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Seismological inference

Seismology deals with two broad classes o problems:

4 Structure and composition of the Earth in various scales
global, regional (~ 2000 km), local (~ 100 km), etc.

4 Earthquakes: their origins, physics, effects and (possible) prediction
Inference 1s always based on records made on surface (space)

There 1s no possibility of methodological direct measurements
(especially seismic sources).
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Seismic waves - primary source of information
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Seismic waves - information contents

nir i = /G(r,r’,t—t’) S [ idrdi

R.T'
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Mathematics of elastic waves

%/pvi(x,t)dv = /Ti(aﬁ,t)dS [ /E-(a:,t)dV
¢
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Mathematics of elastic waves

Using Stock’s theorem
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Homogeneous isotropic elastic medium
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Hook’s law: T Ui

[sotropic materials: CIRE = N6y 0k + 2u0:1.0 41

Homogeneous medium: A, u

const.

pii. = AN+ p)V(V-u) +puVu+F
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Representation theorem

Desired explicit solution for given source term (F;)
Green’s function: (pd;0;f + 0;7;) Gix = ed(r,t)

(7, 1) _7“0 A [ FAE )Gl E, 1)
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Interpretation - forward problem

Gin (£, Xg.1)

Given f;, Tix,, ujx; one can uniquely determine u(x)
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Interpretation - inverse problem

Given u(x, t) can source be determined uniquely ?

NO!

Three equivalent class of source models:
1. & .= body force (intuitiye)
2. wyx - kinematic (dislocation source)

3. 1)y, - dynamic (stress drop, friction, etc.)
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Equivalence: Body force model

Point source approximation: L << A\, L << R

®.0,

un(xrat): /fi(xsat,)Gni(xsat/;xrat)dt/

e

For DC source system (4 elementary sources)

£ 0,
UnliBrtlorlere; e er) / M(t) k(&

— 00

— x,,t—t)

dt’
(%j
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Equivalence: Kinematic source model

i /dt//Cijk:l AulE LG el
—00 5
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Equivalence: Kinematic source model

Assumptions:

4 point source, homogeneous medium, non-rotating rupture
4 e? - slip unit vector (Au = e*Au)
4 €' - vector normal to rupture plane

4+ e" . e® = 0 - pure shearing

W (e / SAu (Aefefd,; Fpleret feerl)) G stz t)de

e ]
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Equivalence:
Kinematic model:
ol ) e e el ffSAu(t/) Gl S e
M, (1)

Body force model:

un (-, t) = (exej + ejex) / MGGl Bt T, )AL

Double couple = shear dislocation source
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Far field solution - homogeneous medium

Moment tensor

M;;(t) = (epel + ejep)uSAu(t) = (ere’ + ezep) Mo(t)

Source time function

M;i(t) = mg; MpS(t)

Solution

=1 pusT

(s, 1) Yy vemieS(t — r/vy)
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Moment tensor inversion

O

377“7 / sz m,j(xSa t/; Lo, t)dt/

M;;(t) = (ere; + ezer) MoS(t)

Moment tensor inversion should comprise

= Nm=1 Seismic scalar moment M, = uSAu,
= Nm=6 “Fault plane solution™  ejpe; + eie;

= Nm=(co) Source time function S(t) = Au/u,
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Inversion seismograms for STF

4 Standard approach (waveform inversion)

gy, T, SUE)) — UopslTrs )| | + |2 Driopil = mim

4 Empirical Green Function (Hartzell)

S(O) = S (Sumalt) = 50

4 Back projection (time reversal)
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Physics inferred from STF

4 rapture velocity (Ben-Menahem)
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Physics inferred from STF

4 arresting mechanisms

Go
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Physics inferred from STF

4 dynamic stress drop

AO‘d: f—

51 overshooting
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Time reversal - Green’s function

1 0°G(z,1t)
: A e — Loyt T Lo
T G(z,t) = d(x — xo,t — 10)
Solution:
T
. 1) = /dt'/dx’ Giltex b a2 ) S(at)
g

G(z,t;,x',t") “propagates” information from source (z’) to receiver ()
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Green’s function cd.

Assuming time translation invariance

(energy conservation - Noether’s theorem)

G(x,t;2,t) = Gz, 2';t — 1)

Homogeneous medium

translational invariance

Gzt t ) =CGlz x:t—1)
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Retarded and advanced Green’s functions

Retarded (casual) GF:

Gtz —o/,t—t) = 47er1— e (t . - f”) Ot — t')
Advanced (anti-casual) GF:

G (zx—2,t—1t)= 47?\!2?1— a:’]|5 (t —t' + |z _C x/H> Ot — tt)

G (z—2t—t)=G (z—2 t -1
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Time Reversal - step 1

Radiation from point source (O)

S(xz,t) = S(t)d(x — x,)

Solution at given receiver (R)

ugp(x,t) = / G (x—x,,t —t,)S(t)dt
OR
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Time Reversal - step 11

Anti-casual propagation from R to O

o / G (x —xg,t—t,)S{)dt
RO

From physical point of view it corresponds to recording at the point O

Incoming waves, for example, “refracted” at the point R

S(t) = ug(t)
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Time Reversal Method (TRM) - basic principle

s e S T
: L u(t) %
//G ;' R S =
s S : " e
« 3. u(t) =[G (r,t—t)S(t)dt
i : i(r t) — kfr)S
= Time e, ) f) S(t)

However: GT(.,t—t) =G (-,—(t—1))
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Time Reversal limitation - finite size source

T
G — gdt’fdx’ Gt o Ui e
Vo

dt’ ds ey hposaitaessy B (e figl e ol 2
on on
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TRM as the inverse problem

it = f Girdg=1)SE)dtl = d=0m

Sti=[Gfrt=t18 Wil i G 'd

The method 1s computationally very etficient, but...

we need to know the medium: G (-, )
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Physics of Time Reversal

Time R&versal Array

JJIIII IJ_‘F-'

* et A

Unknown and heterogeneoiis media
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Experimental evidence (M. Fink)
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TRM and numerical simulations (K. Waskiewicz)
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TRM and

numerical simulations

(K. Waskiewicz)
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TRM and numerical simulations (K. Waskiewicz)
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Thank you




