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Our task

Source inversion in seismology: how to determine geometry and properties of the
earthquake source based on the modeling of the earthquake effects?
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SOURCE MODEL
We need to define an earthquake source model (or more than one), and the
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Our task

SOURCE MODEL
We need to define an earthquake source model (or more than one), and the

parameters which describe it

Moment tensors
(2023 Turkey-Syria earthquake sequence)
Petersen et al. 2023

Slip map

1977 Izmit, Turkey, earthquake)
Li et al. 2002
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Our task, what do we need?

SOURCE MODEL
We need to define an earthquake source model (or more than one), and the
parameters which describe it

SYNTHETIC SEISMOGRAMS (FORWARD MODEL)
We need to establish how to simulate the effects of a given source model; for
example, to compute synthetic seismograms at the Earth's surface
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Synthetic
seismograms
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Our task, what do we need?

SOURCE MODEL
We need to define an earthquake source model (or more than one), and the
parameters which describe it

SYNTHETIC SEISMOGRAMS (FORWARD MODEL)
We need to establish how to simulate the effects of a given source model; for
example, to compute synthetic seismograms at the Earth's surface

INVERSION FRAMEWORK (INVERSE PROBLEM)

We need to choose how to compare modeled and observed effects (e.g. synthetic
and observed waveforms) and how to use this information to retrieve the most likely
source model
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Inversion framework

data vs. synthetics

Bad fit (bad solution) Good fit (good solution)



Source inversion layout

Data download
Data processing




Source inversion layout

source model

Data download
Data processing




The seismic source, point source models

A point source model is justified in the far field approximation:
Source-Receiver distance >> Rupture size

Considered wavelength >> Rupture size

Two types of point sources are most commonly used

The double couple (DC) source model ———» @

The moment tensor (MT) source model > @




Source & source parameters

Centroid location (Lat, Lon, Depth)

Scalar moment and magnitude
=S — Wﬁ.je‘c—_ti;nfof the l:upjtur;a-r;_ah;ﬁ}ﬁ; - s
—~FEarth surface = =

Strike, Dip, Rake

cewea NON-shear and Isotropic components
Nuc{eaffor{pojnf_ ‘:::::i“:‘, “ _ AR

Rupture Duration

e Source Time Function
Rupture area |

Shape and size of the rupture area
Heimann 2011

Rupture Velocity



DC model, source parameters

e (X,y,2,1)

Source parameters: Lat, Lon, Depth, Origin time



DC model, source parameters

North Strike direction
Along surface

dip
angle

fault plane

Source parameters: Lat, Lon, Depth, Origin time, Strike, Dip
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dip
angle

fault plane
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DC model, source parameters
North

Along surface

slip vectorl

fault plane

Source parameters: Lat, Lon, Depth, Origin time, Strike, Dip, Rake



DC model, source parameters

Nort/h
Along surface

Area, A

Slip vector, A

Shear modulus, u
slip vector

Scalar moment [Nm]:

Mo=uAA

fault plane

Source parameters: Lat, Lon, Depth, Origin time, Strike, Dip, Rake, Scalar Moment



DC model, shear faulting

Strike-slip North  Strike 20° Strike-slip - 0
_ North  Strike 20
(left lateral) / / (right lateral) /
Normal North  Strike 20° Reverse North  Strike 20°
/ dip-slip s
//

A

After Stein & Wysession 2003



DC model, focal sphere
| | | & .

side view

lower
emisphere
projection




DC model, shear faulting

Strike-slip North  Strike 20° Strike-slip North  Strike 20°
(left lateral) / (right lateral)
Normal North  Strike 20° Reverse North  Strike 20°

dip-slip

A

After Stein & Wysession 2003



DC model, radiation pattern

Focal sphere Radiation pattern
P waves S waves

N VA

'

Positive Negative
onset - onset i\ (\/V\’V
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DC source, rupture plane ambiguity
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DC source, rupture plane ambiguity




From DC to MT source

0O
00
000

Volcanic and induced earthquakes, explosions, deep earthquakes, as well as
complex tectonic earthquake ruptures require a more general source model
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Mxx

Myx

Mzx

The seismic moment tensor (MT) source

”
»

Mxy

Myy

Mzy

Mxz

e Symmetric tensor

* 6 independent

parameters M;

 Relation with

scalar moment;

Mij = Mo m;



On moment tensor decomposition

MxX Mxy Mxz
Myx Myy Myz
Mzx Mzy Mzz




On moment tensor decomposition

Mi
0
0

0
Mi
0

0
0
Mi

Volumetric change at the source

Mxx
Mxy
Mxz

Mxy
Myy

Mxz
Myz

Mxz -(Mxx+Myy)

No net volume change




On moment tensor decomposition
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Representing moment tensor decomposition

_ +lsotropic
Explosion

Opening tensile

crack DC

+Crack

crack  Closing

tensile crack

leotronic



Examples of non-DC components
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Origin of non-DC
components

Common ISO=0 constraint for
natural earthquakes (e.g.
Global CMT)

non-DC terms:

Waveform propagation
mismodeling

Poor network configurations
and data quality

Complex source process

(a) Global CMT (1976-2005)
Mw==5.0, h==100km, Worldwide

(b) ETHZ (1999-2006)
Mw==3.5, h<=100km, Central Europe
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Challenges of moment tensor interpretation
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Find the correct decomposition



Beyond point sources, source time function (STF)

slip function s(t) slip-rate s'(t)

n

slip ve%\

SN time [s] | time [s]




Implementing unusual STFs

a b T,=154s
I I 1 1 1 1 1 1
0 100 200 300 400 500 600 700
Time (s
. f2) Cesca et al. 2020
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A15:23 min A15:24 min
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1,578 km
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A11:06 min

00:46 min
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713 km
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A12:08 min



Beyond point sources, finite sources

ooy

A finite source model along a surface A can be represented by means of
point sources (DC or MT) distributed along that surface

X X
XXX XX
XX X X X X X
X XX X XX
X X X X X X
XX X X X XX
X X X X X X X
X X X X X X X
XXX X X XX
X X X X X X
XX X XX
XX X X X
XX X XX
b4
x

after Heimann 2011

To reproduce rupture propagation effects, each point source is activated at
its own time (i.e. when the rupture front reach that point)



Apparent STF, earthquake directivity
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Latitude N
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Apparent STF, earthquake directivity
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30°30'N

Beyond usual sources...

79°30'E 79°45'E
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Cook et al. 2022




Source inversion layout

wave
propagation

Data download
Data processing




Green'’s functions (GFs) and databases (GFDB)

GFs are the Earth response at a
receiver to a simple excitation at
the earthquake source.

GFs can be seen as elementary
seismograms

E

GFs describe the seismic wave = ;] I
propagation from source to & e
receiver and depend on the ° s
velocity model

50

P
60 — plt

| | | | | |
0 200 400 600 800 1000

Distance [km]



Green’s functions in 1D media

Symmetry of the 1D velocity
model:

GFs only depend on
source depth (z) and

source-receiver distance (x)

The response of any MT source
can be computed as lineal
combination of 10 Gfs

30+

Depth [km]

{moho j——

40

We can calculate those in
advance, and store them in a 50
database

60 — plk

| I | | | |
0 200 400 600 800 1000

Distance [km]



Green’s functions database

The 1D model symmetry allow to develop a GF database concept
GFs are pre-calculated and ready to use for the inversion

depth (nz = n. depths)

z

first x (min distance)

X, distance (nx = number of distances)

|
EEEEEEEEEEEEEEEEEEEEEEEE < firstz (min depth)
EEEEEEEEEEEEEEEEEEEEEEEE

EEEEEEEEEEEEEEEEEEEEEEEE
EEEEEEEEEEEEEEEEEEEEEEEE
EEEEEEEEEEEEEEEEEEEEEEEE

[ dz (depth sampling)

EEEEEE IIIIIIIIIIIIIII=\\\\\;1OGW£WS
V EEEEEEEEEEEEEEEEEEEEEEEE functions

-
dx (distance sampling)

GFs at any (x,z) location can be calculated by
interoolation from neiahbourina arid points



Green’s functions example

How do GFs look like?
Offshore SW Portugal, z = 40 km, d = 100 km, 2 velocity models
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Source inversion layout

Data download
Data processing




From GFs to Synthetic seismograms

North

un<)_<’t):Mpq(g’T)*an,q<z’1’)_<’t)

= 3 B1(M,,0)G/(A,h)
=3 B1(M,,0)G,(8.h)
= T B(M,.0)G/(A,h)

note:u (X ,t)linear dependenton M



Synthetic seilsmograms, example

A%WW’%’-

0000 (40k,200k) 00

0001 (40k,200k) 01 MWM

0002 (40k,200k) 02 ﬁ‘—ww

0003 (40k,200k) 03 W

0004 (40k,200k) 04 JWQ‘H

0005 (40k,200K) 05 V\W

0006 (40k,200k) 06 —’—W

0007 (40k,200k) 07 _’—i\c/%,

0008 (40k,200k) 08 U/\a\\/

0009 (40k,200K) 09 W
00:00:00 00:00:20 00:00:40 000100 00:01:20 00:01:40 00:02:00




Source inversion layout

Data download
Data processing




Data access and data processing

* Data search
(event, stations, waveform selection)

 Data download/access

(station and instrument information)

* Demean, detrend, filter

 Metadata download/access

e Deconvolution of instrumental response
(- true velocities or displacements)

* Data quality assessment



Source inversion layout

Data download
Data processing

inversion
framework



Inversion, general concept

'

parameterized rupture model

!

T T o

@Iate synthetic seismograms using Greens fUI;EtES)

Y

synthetic seismograms

v

e —_—

Qc_&g“.ehow compare synthetics to mbsew@

—ee SRR

'

misfit

l |

Heimann 2011



Inversion, general concept

'

parameterized rupture model

!

calculate synthetic seismograms using Gr@

synthetic seismograms

@nmpar& synthetics to n@

misfit

i |

Heimann 2011



Inversion, first motion polarity

Only sign of first motion P

M5.6 Near [ rn fz2014and
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Inversion, first motion polarity




Inversion, bodywave amplitudes

P amplitudes, S amplitudes, and S/P amplitudes ratio

e N\AJ\J\/J\/\VWWW

rn fz2014and

h

rCX PBO4 BHE

TCXPBOI BHZ

I
04:22:00 04:22:30 048:23:00 04:23:30 04:24:00 04:24:30
Jan 08, 2014




Inversion, bodywave amplitudes and ratios

high S/P

amplitude - low S/P

~ amplitude




Full waveforms

A~
A\&Mu.ﬁ

— consider full data information

- fitting require good velocity model, or fit low frequency waveforms
— trace alignment may be needed




Amplitude spectra
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— robust against alignment and velocity model approximation
- loose information on phases (P-T quadrant ambiguity)




Full waveform inversion, no filter

0000 (40k,200k) 00
0001 (40k,200k) 01 MN%’“M
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Full waveform inversion, filter 10-100 s

0000 (40k,200k) 00 J\M/\/\
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Full waveform inversion, filter 30-100 s

0000 (40k,200k) 00 ///\f
0001 (a0k,200k) 01 \A_/
0002 (40k,200k) 02 W
0003 (40k,200k) 03 /\f
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Amplitude spectra
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— robust against alignment and velocity model approximation
- loose information on phases (P-T quadrant ambiguity)




Joint data inversion

TK.3801 TK.4406 TK.4413
172 km, -63° 74 km, 58° 92 km, -120°
AAM | e ] ]
R i
-01:15 min A 08:45 min A 08:35 min A 08:35 min
Strong motion
Z 1 AM 1 . )
-01:15 min A 08:45 min A 08:35 min A 08:35 min
o e
GE.BBJI KC.ASAI PM.ROSA
8835 km, 108° 3366 km, 72° 5597 km, -68°
T ]l L
06:19 min A 58:20 min 00:19 min A 27:40 min 03:19 min A 39:40 min

Broadband

Z W 1 1 ~ ﬂ “ A 'l !
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Inversion, general concept

parameterized rupture model

!

calculate synthetic seismograms using Gr@

synthetic seismograms

!

@nmpar& synthetics to n@

misfit

Heimann 2011



Misfit

Exploring the parameter space

T

Source parameter (e.g. Mij)
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Misfit

Exploring the parameter space

Gradient descent

T

Source parameter (e.g. Mij)



Misfit

Exploring the parameter space

Grid search plus
gradient descent

Source parameter (e.g. Mij)



Misfit

Exploring the parameter space

lterative approaches
(simulated annealing,
genetic algorithms, ...)

T

Step 1

Source parameter (e.g. Mij)



Misfit

Exploring the parameter space

lterative approaches
(simulated annealing,
genetic algorithms, ...)
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Step 2

Source parameter (e.g. Mij)
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Exploring the parameter space

lterative approaches
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Misfit

Exploring the parameter space

lterative approaches
(simulated annealing,
genetic algorithms, ...)

Source parameter (e.g. Mij)



Source Inversion using Grond

https://[pyrocko.org/

doi:10.5880/GFZ.2.1.2018.003



Grond

Source inversion algorithm
(S. Heimann, Uni Potsdam)

Simultaneous determination of multiple
source parameters

Flexible

-~ Source model

- (Joint) datasets
- Fitting procedure
- Weighting

- lterative approach

Magnitude

Duration [5]

Uniform phase (random search)
Transition phase (mixed search)
o - Explorative phase (guided search)

Misfit

~  Simultaneous bootstrap simulation

| l | |
0 1000 2000 3000 4000 5000 6000 7000



Flexible data fitting

time traces CC traces amplitude spectra
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Different source models

CMTProblem
It solves for a centroid moment tensor point source (DC, deviatoric, full MT).
This problem fits the very general earthquake source analysis.

DoubleDCProblem
It solves for two double-couple point sources.
Useful e.g. for complex, segmented earthquake sources.

RectangularProblem

It solves for a rectangular finite source.

Analysis of large earthquakes and/or problems for which near-field surface displacement
data (INSAR, GNSS, etc.) are available.

VolumePointProblem
It solves for a spherical volume point (infinite) to model magmatic or volcanic processes.
Only static targets (GNSS or INSAR) are supported.

Other source models can be implemented
Double single force for landslides,
damped oscillator for resonating reservoirs/conduits, ...
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td full HLITM_R
744 km
69°
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00:48 min
td full IVHVIT R
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Data bootstrap

C— td full IV.CROCE..R
208 km
10°
0.962
0.019

A 04:59 min -00:18 min
o EVUNAR
149 km
B
0918
00073

A 02:36 min -00:25 min

td full MLXLND. R
]5.}6 km

a

0.82
0.0272

A 02:03 min

-00:29 min

_W.

. -

Grond uncertainties

—1
==

A 02:32 min

A 02:15 min

 —
—

A 02:06 min

Solutions ensemble

+Crack

+Dipole

+Isotropic

Hsotropic

PDF

3.0

2.5

2.0

1.5

1.0

0.5

0.0

Parameter uncertainty

-1.0

-0.5

0.0
MFC My

0.5

1.0



Grond Report

(7] Overview

o All

CHECKS
A~ Waveform
Check

Seismic Station
Locations

FITS
A~ Waveform Fits
For Best Model

A- Waveform Fits
For The Ensemble

Open

cmt_v4_ 33972181

td full HLITM_.Z

td. full MN.CUC. Z
749 km 1 6orkm 1
66° 13°
0.878 0829
0.0654 00577

A 05:01 min

00:30 min A04:20 min

o ncaallhin e s A

00:48 min

td full. MN.VSL..Z

S0 ko ——
0.864 -
0.0357

00:40 min A 04:42 min

Download




Grond Report Open Download

cmt_v4_33972181

Seismic Station —
Locations }E 200
]
FITS 5 100
A Waveform Fits
For Best Model 0
A Waveform Fits 0 20000 40000 69000 80000 100000
For The Ensemble lteration
OPTIMISER
+ Acceptance B
“~ Bootstrap Misfit g 50
p> Sequence .g

Plote 25



Grond graphical output o

Grond Report Open Download

cmt_v4 33972181
p> Sequence =
Plots

RUN MT Decomposition

<> Problem Config
qp : Moment tensor decomposition of the best-fitting solution into isotropic, deviatoric and best double couple components.
arameter

Results
] Problem Info

more...

Full Isotropic Deviatoric CLVD DC

SOLUTION
[ Target i _ _

Ensemble best @ = = o -
Contributions
|1 Histogram Ensemble mean o - ® - 0 = o + o
@ Hudson Plot
€3 Jointpar Plot Reference O - O = N/A = N/A + N/A



Source inversion in seismology

Simone Cesca', Sebastian Heimann?, Gesa Petersen?,

Pinar BuyUtkakpinar'?, Daniela Kihn?3
1. GFZ Potsdam, 2. University of Potsdam, 3. NORSAR, Norway
Potsdam, 29.6.2023



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42
	Slide 43
	Slide 44
	Slide 45
	Slide 46
	Slide 47
	Slide 48
	Slide 49
	Slide 50
	Slide 51
	Slide 52
	Slide 53
	Slide 54
	Slide 55
	Slide 56
	Slide 57
	Slide 58
	Slide 59
	Slide 60
	Slide 61
	Slide 62
	Slide 63
	Slide 64
	Slide 65
	Slide 66
	Slide 67
	Slide 68
	Slide 69
	Slide 70
	Slide 71
	Slide 72
	Slide 73
	Slide 74
	Slide 75
	Slide 76
	Slide 77
	Slide 78
	Slide 79
	Slide 80
	Slide 81
	Slide 82
	Slide 83
	Slide 84
	Slide 85
	Slide 86
	Slide 87
	Slide 88
	Slide 89
	Slide 90
	Slide 91
	Slide 92
	Slide 93
	Slide 94
	Slide 95
	Slide 96
	Slide 97
	Slide 98
	Slide 99
	Slide 100
	Slide 101
	Slide 102
	Slide 103
	Slide 104
	Slide 105
	Slide 106
	Slide 107

