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(1)	Introduc�on	&	Theory	

(2)	Applica�ons	&	Implica�ons		

(3)	Challenges,	Developments,	Opportuni�es	
	

  How	to	reach	me:		
  mar�n.mai@kaust.edu.sa	

  Material	
  Slides	will	be	made	available	
  General	theory	based	on	Aki	&	Richards	(2002),	or	similar	text	
books	(Udias	et	al.,	2014;	Stein	and	Wysession	(2002)	….)	
  Examples	and	applica�ons	drawn	from	numerous	research	
papers	
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Roadmap	

Earthquake	Source	Inversion	

P.	Mar�n	Mai	–	Earthquake	Source	Inversion	
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(1)  Introduc�on	&	Theory	
  A	brief	overview	
  Fundamentals	
  From	point-source	to	extended-fault	modeling	

(2)	Applica�ons	&	Implica�ons		
  Early	developments	&	case	studies	
  What	can	we	extract	from	them?	
  What	to	learn	from	finite-fault	source	models?	

(3)	Challenges,	Developments,	Opportuni�es	
  Imaging	versus	inversion,	or	combina�on	of	both?	
  Alterna�ve	methods	
  Uncertainty	quan�fica�on	

Roadmap	

Earthquake	Source	Inversion	

3	P.	Mar�n	Mai	–	Earthquake	Source	Inversion	

  Earthquakes	occur	–	mostly	–	as	shear	failure	on	exis�ng	faults	

  As	the	earthquake	happens,	it	radiates	seismic	waves	that	we	record	
and	interpret	

  If	the	earthquake	is	large	enough,	it	may 	 		 		
generate	a	measurable	permanent	offset	 	 	 								at	
the	Earth	surface	that	can	be	recorded																																																			
with	satellite-based	data	(GPS,	InSAR)	

Introduc�on	&	Theory	

A	brief	overview	

4	P.	Mar�n	Mai	–	Earthquake	Source	Inversion	
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  Where	and	when	did	the	earthquake	occur?	
  Earthquake	loca�on	in	space	and	�me	
-  Numerous	algorithms	available	to	solve	this	weakly	non-linear	
inverse	problem	(linearized;	non-linear;	MC	…)	

  How	large	was	the	earthquake?	
  Magnitude	es�ma�on	
-  Wave-amplitude	based	rapid	es�ma�on	
-  Refined	es�ma�on	requires	detailed	data	analysis			

  What	were	the	consequences	of	the	earthquake?	
  Damage	/	impact	es�ma�on	
-  Macroseismic	intensity		
-  Engineering	assessment	

Introduc�on	&	Theory	

The	first	earthquake	parameters	we	want	to	know	

5	P.	Mar�n	Mai	–	Earthquake	Source	Inversion	

seconds	
m
inutes	

days/w
eeks	

  What	happened	exactly?	
  Determine	which	fault(s)	ruptured	
-  Fault-plane	solu�on	
-  Moment-tensor	determina�on		
	

  Determine	the	dimensions	of	the	rupture!	
-  A�ershock	data	
-  GPS	/	InSAR	data	
-  Waveform	analysis	

  Determine	the	space-�me	evolu�on	of	the	rupture!	
-  Kinema�c	finite-fault	modelling/inversion	
-  Dynamic	rupture	process	

Introduc�on	&	Theory	

Assume	size	and	loca�on	are	(approximately)	known	

6	P.	Mar�n	Mai	–	Earthquake	Source	Inversion	
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Introduc�on	&	Theory	

Kinema�c	versus	dynamic	earthquake	source	models	

7	P.	Mar�n	Mai	–	Earthquake	Source	Inversion	

Kinema�c	Earthquake	Rupture	Models	
	
Characterized	by	�me-dependent	displacement	field	(slip	vectors)	on	the	rupture	
plane	without	considering	the	forces/stresses	that	cause	the	mo�ons.	The	rupture	
process	is	en�rely	specified	by	the	spa�o-temporal	distribu�on	of	the	slip	direc�on	
and	the	slip-rate	func�on,	and	how	rupture	propagates	over	the	fault	plane.	
 

Dynamic	Earthquake	Rupture	Models	
	
Build	a	physical	understanding	of	the	earthquake	rupture	based	on	the	material	
proper�es	in	the	source	volume,	and	the	ini�al	and	boundary	condi�ons	for	the	
forces/stresses	ac�ng	on	the	fault	plane.	The	slip-rate	vector	is	obtained	by	solving	
the	elasto-dynamic	equa�ons	of	mo�on	under	the	assump�on	of	some	cons�tu�ve	
law.	

  Conceptual	diagram	of	waves	emi�ed	from	an	ellip�cal	source	

Introduc�on	&	Theory	

Seismic	source	&	wave	propaga�on	=	linear	filter		

8	P.	Mar�n	Mai	–	Earthquake	Source	Inversion	

background earth model 

scattering body 

earthquake rupture 

Seismic waves 
 Direct 
 scatterered or diffracted  
 multiply reflect in 
sedimentary basin 

sedimentary 
basin 
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  Conceptual	diagram	of	seismic	wave	genera�on	&	recording	

Introduc�on	&	Theory	

Seismic	source	&	wave	propaga�on	=	linear	filter		

9	P.	Mar�n	Mai	–	Earthquake	Source	Inversion	

adapted	a�er	Stein	&	Wysession,	2002	

s(t)	

g(t)	

i(t)	

u(t)	

  Genera�on	&	propaga�on	&	recording	of	seismic	wave	as	a	linear	filter	

Introduc�on	&	Theory	

Seismic	source	&	wave	=	linear	filter		

10	P.	Mar�n	Mai	–	Earthquake	Source	Inversion	

Uk ω( ) = S ω( )⋅Gk ω( )⋅ Ik ω( )

uk t( ) = s t( )∗gk t( )∗ ik t( )

  In	the	frequency	domain	
	

  In	this	nota�on:	
-  u(t):	observable	ground	displacement	(or	velocity)	(~known)	
-  s(t)	:	source	term	(unknown)	
-  g(t):	response	of	the	medium	(Green’s	func�on)	(~unknown)	
-  i(t)	:	instrument	response	(known)	
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  Genera�on	&	propaga�on	&	recording	of	seismic	wave	as	a	linear	filter	

Introduc�on	&	Theory	

Seismic	source	&	wave	=	linear	filter		

11	P.	Mar�n	Mai	–	Earthquake	Source	Inversion	 adapted	a�er	Lay	&	Wallace,	1995	

s(t)	 g(t)	 i(t)	

u(t)	

  Instrument	response	is	(generally)	known	
  Could	be	problema�c	when	older	earthquakes	are	studied	

  How	to	get	the	Earth’	transfer	func�on	(Green’s	func�on)?	
  Observa�onal		
-  “empirical”	Green’s	func�on,	from	small	nearby	events	
  Theore�cal	/	Numerical	
-  Calcula�on	for	assumed/known	Earth	model	

  How	do	we	want	to	represent	the	source	term	s(t)?	
  Point-source	
  Extended-fault	source	

Introduc�on	&	Theory	

For	earthquake	source	modeling	/	inversion	

12	P.	Mar�n	Mai	–	Earthquake	Source	Inversion	
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  The	par�cle	displacements	u	=	u(x,t)	(in	the	Earth	or	at	its	surface)	are	derived	
as	func�on	of	space	and	�me	in	the	volume	V	(with	surface	S)	due	to	forces	
applied	within	and	at	the	surface	of	that	volume	

  Assume	small	deforma�ons	(infinitesimal	strain);	use	trac�ons	T	and	stresses	τ		
(or	σ)	to	analyze	forces	ac�ng	between	adjacent	par�cles	in	the	volume.	

  The	momentum	equa�on	(“F	=	ma”)	places	constraints	on	accelera�ons,	body	
forces	and	trac�ons	ac�ng	throughout	the	volume	V	with	surface	S.)	

Introduc�on	&	Theory	

From	equa�ons	of	mo�on	to	Volterra’s	Theorem			

13	P.	Mar�n	Mai	–	Earthquake	Source	Inversion	

  Given	the	stress	tensor,	τkl	,	the	trac�ons	on	the	infinitesimal	small	tetrahedron	
are	related	to	the	corresponding	normal	vectors	

  τkl			is	the	lth	component	of	the	trac�on	ac�ng	across	the	plane	normal	to	the	
kth	axis	due	to	material	with	larger	xk	ac�ng	upon	material	with	smaller	xk	;			
the	stress-tensor	is	symmetric	

  Equa�ons	of	mo�on,	simplified	
	

Introduc�on	&	Theory	

14	P.	Mar�n	Mai	–	Earthquake	Source	Inversion	

τ kl = σ kl = Tl x̂k( )

Ti = τ jin j

 ρui = fi +τ ij , j

From	equa�ons	of	mo�on	to	Volterra’s	Theorem			
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  Making	a	long	story	short	….	
	

  Include	strain	tensor	
						(internal	deforma�on;	no	rigid	
							body	mo�on	or	rota�on)	

  Write	stress-strain	rela�on	

  For	isotropic,	linear	elas�c	media	

Introduc�on	&	Theory	

15	P.	Mar�n	Mai	–	Earthquake	Source	Inversion	

τ ij = cijklε kl

ε kl =
1
2

∂ui
∂x j

+
∂u j

∂xi

⎛

⎝⎜
⎞

⎠⎟

τ ij = λε kkδ ij + 2µε ij

cijkl = λδ ijδ kl + µ δ ikδ jl +δ ilδ jk( )

From	equa�ons	of	mo�on	to	Volterra’s	Theorem			

  Making	a	long	story	short	….	
  To	parameterize	seismic	source	we	need	addi�onal	ingredients,	i.e.	
mathema�cal	rela�ons	or	theorems	that	connect	the	displacement	u(x,t)	to	
ini�al	condi�ons	and	forces		

  Uniqueness	Theorem:	The	displacement	field	u	=	u(x,t)	in	the	volume	V	with	
surface	S	is	uniquely	defined	a�er	�me	t0	by	ini�al	values	of	displacement	and	
par�cle	velocity	in	V,	and	by	values	of	the	body	forces	f,	the	trac�ons	T	over	any	part	
S1	of	S	for	�mes	t	≥	t0,	and	the	displacements	over	the	remainder	S2	of	S	(S1	+	S2	=	S)			

  Be�’s	theorem:	Assume	displacement	field	u	=	u(x,t)	due	to	body	forces	f	and	
boundary	condi�ons	on	S	and	ini�al	condi�ons	at	�me	t	=	0.	Assume	further	field	v	=	
v(x,t)	due	to	body	forces	g.	Using	the	nota�on	T(u,n)	and	T(v,n)	for	the	trac�ons	due	
to	u	and	v,	respec�vely,	the	following	reciprocal	rela�on	is	given	

																																		

Introduc�on	&	Theory	

16	P.	Mar�n	Mai	–	Earthquake	Source	Inversion	

From	equa�ons	of	mo�on	to	Volterra’s	Theorem			
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  Making	a	long	story	short	….	
  Be�’s	theorem	does	not	involve	any	ini�al	condi�on	for	u	and	v,	and	
remains	true	if	all	related	quan��es	(par�cle	veloci�es,	trac�ons,	body	
forces)	are	evaluated	at	two	different	�mes	

  Be�’s	theorem	relates	mo�ons	in	the	source	region	to	some	(far-)distant	
(surface)	displacements,	recorded	as	seismic	waves,	independent	of	when	
the	corresponding	forces	have	been	applied	

  ”Trick”	:	replace	the	general	term	v(x,t)	in	Be�’s	theorem	with	a	“simple”	
system	response,	i.e.	the	Green’s	func�on	due	to	a	unidirec�onal	unit	pulse	
precisely	located	in	space	and	�me,	and	ac�ng	in	the	n-direc�on	

  B.C’s	can	be	chosen	such	that																						has	spa�al	&	temporal	reciprocity	

Introduc�on	&	Theory	

17	P.	Mar�n	Mai	–	Earthquake	Source	Inversion	

Gin x,t;ξ,τ( ) = Aδ x − ξ( )δ t −τ( )δ in

G x,t;ξ,τ( )
Gin x,t −τ ;ξ,0( )Gin x,t;ξ,τ( ) = Gni ξ,t; x,τ( )

From	equa�ons	of	mo�on	to	Volterra’s	Theorem			

  Making	a	long	story	short	….	
	

  Trac�ons,	Green’s	func�on,	Be�’s	theorem,	Uniqueness		
	

Introduc�on	&	Theory	

18	P.	Mar�n	Mai	–	Earthquake	Source	Inversion	

volume	forces	

stress	glut	

disloca�on	

From	equa�ons	of	mo�on	to	Volterra’s	Theorem			
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  Neglec�ng	body	forces	ac�ng	on	u,	we	can	write	the	representa�on	
theorem	for	internal	disloca�on	sources	

Introduc�on	&	Theory	

Representa�on	Theorem	(Volterra’s	formula)	

19	P.	Mar�n	Mai	–	Earthquake	Source	Inversion	

nth	component	of	the	observed	displacement	field	at	x,	t	
	
ith	component	of	the	displacement	at	the	source	as	a	
func�on	of	posi�on	x	on	the	fault	plane	and	�me	t	
	
system	response	in	n-direc�on	due	to	unit	impulse	in	
direc�on	p	on	the	fault	plane	at	x,	t	
	
generalized	force	couple	in	xq-direc�on	and	force	in	p-
direc�on	
	
elas�city	tensor;						normal	to	the	rupture	plane	

  Conceptually	

Introduc�on	&	Theory	

Representa�on	Theorem	(Volterra’s	formula)	

20	P.	Mar�n	Mai	–	Earthquake	Source	Inversion	
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Introduc�on	&	Theory	

Representa�on	Theorem	(Volterra’s	formula)	

21	P.	Mar�n	Mai	–	Earthquake	Source	Inversion	

  In	prac�ce	

  The	earthquake	rupture	process,	here	denoted	as	sij,	can	be	very	complex,	
occurring	in	a	geologically	complicated	environment.	The	representa�on	
theorem	allows	us	in	prac�ce	to	compute	the	ground	mo�ons	

  The	rupture	process	could	be	occurring	on	an	extended	plane,	or	mul�ple	
planes,	but	the	representa�on	theorem	s�ll	holds	

  To	compute	u(x,t)	we	simply	need	to	sum	up	all	contribu�ons	from	all	points	
on	the	fault	plane(s),	i.e.	convolve	the	local	source	contribu�on	with	the	
local	Green’s	func�on	(valid	for	a	given	site	of	interest)	to	obtain	a	“local”	
seismogram,	and	then	sum	all	these	local	seismograms.	

  The	representa�on	theorem	is	simply	a	giant	book-keeping	device	for	
compu�ng	ground	mo�ons	for	arbitrarily	complex	source	models	
embedded	in	arbitrarily	complex	geologic	structures.	

																																		

Introduc�on	&	Theory	

Representa�on	Theorem	(Volterra’s	formula)	

22	P.	Mar�n	Mai	–	Earthquake	Source	Inversion	

  In	prac�ce	

  The	earthquake	rupture	process,	here	denoted	as	sij,	can	be	very	complex,	
occurring	in	a	geologically	complicated	environment.	The	representa�on	
theorem	allows	us	in	prac�ce	to	compute	the	ground	mo�ons	

  The	rupture	process	could	be	occurring	on	an	extended	plane,	or	mul�ple	
planes,	but	the	representa�on	theorem	s�ll	holds	

  To	compute	u(x,t)	we	simply	need	to	sum	up	all	contribu�ons	from	all	points	
on	the	fault	plane(s),	i.e.	convolve	the	local	source	contribu�on	with	the	
local	Green’s	func�on	(valid	for	a	given	site	of	interest)	to	obtain	a	“local”	
seismogram,	and	then	sum	all	these	local	seismograms.	

  The	representa�on	theorem	is	simply	a	giant	book-keeping	device	for	
compu�ng	ground	mo�ons	for	arbitrarily	complex	source	models	
embedded	in	arbitrarily	complex	geologic	structures.	
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Introduc�on	&	Theory	

Representa�on	Theorem	(Volterra’s	formula)	

23	P.	Mar�n	Mai	–	Earthquake	Source	Inversion	

  In	prac�ce	

  The	earthquake	rupture	process,	here	denoted	as	sij,	can	be	very	complex,		

Introduc�on	&	Theory	

Representa�on	Theorem	(Volterra’s	formula)	

24	P.	Mar�n	Mai	–	Earthquake	Source	Inversion	

  In	prac�ce	

  The	earthquake	rupture	process,	here	denoted	as	sij,	can	be	very	complex,		
* * * * * *
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Introduc�on	&	Theory	

Simplifying	the	representa�on	theorem	

25	P.	Mar�n	Mai	–	Earthquake	Source	Inversion	

  From	complex	to	point-source	

  Space-�me	heterogeneity	of																	;	equivalent	
�me-dependent	point-forces	(moment	density	
tensor	mpq)	

	

  Earthquake	rupture	process	using	space-�me	
averaged	source	parameters	(l:	unit	vector	in	
direc�on	of	slip;	k:	normal	to	fracture	plane)	

  Point-source	approxima�on	using	the	point-source	
double-couple	approxima�on;	Mpq:	moment	tensor																																		

adapted	a�er	Stein	&	Wysession,	2002	

un x,t( ) = mpq ∗
∂
∂ξqΣ∫∫ GnpdΣ

un x,t( ) = Mpq ∗Gnp,q

x2	

x1	

T	

P	

lp	

kn	

M 0 = µ ⋅Δu ⋅S

un x,t( ) = lnkp + lpkn( ) M 0 (τ )
−∞

∞

∫ ⋅Gnp,q (t −τ )dτ

Introduc�on	&	Theory	

Point-source	shear-fracture	(disloca�on)	

26	P.	Mar�n	Mai	–	Earthquake	Source	Inversion	

  A�er	much	algebra,	the	displacement	un(x,t)	for	a	shear-fault	with	�me-
dependent	moment	and	moment-rate	func�on	Mpq(t)	and	dt	Mpq(t)		
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Introduc�on	&	Theory	

Point-source	shear-fracture	(disloca�on)	

27	P.	Mar�n	Mai	–	Earthquake	Source	Inversion	

  A�er	much	algebra,	the	displacement	un(x,t)	for	a	shear-fault	with	�me-
dependent	moment	and	moment-rate	func�on	Mpq(t)	and	dt	Mpq(t)		
	
The	displacement	field	due	to	a	general	2nd-order	moment	tensor	contains:	
		
  near-field	terms,	propor�onal	to		

  Intermediate-field	terms,		
	

  far-field	term,	propor�onal	to	

k	

l	

Introduc�on	&	Theory	

Point-source	shear-fracture	(disloca�on)	

28	P.	Mar�n	Mai	–	Earthquake	Source	Inversion	

  In	spherical	coordinates	
	

SV	 SH	
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P-waves 

S-waves 

Introduc�on	&	Theory	

Point-source	shear-fracture	(disloca�on)	

29	P.	Mar�n	Mai	–	Earthquake	Source	Inversion	

  The	resul�ng	far-field	radia�on	pa�erns	
	

adapted	a�er	Stein	&	Wysession,	2002	

k	 l	

k	l	=	0	

Introduc�on	&	Theory	

The	fault	geometry	

30	

  Defining		geographical	parameters	of	the	fault	plane	
  Fault	dip	δ,	measured	from	horizontal	downward	into	fault	plane	
  Strike		Φf		measured	from	north	in	a	RHS	coordinate	system,	hence	δ		≤	90°	

  Rake-angle	λ		measures	the	direc�on	of	slip	in	the	fault	plane	as	the	
movement	of	the	hanging	wall	with	respect	to	the	foot	wall.	

	λ	=	0°	indicates	le�-lateral	slip,								λ		=	180°	indicates	right-lateral	slip		
	 	λ	=	90°	denotes	thrust-faul�ng									λ		=	270°	is	normal	faul�ng.	

	

adapted	a�er	Stein	&	Wysession,	2002	
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  What	happened	exactly?	
  Determine	which	fault(s)	ruptured!		
-  Fault-plane	solu�on	
-  Moment-tensor	determina�on		
	

Introduc�on	&	Theory	

Assume	size	and	loca�on	are	(approximately)	known	

31	P.	Mar�n	Mai	–	Earthquake	Source	Inversion	

  What	happened	exactly?	
  Determine	which	fault(s)	ruptured!		
-  Fault-plane	solu�on	from	first	mo�on	polari�es		
-  Lower-hemisphere	projec�on	

Introduc�on	&	Theory	

Assume	size	and	loca�on	are	(approximately)	known	

32	P.	Mar�n	Mai	–	Earthquake	Source	Inversion	 adapted	a�er	Stein	&	Wysession,	2002	
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  What	happened	exactly?	
  Determine	which	fault(s)	ruptured!		
-  Moment-tensor	determina�on		
	

Introduc�on	&	Theory	

Assume	size	and	loca�on	are	(approximately)	known	

33	P.	Mar�n	Mai	–	Earthquake	Source	Inversion	

un x,t( ) = Mpq ∗Gnp,q

M pq = M =
M11 M12 M13

M 21 M 22 M 23

M 31 M 32 M 33

⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
=

Mxx Mxy Mxz

Myx Myy Myz

Mzx Mzy Mzz

⎛

⎝

⎜
⎜
⎜⎜

⎞

⎠

⎟
⎟
⎟⎟
=

Mθθ Mθφ Mθr

Mθφ Mφφ M −φr

Mθr M −φr Mrr

⎛

⎝

⎜
⎜
⎜⎜

⎞

⎠

⎟
⎟
⎟⎟

θ 

φ 

r 

  What	happened	exactly?	
  Determine	which	fault(s)	ruptured!		
-  Moment-tensor	determina�on		
	

Introduc�on	&	Theory	

Assume	size	and	loca�on	are	(approximately)	known	

34	P.	Mar�n	Mai	–	Earthquake	Source	Inversion	

un x,t( ) = Mpq ∗Gnp,q

M pq = M =
M11 M12 M13

M 21 M 22 M 23

M 31 M 32 M 33

⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
=

Mxx Mxy Mxz

Myx Myy Myz

Mzx Mzy Mzz

⎛

⎝

⎜
⎜
⎜⎜

⎞

⎠

⎟
⎟
⎟⎟
=

Mθθ Mθφ Mθr

Mθφ Mφφ M −φr

Mθr M −φr Mrr

⎛

⎝

⎜
⎜
⎜⎜

⎞

⎠

⎟
⎟
⎟⎟

  Isotropic	explosion/
implosion	
  Ver�cal	strike-slip	
	
  Ver�cal	dip-slip	

  45°-dipping	thrust	

  Two	versions	of	
non-double	couple	
mechanisms	

adapted	a�er	Stein	&	Wysession,	2002	
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  What	happened	exactly?	
  Determine	which	fault(s)	ruptured!		
-  Moment-tensor	inversion	

-  6	independent	components;	5	if	only	deviatoric	(M11	+	M22	+	M33	=	0)	

-  Express	as																																																										and	assume	f(t)		

-  Solu�on	for	m	depends	on	the	structure	of	G	(the	inverse	problem	/	data)	

Introduc�on	&	Theory	

Assume	size	and	loca�on	are	(approximately)	known	

35	P.	Mar�n	Mai	–	Earthquake	Source	Inversion	

Mpq (t) = M 0 ⋅ f (t) ⋅mpq

un x,t( ) = gi
n r,t( )∗mi

i=1

6

∑ t( ) u = Gm

m = GTG( )−1GTu

G  =UΛVT       m = VΛ−1UT( )u
m = GTG+ λRTR( )−1GTu

  What	happened	exactly?	
  Determine	which	fault(s)	ruptured!		
-  Moment-tensor	determina�on	
-  Temporal	dependence,	f(t)	
	

Introduc�on	&	Theory	

Assume	size	and	loca�on	are	(approximately)	known	

36	P.	Mar�n	Mai	–	Earthquake	Source	Inversion	

un x,t( ) = Mpq ∗Gnp,q

M 0 (t −τ ) = Mpq (t −τ )
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  CMT	(Centroid	Moment	Tensor)	Solu�on	
  Adjust	for	the	fact	that	the	seismic	
moment	is	not	released	at	the	rupture	
nuclea�on	point	(hypocenter)	

Introduc�on	&	Theory	

Some	simple	cases	studies	

37	P.	Mar�n	Mai	–	Earthquake	Source	Inversion	

110302J CENTRAL ALASKA  
Date: 2002/11/ 3 Centroid Time: 22:13:28.0 GMT  
Lat= 63.23 Lon=-144.89  
Depth= 15.0 Half duration=23.5  
Centroid time minus hypocenter time: 47.0  
Moment Tensor: Expo=27 0.513 -6.038 5.525 0.183 2.615 -3.937 
                                                  
 
Mw = 7.8 mb = 7.0 Ms = 8.5 Scalar Moment = 7.48e+27  
Fault plane: strike=296 dip=71 slip=171  
Fault plane: strike=29 dip=82 slip=19  

(h�p://www.globalcmt.org/)	

Mθθ MθφMφφ MθrMrr Mφr

  Wave-form	modeling	
  Add	mul�ple	moment-tensor	contribu�ons	to	fit	waveforms	for	a	
complex	earthquake		
	 	 	 		

Introduc�on	&	Theory	

Some	simple	cases	studies	

38	P.	Mar�n	Mai	–	Earthquake	Source	Inversion	

adapted	a�er	Stein	&	Wysession,	2002	
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  The	earthquake-source	term	is	space-�me	dependent,	i.e.	each	“point”	on	the	
fault	is	ac�vated	to	slip	when	it	is	reached	by	the	expanding	rupture	front	

  Rupture	speed	and	the	local	slip-rate	func�on	depend	on	ini�al	&	boundary	
condi�ons	(stress,	fric�on	etc.);	both	may	vary	strongly	over	the	rupture	plane	

  The	earthquake	rupture	process	itself	is	a	highly	nonlinear	process	

  However,	standard/classical	earthquake	source	inversions	approaches	
“linearize”	the	problem	

  What	exactly	do	we	mean	by	“linearize”	here?	
  Which	assump�ons	do	we	have	to	make?	

Introduc�on	&	Theory	

Standard	finite-fault	earthquake	source	inversion	

39	P.	Mar�n	Mai	–	Earthquake	Source	Inversion	

  The	representa�on	theorem	is	linearized,	using	a	number	of	assump�ons	(e.g.	
Olson	&	Apsel,	1982;	Hartzell	&	Heaton,	1983):	

	

Introduc�on	&	Theory	

Standard	finite-fault	earthquake	source	inversion	

40	P.	Mar�n	Mai	–	Earthquake	Source	Inversion	

  Assuming	we	“know”	Earth	structure	&	fault	geometry,	we	can	examine	
seismic	observa�ons	to	learn	about	earthquake	source	proper�es	given	
seismological	and/or	geode�c	data.	

  This	is	a	kinema�c	representa�on;	we	cannot	infer	rupture	physics	here!	

Seismic	data	
observa�ons	
what	we	have	

Space-�me	dependent	
rupture	process	
what	we	want	

Earth	structure	and	related		
Green’s	func�ons	

what	we	need	to	compute	

d = g(m)             d = G  m
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  The	representa�on	theorem	is	“linearized”	using	a	number	of	assump�ons	
(e.g.	Olson	&	Apsel,	1982;	Hartzell	&	Heaton,	1983):	

  Source	geometry	is	known,	and	approximated	by	one	or	more	rectangular	
planes	that	are	again	subdivided	into	a	set	of	“subfaults”	(nodes)	

  An	elementary	iden�cal	slip	func�on	acts	on	each	point	on	the	fault	
  The	slip-history	at	each	point	can	be	represented	by	a	summa�on	of	
elementary	basis	func�ons,	lagged	in	�me	(mul�-�me	window)	

  The	rupture	velocity	and	is	constant	
	

Introduc�on	&	Theory	

Standard	finite-fault	earthquake	source	inversion	

41	P.	Mar�n	Mai	–	Earthquake	Source	Inversion	

  The	representa�on	theorem	is	linearized,	using	a	number	of	assump�ons	(e.g.	
Olson	&	Apsel,	1982;	Hartzell	&	Heaton,	1983):	

  Discre�zed	version:	

	

Introduc�on	&	Theory	

Standard	finite-fault	earthquake	source	inversion	

42	P.	Mar�n	Mai	–	Earthquake	Source	Inversion	
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  Conceptual	sketch	

  Geometry	assumed	or	known	
  Rupture	speed	Vr	assumed	
  Elementary	slip	(or	slip-rate)	func�on	assumed		

	

Introduc�on	&	Theory	

Standard	finite-fault	earthquake	source	inversion	

43	P.	Mar�n	Mai	–	Earthquake	Source	Inversion	 From	Delouis	et	al,	2002	

  The	system	of	equa�ons	then	looks	like	

	

Introduc�on	&	Theory	

Standard	finite-fault	earthquake	source	inversion	

44	P.	Mar�n	Mai	–	Earthquake	Source	Inversion	   
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d = Gm = Gijmj
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∑

include smoothing  
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⎢
⎢
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⎥
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λR
⎡

⎣
⎢

⎤

⎦
⎥m

R	:	smoothing	(regulariza�on)	
matrix	to	account	for	varia�ons	in	
model	parameters	with	distance	
and/or	�me	(the	farther	apart	
subfaults	are,	the	larger	a	difference	
is	allowed);					
λ	has	to	be	determined	by	trial-and-
error,	or	some	sta�s�cal	techniques	
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  Solu�on	strategies	(least-squares)	

  Include	data	covariance,	σ2Cd	

  Covariance	of	model	parameters	

 Difficult	to	use;	need	constraints	(non-nega�vity;	smoothness)	
	

σ2	and	λ2	may	be	chosen	by	Akaike-Bayesian	Informa�on	Criterion	(ABIC)	

	

  Apply	singular-value	decomposi�on	to	G	

	

Introduc�on	&	Theory	

Standard	finite-fault	earthquake	source	inversion	

45	P.	Mar�n	Mai	–	Earthquake	Source	Inversion	

m = GTG( )−1GTd

m = GTCd
−1G( )−1GTd

Cm = σ 2 GTCd
−1G( )−1

m = GTCd
−1G+ λ 2RTR( )−1GTd Cm =σ 2 GTCd

−1G + λ 2RT R( )−1

ABIC	(λ	)	=	Nd	ln	Res(m)	–	Nm	ln	λ2	+	ln	|	Cm|	+	b	

G =U ΛVT m = Vs Λ s
−1U s

T d

	

	

Introduc�on	&	Theory	

Example:	1999	Izmit	(M	7.6)	earthquake	

46	P.	Mar�n	Mai	–	Earthquake	Source	Inversion	 From	Delouis	et	al,	2002	

Near-field seismic data Teleseismic 

GPS  InSAR  
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Introduc�on	&	Theory	

Example:	1999	Izmit	(M	7.6)	earthquake	

47	

From	Delouis	et	al,	2002	

Introduc�on	&	Theory	

Example:	1999	Izmit	(M	7.6)	earthquake	

48	From	Delouis	et	al,	2002	

SAR (remote) 

GPS 

Teleseismic (remote) 

Strong Motion 

SAR+GPS 
+Teleseismic 
+Strong Motion 
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  Four	solu�ons	as	available	on	the	SRCMOD	database	(equake-rc.info/SRCMOD)	

	

Introduc�on	&	Theory	

Example:	1999	Izmit	(M	7.6)	earthquake	

49	From	Delouis	et	al,	2002	

  Geode�c	data	(GPS/InSAR)	for	source	inversions	
  Use	analy�cal	Okada	(1989;	1992)	solu�ons	(elas�c	half-space)	to	
compute	the	response	of	the	medium	
  Non-linear	inversion	for	fault	geometry	(with	constant	fault):	strike,	
dip,	rake,	depth,	width,	length,	posi�on	(x,y)	
  Once	the	geometry	is	fixed,	the	inversion	is	linear	to	find	distributed	
slip	on	the	fault	

  If	possible,	different	data	sets	are	combined		
  Geode�c	data	to	constrain	geometry	and	shallow	slip	
  Teleseismic	to	constrain	seismic	moment	and	overall	characteris�cs	
  Strong	mo�on	data	to	constrain	temporal	rupture	evolu�on	
  How	to	choose	the	weights	for	each	data	set?	

Introduc�on	&	Theory	

Using	permanent	(sta�c)	surface	displacements	

50	P.	Mar�n	Mai	–	Earthquake	Source	Inversion	
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  Geode�c	data	(GPS/InSAR)	for	source	inversions:	Hector	Mine,	1999	

Introduc�on	&	Theory	

Using	permanent	(sta�c)	surface	displacements	

51	P.	Mar�n	Mai	–	Earthquake	Source	Inversion	 a�er	Jonsson	et	al,	2002	

Fault	Geometry	&	Data	

  Geode�c	data	(GPS/InSAR)	for	source	inversions:	Hector	Mine,	1999	

Introduc�on	&	Theory	

Using	permanent	(sta�c)	surface	displacements	

52	P.	Mar�n	Mai	–	Earthquake	Source	Inversion	
a�er	Jonsson	et	al,	2002	

m = GTG+ λ 2RTR( )−1GTd

“op�mal”	Laplacian	smoothing	(R)	and	data-dependent	final	solu�on	
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  Green’s	func�ons	
  Do	we	know	Earth	structure	well	enough?	
  Do	we	compute	the	Green’s	func�on	correctly?	
  Should	we	include	a	formal	error	term	for	the	Green’s	func�on?	
	

  Fault	geometry	
  Unknown	a	priori,	o�en	constrained	from	a�ershocks	and	–	if	
available	–	surface-faul�ng	informa�on	
  Slight	varia�ons	in	the	geometry	will	affect	the	Green’s	func�on	and	
hence	the	en�re	inversion	
  Different	parameteriza�ons	of	the	fault	plane	

Introduc�on	&	Theory	

Where	are	the	problems?	(I)	

53	P.	Mar�n	Mai	–	Earthquake	Source	Inversion	

  Parameteriza�on	
  Slip	func�on	on	each	point?	How	to	be	more	physical?	
  Relaxing	the	rupture-speed	assump�on	
	
	
	
	
	
	
	

Introduc�on	&	Theory	

Where	are	the	problems?	(II)	

54	P.	Mar�n	Mai	–	Earthquake	Source	Inversion	
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  Solu�on	to	the	inverse	problem	
  Various	approaches	to	solve	the	linearized	problem	
-  Op�mal	choice	of	smoothing	/	regulariza�on?	
  Many	methods	to	do	a	non-linear	inversion	
-  Building	in	physical	constraints	into	the	search	space	
  Formal	uncertainty	quan�fica�on	of	the	resul�ng	model	parameters	
  Parameteriza�on	of	the	inversion	
	

  Data	
  What	is	the	data	distribu�on?	Is	that	sufficient,	or	biased	somehow?	
  Data	selec�on	/	trimming	/	processing	
  Data	weigh�ng	
  Data	uncertain�es	

Where	are	the	problems?	(III)	

55	P.	Mar�n	Mai	–	Earthquake	Source	Inversion	

Introduc�on	&	Theory	

Next	?	

56	P.	Mar�n	Mai	–	Earthquake	Source	Inversion	

Introduc�on	&	Theory	

(2)	Applica�ons	&	Implica�ons		
  Early	developments	&	case	studies?	
  What	can	we	extract	from	them?	
  What	to	learn	from	finite-fault	source	models?	


