(2)dz — /:O k2 (2)h(2)0h(2)dz
- /000 u(z)g—g%dz

Integration by part and conditions for z = 0 and 2 — oo

5H = / TPpE(E) — K)o (u(2) oo 2)dz

equation of motion —= 0 |

I = 3 /000 p(2)h?(2)dz

OH =0
I, = 1/ w(z2)h?(2)dz
2 Jo
2 2
w ol —k“0l, — 013 =0 1 [~ Oh
: 2o b3 [ e
0 z

H is stationary.






Perturbations: p(z), u(z) — p(z) + ép(z), pu(z) + op(z)

h+d6h =h(p+ dp, pu+op, k+ ok, w)
H(h+6h) =0:

w? /Oo(p+(5p)(h+6h)2dz — (k+5k)2/oo(u+6u)(h+6h)2dz (1)
T R

Noting H(h) = 0 and neglecting the terms of second order as dudh or (6h)?:

w?( / (8ph* + 2phéh)dz = k? / (Suh? + 2uhéh)dz
0 0
d(h)

+ 2k5k/ “ther/ 5#( )de
0 0

= Oh Odh
2u——d
+ /0 Hoz a2 °



Considering the stationarity of H:

/ w?ph?dz = k* / (Sph?)dz + 2k6k / phdz + / 6 pu( ( ))Zdz
0 0 0 0 0z

5C Sk [ op(R*h? + (B2)%)dz — [37 dpwhida

C k 2k [° phdz

— a relation between variation of phase velocity and perturbation of the medium:
the base of linear inversion of dispersion curves.






Imaging (lithosphere — alluvium)

Measured phase velocity:Cops(T})

Starting model My(3 (2;))
parametrization z — Az..

= O (T) %%‘é?
— new model M4
ar) = o) + Lo do)

o Find 03(z;) such as > _; [[C1(T}) — Cops (T7)]|? is minimal

ACk

= iteration = Cy(T) , 98(z;)

o Find 86(z;)* / 32, |ICk(Ts) — Cops(T})||* minimal

— model Mg,11 — convergence

. B



Northern Tibet
(Qiangtang Terrane)

Southem Tibet

(Lhasa Terrane)

(Lhasa Terrane)
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Dispersion map

Rayleigh group velocity (100 s)
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Local dispersion curves
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Set of maps at different periods _ Lovegr/
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Inversion of dispersion curves
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Propagation in a weakly heterogeneous medium (Ref. Aki et Richards 1980)

Reference medium (A, po, po)
u displacement

po i = AoV 4) i+ [po (i +uji) |
(same as: po% — (Mo + po) grad (div @) + poA.@)

Perturbed medium

p=po+6p (M); X=X+ )\ (¥); = po+ o (¥)
0p, 0N, op << p, A, p

Equation of motion:

—

p iy = (A1) + [ (g +uji) |

(po + p)it; = (Mo + IN)V-@) i + [(po + 0p) (i g + us)] 4



= po il — Mo(V@) 0 — pro(uij +uji) ;= — dpily + ONV.4),
+ 0N Vd + Oop(ugtuga) s + (0p) (e + i)
with (w5 + uj,)] ; = V2us + (527%

= poily— (Mo + po)(V@)i — poviup = —0p iy + (ON+ o) (V.a),

T AVaR T (5)\%6-17 + (0p) 5 (g + wji)



= podii—(No + po)(Vd)i — poviu = —Op iy + (ON+op)(V.d),

—

Y AvARTI (5)\)@6-’03 + (0p) 5 (wij +uj)

u:uOJrud

— u” satisfies elastodynamic equation for (po, Ao, 1t0)

Hypothesis: weak perturbations
— neglect terms like o x (u®) (dp << po ; u
(First order Born approximation)

d << UO)

po if — (Mo + po)(Vuh); — poviul = Q
with :
Qi = —0p i + (N0 + Suv?uf (BN (0. (ul; )

= extra source terms 1n the reference model
— diffraction = virtual sources
— base formula for linearized inverse problem



Figure 8.1 Ripples diffracted into quiet water by an opening.



Smooth medium .
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= podii—(No + po)(Vd)i — poviu = —Op iy + (ON+op)(V.d),

—

Y AvARTI (5)\)@6-’03 + (0p) 5 (wij +uj)

u:uOJrud

— u” satisfies elastodynamic equation for (po, Ao, 1t0)

Hypothesis: weak perturbations
— neglect terms like o x (u®) (dp << po ; u
(First order Born approximation)

d << UO)

po if — (Mo + po)(Vuh); — poviul = Q
with :
Qi = —0p i + (N0 + Suv?uf (BN (0. (ul; )

= extra source terms 1n the reference model
— diffraction = virtual sources
— base formula for linearized inverse problem



DIFFRACTION OF P WAVES :

Primary wave propagating in direction zq :

u; = 0y, exp(—iw(t—ﬂ>

Qo
(Ao + 2p0 ) 1/2
ag = | —————
Po
=

2
Q= {opo? = EEIE i L)k i (e pesp(-iu(e—2)
(,}50 Qo 87 847
Qo = i —(6) exp(—iw(t = =

i < (6\) 5 exp(—iw(t — =)

Qo Qo

Qs =



Identification :
e velocity fluctuation :

(N + 2p)/? O O O
= = da = — 0\ —0 —0
: pt/? D Tt T 9P
111 1 21 A+2n) 1 1
5052———5)\4————5#—(—'_'“)——5,0
2 p « 2 p « p? 2 «
a1 fOAN+20p  Op
a 2\ A+2u P
— For Q :
N+ 20 0
5 pw? — (OA + #)wz = —w? py (2 _Qf)
810 50

— force q; proportional to the velocity perturbation:

Yo' T
¢ = 2w’ pp — exp (—w (t ——))
87y 87y

(simple force dans la direction de propagation)



e term proportional to the gradient of A

—

d = i 2 . A
87y

e terme proportional to the spatial variation of p

LW
g = 2i — (0p) 1

ey
For a point perturbation :

type d'inhomogénéité force eq.
dv - — -
~ X1

O\ >

Y
(o) - e

e No scattered S wave in the forward direction
e scattered P wave maximum along x1 — backscattering

diffraction

| |
Champ P Champ S

W0
SIS




DIFFRACTION OF S WAVE: u? = d9; exp (—iw (t — z—l))
=
e term proportional to the velocity perturbation:

qo = _2WQPO,58_/§ exp (—iw (t — %))

e term proportional to the variation of du:

i ) exp (—z’w (t - %))

=i (G) exp (—iw (t - %))

Point perturbation:

Type d'inhomogénéité force
(SL3 ————I————)Xl
O(0p) O(op) .“;
Oxr, = Oxo <

e No scattered P along x4

e P to S coupling via multiple scattering

onde P

onde S



