Scattering of seismic waves in the Earth

Ludovic Margerin

Université .
Paul Sabatier l rap
TOULOUSE 111 strophysigue & planitologee

Institut de Recherche en Astrophysique et Planétologie
Université Paul Sabatier, CNRS, Toulouse, France

Les Houches 2021

L. Margerin  (IRAP) Seismic Scattering



@ Fundamentals: scale lengths, frequency regimes
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Seismology: A Variety of Propagation Regimes

Earthquake at station CCM

Scales
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Mitchell, Treatise on Geophysics 2007
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Seismic Attenuation

Attenuation Q! = Scattering Q.." 4+ Absorption Q;l
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Goal: Retrieve Q7' (f), Q; ' (f) from energy envelopes characteristics
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Statistical Description of Heterogeneity

Logging data
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Different propagation regimes

Wavelength
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Frequency Regimes: Scattering Mean Free Path

S-wave attenuation in a polycrystal
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Frequency Regimes: Scattering Anisotropy

Polarization
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Deep Earth scattering experiment: PKP precursors

PKP precursors PKIKP
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average observations

toacrzr wr-130
: .
;s ;
08 0
o o
0 o
0z 0
e o v S 0 o
130-133 195130
! .
. .
09 0
2
H
Sos 0
Fou 0t
H
oz o
) 0 0 S 0 o
155-150 190142
! 1
i !
o8 0
08 0
0s 0
02 0
L G 0 S 0
Time before PKPdf (s) Time before PKPdf (s)

Interpretation:
In a scattering experiment, we scan the power spectrum ® between 0 and 2k.
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Constraints on the lower mantle fluctuations

Time domain Fits
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@ Transport models: separation of absorption and scattering
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Equation of radiative transfer

Model: Boltzmann Equation

Coherent Propagation

(gt k- Vx +w(Q) + Qﬂ)) Xk, 1) =

Multiple Scattering Term

d2k

Scattering anisotropy Source term
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Diffusion Limit and Transport Mean Free Path

o Energy Density

1

ER.1) = - /4 IR, k, t)dk

@ Random walk with no memory:

Scattering Events
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Numerical example for elastic waves in 3-D

@ Source: Explosion at 35kms depth
@ Medium: point-like density perturbations in a half-space

@ Scattering mean free time: 7 = 10s
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Numerical method: Monte-Carlo simulations
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The diffusion /equipartition limit

Comparison with Diffusion model Equipartition
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Separation of absorption and scattering

Different scaling for coherent and incoherent intensity
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Coherent vs Incoherent energy ratio

Scattering vs Absorption perturbation
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@ Indeterminacy of scattering/absorption ratio based on ballistic waves alone
@ Scattering transfers energy from ballistic waves to the coda

o !l The coda is mostly sensitive to absorption !!!
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Application to Taiwan
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Idea: Measure the energy ratio between ballistic and coda waves

malized amplitude
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Multiple Lapse-Time Window Analysis (Sato, Fehler, Hoshiba)

Model: Boltzmann Equation (isotropic scattering)

Computation of Energy integrals + partial derivatives wrt Qs., Q;

Optimization with Levenberg-Marquardt algorithm
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Anomalous energy distribution in the coda
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@ Clear discrepancy between model and data near the source
@ Observed at a number of stations in Taiwan

@ Not explained by simple velocity structures
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Evidence for scattering non-isotropy in Taiwan

@ Henyey-Greenstein phase function:
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Evidence for scattering non-isotropy in Taiwan

@ Henyey-Greenstein phase function:
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Interpretation of strong backscattering

Impedance-type Velocity-type
perturbation perturbation

Incident wave k
scatterer

size a

{..

Frequency
ka << 1

High
Frequency
ka>>1




Mapping of attenuation and scattering anisotropy

Absorption Scattering Anisotropy
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@ Strong lateral variation of scattering (almost 2 orders of magnitude)
e Scattering anisotropy correlates with Q!
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Correlation between V,/ V

L. Margerin

ratio and backscattering
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© Advanced topic: sensitivity kernels
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Sensitivity Kernels: Formalism

Transport equation

Loss due to Absorption and Scattering

Variation of intensity along ray
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@ Perturbation of a reference medium (Q°%., Q?)
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@ Linearization:
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Probabilistic approach to sensitivity functions: absorption

Idea: the sensitivity at time ¢ is proportional to the time spent by the waves in
the volume ¢ V(x) where the change occurs. (Pacheco & Snieder, 2005)

Absorption perturbation

51 -
T =W dQ;  (w,x) T V(x), t)
~~ Freq.
Intensity P°

T(OV(x),t) = K*(x, t) X6 V(x)

Sensitivity Kernel
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Interpretation of the absorption sensitivity kernel

Probability that a random walker arriving at R at time ¢ visited 6 V(x) a time ¢'?
Application of Bayes Formula:

Probability to go Probability to go
from Change to Receiver from Source to Change

Ka(x t) — /tj{ I(Xv —i{\, r, l— t/) I(X,E,S, tj) ale“gdt/
0 j{I(r, ks, t)dk

|

Probability to go from Source to Receiver

Fundamental Property of the Kernel: / Ku(x,t)dV(x) =t

Full Space
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Interpretation of the scattering sensitivity kernel

Additional effect: extra probability to go from S to R

t
/ Jx,r,t— 1) -J(x,s,t)dt
0

I(r,s, )

K*¢(r,x,s,t) = d(1 — g)

Fundamental property : /Ksc(r,x,s, 0)dV(r) =0

Full Space
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Outlook: a wealth of data to analyze
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