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Introdu
@00

How to study the deep Earth?

Earthquake Epicenter o*
Northridge, Californig

1.
,#’- 4 w“‘ '!w
’MAN*W»-’

"HH ”fww'“"”"ﬂ
L& *“‘\ _

MANTLE

TIME since earthquake occured (travel time)
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Tomography principle

Hypothesis
Homogeneous Earth’s mantle

Observations
Travel time anomalies

¢+ Tomographic inversion

3D model of seismic velocities
t++ of the Earth’s mantle
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Travel time anomalies
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3D model of seismic velocities
of the Earth’s mantle
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Introduction
oeo

Tomography principle

K = f(T? P’ X? "')
I’L — f(T) P) X? "')

Interpretation in terms of density,
hermal or composi

Ricard et al. [2005], Matas & Bukowinski [2007]
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Imaging slabs, plumes...
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Model (m) Forward
- == problem

d=gm)+€e  paa (d)
e

Inverse
problem
m=..7

Time (min)




PARAMETRIZATION SEISMIC DATA

e Spherical harmonics,

A 3 R 3 Norms des
spherical splines, radial splines, o:oral moces,

and body waves

e Velocity, anisotropy e Measurements or waveforms

REGULARIZATION THEORY

Damping parameter Ray theory or finite frequency kernels
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SEISGLOB project

SURFACE WAVE NORMAL MODE BODY WAVES
Fundamental mode 2S15
40's )

24

Upper mantle Whole mantle Lower mantle
Wavelengths ~ 1900 km Wavelengths =~ 4500 km Wavelengths ~ 2000 km
Durand et al. [2015] Koelemeijer et al. [2013] Zaroli et al. [2013]
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SEISGLOB project
[ 1]

Surface wave data

Rayleigh phase velocities (40-360 s)

1) Automated waveform inversion (cara and Leveque, 1987; Debayle and Ricard 2012).
Rayleigh waveforms, period range : 50 -250 s

s e - Qs(2) wa " Vs(2)
s o8 “v e
\ 100 "
- 4 200 4 0
Dt 3047 20w » »
“« -
e e R W W P o
o - e
o =
- -
“ -
oo e
we 4 o
120 0

% 10020 %0100

0 10 100 500 1000 2000 10000 32000
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SEISGLOB project
(o] J
Surface wave data

Rayleigh phase velocities (40-360 s)

534,359 sets of dispersion curves
From fundamental mode up to the 5 overtone
Phase velocity and errors at 60 periods

| TOTAL: 21 233 353 |

o Sensitivity kenel Fundamental mode
40 s delc (%)
5
2000 -
0
4000
6000 Kvs -5

T T
-1.0-05 00 05 1.0

Largest dataset of Rayleigh wave phase velocity measurements
with their errors (ourand et al. z015))
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SEISGLOB project
0000
Normal mode data

Normal modes

-

50hr long vertical component seismogram of the Sumatra EQ
recorded at the GEOSCOPE station CAN (Canberra, Australia)

-

10

154 sy

P »2 s 087 158 1% 157

13 4
frequency (miz)
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SEISGLOB project
(o] lele)
Normal mode data

Normal modes

1 S8 S — 1D PREM

_______ + ellipticty & rotation
———+ 3D heterogeneities

T -
1.78 1.80 1.82
Frequency (mHz)

Sensitivity kernel

0

Splitting function ~
1000 .

2000

3000

o
do (uHz)

4000

5000

6000 -

-1.0 -05 0.0 05 1.0
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SEISGLOB project
ooeo

Normal mode data

Splitting coefficients of spheroidal modes

Up to the degree 8, for 158 spheroidal modes

Koelemeijer et al. [2013], Deuss et al. [2013], Masters et al. [2000], Resovsky & Ritzwoller [1999],

Smith & Masters [1989]

TOTAL: 9214

Sensitivity kernel

do (uHz)

0
2 S 15
24
2000 | ¥
0
4000 |
6000 | KVs 24

— T
-1.0-05 0.0 05 1.0

12/30
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SEISGLOB project
ooeo

Normal mode data

Splitting coefficients of spheroidal modes

Up to the degree 8, for 158 spheroidal modes

Koelemeijer et al. [2013], Deuss et al. [2013], Masters et al. [2000], Resovsky & Ritzwoller [1999],

Smith & Masters [1989]

TOTAL: 9214

Sensitivity kernel

0 S dw (uHz)
24
2000 = ; ,
0
000
a0 | Kvs -24

— T
-1.0-05 0.0 05 1.0

But they ONLY constrain the EVEN degrees of the spherical
harmonic decomposition of the mantle structure

12/30
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Normal mode data

SEISGLOB project
[o]e]e] )

Coupling coefficients of spheroidal modes

Up to the degree 8, for 26 spheroidal modes

Deuss et al. [2013], Resovsky & Ritzwoller [1999]

TOTAL: 643 |

Sensitivity kernel

6000

——

KVs

T
-1.0-05 00 05 1.0
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SEISGLOB project
[o]e]e] )

Normal mode data

Coupling coefficients of spheroidal modes
Up to the degree 8, for 26 spheroidal modes

Deuss et al. [2013], Resovsky & Ritzwoller [1999]

TOTAL: 643 |

Sensitivity kernel

——

6000 | Kyg

T
-1.0-05 00 05 1.0

They can constrain BOTH the EVEN and ODD degrees of the

spherical harmonic decomposition of the mantle structure
The FIRST tomographic model to include data on the
coupling of normal modes
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SEISGLOB project
L]
Body wave data

S, SS and ScS travel times

47,007 S, 42,174 SS and 11,480 ScS measured at 34 s

Zaroli et al. [2013]

'TOTAL: 100,661

0-750 km 750-1500 km PR

\\7
1500-2250 km 2250-2891 km F\ /\ >
- e, \n .
\i/
[ e _— ]
0 10 50 100 250 500 1000 -1 0 1

Collége de France, 7t1' October 2021 14/39



SEISGLOB project
L]

Inversion

Parametrization

———
—
2001 g —

e Model parameters : /s assuming an a o=

priori correlation with Vp and p 670
din(p) =0.2dIn(Vs)

din(Vp) = 0.55d In(Vs) o
B
L . glsoof
o Lateral parameterization : spherical 8
harmonics up to degree 40/20/8
2000
o Radial parametrization : spline functions
25001

Ritsema et al. [2011]
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SEISGLOB project
@000
SEISGLOB1

SElSGLOBl . a pure Sv model based on normal modes and surface waves
Imprint of
tectonics

-8 6 -4 -2 0 2 4 6 8
din(Vs) (%)

Subducted
slabs

LLSVPs

din(Vs) (%)
Durand et al. [2016]
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SEISGLOB project
0@00

SEISGLOB1

A new large scale pattern at 2800 km depth

S362WMANI+M

Moulik & Ekstrom [2014]

SEMUCB-WM1

French & Romanowicz [2014]

SEISGLOBA1

Durand et al. [2016]

SP12RTS

Koelemeljer et al. [2016]

4
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SEISGLOB project
[e]e] o)

SEISGLOB1

Stronger odd degrees

2700 km

2800 km

Durand et al. [2016]

Decrease of the degree 2 throught the D".
The complexity comes from odd degrees and thus from the
normal mode coupling data.
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SEISGLOB project
[e]o]e] )

SEISGLOB1

Stronger odd degrees

2600 v
2800 km 2650 ;
0.006 .
r @ S362WMANI+M 2700 —degree 1
£ / 9 SEMUCB-WM1 — ——degree 3
£ 0004 / © SP12RTS E —degree 5
g /2 9 SEISGLOB1 £ 2750 degree 7
@ ° § - - -degree 2
s 2 a - - -degree 4
_E' 0.002 g S - = ~degree 6
< <& L d 2800 - - -degree 8
$ S
® o
0.000 T 2850
2 4 6 8
Harmonic degree |
0 ] 6
Amplitude spectrum x10°

Durand et al. [2016]
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SEISGLOB project
L]

Impacts

It can tell us something about mantle and core dynamics

0 250 70 1080 1400 1750 2100 2450 2800 T('C) g
Flment et al. [2017) Drcoll (2015)
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SEISGLOB project
@000
SEISGLOB2

SElSGLO B2 . a S model based on normal modes, surface wave and body waves

SEISGLOB1 SEISGLOB2
y Surface
tectonics
———— ————————
T e B P

Subducted
slabs

din(Vs) (%) din(Vs) (%)
Durand et al. [2017]
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SEISGLOB project

SEISGLOB2

There is a “"change” at &~ 1000 km depth

Depth (km)

st/Vsl

L oTwor
2% 800 800 1000 1100 1200 1300 o Quay
i Depth (km) M A

Waszek et al. [2018]
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SEISGLOB2

Is it a global feature?

SEISGLOB project
(e]e] o]

SEISGLOB2
50 Accumalation  *
of short =
E wavelengths —125
0
P around
o= i 1000 km depth
(a]
2000 2,000
2,500
ZSOOI
10 20 30 40 08
Harmonic degree I\
Long Short
wavelengths wavelengths
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Exponent x

Durand et al. [2017]




SEISGLOB project
ooo0e
SEISGLOB2

Is it a discontinuity or a “transition” zone?
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SEISGLOB project
ooo0e
SEISGLOB2

Is it a discontinuitv or a “transition” zone?

SEISGLOB2
A-_-_—\ surface
500 R ~\\
- @ "~ 670km

’g R 0 . ® ¥ __ O
= @ _.-- s
3 150 = = ~. 1500 km
& O

20 (@)

m‘ /\ o

If it is a discontinuity,

0 20 3 w\ then it has large

Harmonic degree | topography variations
Long Short
wavelengths wavelengths
Durand et al. [2017]
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SEISGLOB project
ooo0e

SEISGLOB2

Is it a discontinuitv or a “transition” zone?

SEISGLOB2
- m surface
il O ~ T~ 670 km
= ©o e ¥
g 1o 3 4
2 @ "~-. @0
= s -
S S s ~. 1500 km
3 | ®
i O
m’ /‘\ -
A transition zone,
0 20 30 w,\ where smaller scale
Harmonic degree | heterogeneities
L
ong Short accumulate

wavelengths wavelengths

Durand et al. [2017]
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SEISGLOB project
(1]
Impacts

What could be the origin 7 A viscosity jump...
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SEISGLOB project

What could be the origin 7 A viscosity jump...
0 A~ "

500 -

1000 foree S

1500 |

Depth (km)

2000 ~

2500 | Geodynamic model Geodynamic model
with viscosity jump with a lower viscosity
at 1,000 km depth jump at 670 km depth

;513213530 10*10% 133:~‘ Rudolph et al. [2015]
Relative Viscosity
[ |
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SEISGLOB project

Impacts

What could be the origin ? A viscosity jump...

Depth (km)
500 1000 1500 2000 2500

500
1.0
1000
- 0.5
E
£ 1500 0.0
e -05
2000
-1.0
2500
s 1
SEISGLOB2 Geodynamic model Geodynamic model
Durand et al. [2017] with viscosity jump with a lower viscosity

at 1,000 km depth jump at 670 km depth

Rudolph et al. [2015]
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SEISGLOB project

Impacts

What could be the origin 7 A viscosity jump...

BEAMS

0 e L L High
Composition N JI-* 7
PG e AU e
& [ 3
< 1160 v& 3
= -
B 1740 3 Y k<
a8 i g g
23209 N g
i'Example case - 2 g
2,900 7T T T T T = T T T T T Low
0 1500 3,000 4,500 6,000 7500 9,000 10,500 12,00 13,500 15,000 16,500

Ballmer et al. [2017]

BEAMS = Bridgmanite Enriched Ancient Mantle Structures

SiO, — enriched regions, highly viscous
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SEISGLOB project
(o] J
Impacts

What could be the origin 7 Chemical layering...
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Impacts

What could be the origin 7 Chemical layering...

Composition

aubinqzieH

o o o
] o
T

80

=)

——F——F

200 Asthenosphere

600 [~

1000 - -1
Uppermost lower mantle

1200 1

Depth (km)

1400 - B

1600 [~ 1

1800 - B

! I 1 1 1
2000 0%  20% 40% 60% 80% 100%

o
0% Xim (A) 100%
Harzburg. Basalt

Ballmer et al. [2015]
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SEISGLOB project
®0000000

QsADR2017

Imaging attenuation
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SEISGLOB project

®0000000

QsADR2017

Imaging attenuation

Velocity alone cannot discriminate thermal or compositional effects...

Collége de France, 7t1' October 2021 27/39



SEISGLOB project
®0000000

QsADR2017

Imaging attenuation

50 100 200 500 1000

There is a need of new observations (Qs) !
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SEISGLOB project
O®@000000

QsADR2017

Waveform inversion

1) Automated waveform inversion (cara and Leveque, 1987; Debayle and Ricard 2012).
Rayleigh waveforms, period range : 50 -250 s

RS - Qs(2) wa - Vs(2)
« s oe « 86
\ ™ 0
- } 0+ =
Ot 04720 0 x
w -
e W e w w  we 0 o
— P B
™0 e
- -
w -
1000 ae
oo .
10 -

% 10020 %0100

0 10 100 500 1000 2000 10000 32000
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SEISGLOB project
[e]e] le]ele]ele]

QsADR2017

Global S-wave attenuation and velocity models

Vs model -DR2020s Qs model -QsADR17
Debayle et al. [2020] Adenis et al. [2017]

o s » ‘m oo e Based on the same dataset : fundamental and
higher modes global dataset (372,629
Rayleigh waveforms).
o |nverted using the same approach with the
same horizontal and vertical smoothing

o Specific treatment for Qs :
Focusing/defocusing effects accounted for,
specific model for source excitation and
careful data selection

50 100 200 500 1000
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SEISGLOB project
[e]e]e] lelelele]
QsADR2017

Joint interpretation of DR2012 & QsADR2017

0100 km
a b
Experimental results from Jackson et al. [2002] S N S
N
g " . % [
-1 1 /7C\ E+PV\1® g, S
Q " =A|l—| =) exp| ——5— ] I £ ] L
o \ G RT g i ‘ :
£ ] A
J L 2 [
_ o o [ w0 0w 0w o o fWe 1o 10 160 70 o0
® A=T750s Hm In(Qs) Temperature (K)
® E =424 kJmol?
0150 km
® V=6.10"°m? mol~? ¢ ¢ e
® o=0.26 ] I o \.\\\\\ [
L o ) g ] X [
® &= 100 s (oscillation period) g ) " 5 . Lo
® Water effect (after Behn et al. [2009]) . i, ] i
[ w0 0w fow o o We 1o 10 10 170 a0
In(Qs) Temperature (K)
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SEISGLOB project
[e]e]e]e] lelele]
QsADR2017

Joint interpretation of DR2012 & QsADR2017

e Knowing Qs and temperature T we can predict = ‘
V, for each T (or Q) (blue curve). e
e We assume a pyrolitic mantle, we use PerpleX to D
predict Vs (connolly, 200s), and we correct for the g8 ’
effect of Qs on Vi (karato, 1003). : ~
e Then we can add our data (V; and Qs at each 2
geographical point on each map) (dots from red °
to grey) g '\ /
e The blue curve does not explain all the data, we qo -
can shift it to the left by adding melt, which LT a .

reduces velocities (chantel et al., 2016)

Collége de France, 7t1' October 2021 31/39



SEISGLOB project

00000800
QsADR2017

There is melt !

0150 km

Melt content at each depth in % f \ \ ‘ : : ‘ ]

000 001 010 015 020 030 040 1.00

Misfit in % f , ‘ : ‘
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SEISGLOB project
00000080

QsADR2017

Temperature dependent anelastic Model (vamsuchi & Takei, z016; Takei, 2017)

Dry solidus
T [

50 75

In(Qs)

Q.
EN
N

»
[
T

In(Qs)

»
w
T

25 4 - 0150 km
T T

Shear-wave velocity,
Vs (km/s)
N
S
T

40 a2 44 46 48

»
N
T

Priestley & McKenzie 2013
| 1 | 1
400 600 800 1,000 1,200 1,400 2

Temperature, T (°C)

In(Qs)
g

25 — 0200 km
T T
40 42 44 46 48
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SEISGLOB project
O000000e

QsADR2017

Temperature dependent anelastic model (Yamauchi & Takei, 2016; Takei, 2017)

0150 km
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SEISGLOB project

Impacts

Consequences on plate motions

Percentage of melt (%)

0 2 s 6 7 8
Plate velocity (cm/year)

Plate-scale crystal alignment beneath plates moving faster than
4 cm/year is associated with a greater amount of melt.
This requires either that melt facilitates deformation or that deformation
favours melt retention in the LVZ, or both
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What is the future ?
[e] Jele]

Toward a 3D Reference Earth Model

There is currently an initiative on building a 3D Reference Earth Model,

REM, (R. Moulik, V. Lekig, B. R icz, A. Dzi ki)
SEISGLOB2 S40RTS SEMUCB-WM1 S$362WMANI+M

Durand et al. [2017] Ritsema et al. [2011] French & Romanowicz [2014] Moulik & Ekstrom [2014]

100km
670km
1200km
1800km

2800km

J. Ritsema & V. Lekic [2021]
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What is the futur
[e]e] o]

New attenuation measurements

We are now measuring the differential attenuation between an observed
and a 3D synthetic seismogram (ourand et al. in prep)

Midpoint depth (km)

500 750 1000 1250 1500 1750 2000 2250 2500 2750 -10-9-8-7-6-5-4-3-2-10 1 23 4 56 7 8 910

The aim is to extend the attenuation model to the lower mantle.
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What is the future
[e]e]e] )

New data to study the deep Earth

It is based on the fact that aT = 2C (Fichtner & Igel, 2000). Can we get velocity
measurement directly Wlthout any inversion ? (See R. Abreu’s poster)

2018-10-13, depth = 461 km 2015-07-29, depth = 121 km
T T T
1 IS Iscs 1 Is Iscs
T T T T T T T
1160 1180 1200 1200 1220 1240 1260
2013-10-01, depth =578 km . 2013-04-05, depth =571 km m
T T 1 [ 5
4 1 \ "-‘ \
o | A2 A A A ‘ A
1V V \0
I I \»
1 Is 1Scs
S B S -_—
1140 1160 1180 1160 1180 1200 \‘
0
g 2011-10-21, depth = 189 k 2010-05-31, depth = 132 k v
£
E
s
3
8
s
£ T T T T T
s
= 1260 1280 1300 1260 1280 1300
Time (s)

Abreu et al. in prep.
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