.....
.......
000000

iere Whole Earth oscillations:

......
o L
e .-.o.o..“ .....

“E Thé key to imaging density
in Earth’s deep interior
W4 Using seismic data

Arwen Deuss

Runa van Tent, Ashim Rijal, Laura Cobden



Velocity (km/sec) and density (kg/m3)

— = —
[o)] (o] o N B

AN

]

0
0

1D density profile

Seismic tomography

Vp
Vs
rho

CMB

ICB

1000

2000

3000
Depth (km)

4000

5000

6000

Neutrino tomography

—— PREM model
¢ Max 1D pos.

Density (g cm™)

0.3

T T |l T T Ll
0 1,000 2,000 3,000 4,000 5,000 6,000
Earth radius (km)

7,000




Seismological Data
Mﬂ\/\

Synthetics computed using
MWM normal mode summation

Synthetic up to 6 seconds for PREM
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(1) Body waves
Imaging small scale structure
and discontinuities
Only velocity information
Ray theoretical approximations

Short period
(~ 0.05-1Hz)

(2) Surface waves /

1
Imaging upper mantle only " (0.3-40 mHz)

Mainly velocity information
(Ilmlted denS|ty) Rayleigh wave

(3) Whole Earth oscillations

Density and velocity information
Only large scale structure
Complete theory

Long period
(0.2-10 mHz)




Whole Earth oscillations

Spheroidal modes S,
n = radial order, | = angular order

Surface patterns

OS2 OSS

Radial patterns

Fundamental First Overtone Second Overtone Third Overtone

0S2: 54 minutes
“football mode”

0S0: 20 minutes
“breathing mode”

http://lucien.saviot.free.fr/terre/index.en.html



Normal mode data

Data spectrum 059 Sumatra earthquake
(e 32; * s,  26/12/2004
Synthetics 3S3 45 g
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SNREI

*spherical symmetric,
x~non-rotating,
*isotropic Earth

degeneracy:
2l+1 singlets have same frequency |
0

Real Earth

» Rotation
* Ellipticity
= Heterogeneity
* Anisotropy i

0|

degeneracy removed:
21+1 singlets have different frequency

l

splitting and coupling



Normal mode observations

« Data set of 93 events with Mw>7.4 since 1978

« Select frequency window for specific normal mode
« Combine all spectra for one splitting function

« Start from PREM predictions

« lterative least squares spectral fitting

Including:

« 2004 Sumatra
(Mw=9.0)

« 2010 Chile (Mw=8.8)

« 2011 Japan (Mw=9.0)
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amplitude

Normal mode spectra

Before splitting function

measurement:

Rotlation and eIIipticlzity, var=0.476 |

0S6
- data
- synthetic

060994A
MA2
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amplitude

After splitting function
measurement:

Slplitting functionl, var=0.036 |
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Splitting functions

F(Q,(I)) =X Cq Yst(e’(l)) s=angular order

t=azimuthal order

Upper mantle Lower mantle
Elastic splitting function — 3D velocity Elastic splitting function — 3D velocity
& density & density
“P-Vs=Vp 2512 | - 1S9 ‘

TZ -
/~ “? o~ S 13.52
“Aw"‘i \ ‘\‘
lﬁ £ )a‘%' 0.00
ﬂ l‘i’f" V.9 uHz
ICB

Deuss et al, GJI, 2013



~ s=0 ‘center frequencies’ ——

Splitting functions
F(Q’(I)) =Y Cqt Yst(9,¢) s=angular order

t=azimuthal order

Coefficients c; depend on Earth structure

o= | SMe(K(r)dr

omg(r) are model parameters (vs, v, p)
K(r) are the kernels

1D structure




1D structure

* OQuter core is denser than PREM * Inner core is lighter than PREM
(Irving et al, 2018) (Robson & Romanowicz, 2019)
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Core Mantle Boundary Stoneley modes

(@) 15;2 (b) 2S+6 (C) 3526

\
\Ir\ \
Surface 3 g N\
i ! X
1 \\
:I \\\ Dn
l‘ \\
\ {l \

D” AN N ( //’J"I 00km
NN / ows
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« Strong sensitivity to the Core Mantle Boundary
Difficult to observe, as almost no surface expression!




1D structure

Outer core density — center frequency shifts

density kernel
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1D structure

Normal mode spectra— outer core density
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1D structure

* Quter core is denser then PREM? + Inner core is lighter than PREM?

a) Outer-core model
(no IC modes)
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1D structure

* Quter core is denser then PREM? + Inner core is lighter than PREM?

a) Outer-core model

(no IC modes) b) Outer-core model
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1D structure

* Quter core is denser then PREM? + Inner core is lighter than PREM?

a) Outer-core model

(no IC modes) b) Outer-core model c) Core model
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1D structure

Inner core is lighter than PREM?
0.4% lighter

e Quter core is denser then PREM?
0.2% denser near the top

a) Outer-core model

(no IC modes) b) Outer-core model c) Core model d) Mantle + core model
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1D structure

CMB depth — 5km shift is already too much!
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1D structure

Outer core is denser than PREM « QOutercoreisonly . model

(Irving et al, 2018) denser at the top  —-- EPOC-Vinet
—— PREM
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Velocity (km/sec) and density (kg/m3)
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3D structure

Large Low Shear Velocity Provinces (LLSVPs):
Hot superplume or stable mantle anchor?

& |
| |
. shear velocity variation from 1-D
-1.5% M S +1.5%



LLSVP density — previous studies

Seismic normal modes

Tomographic models - LLSVPs are dense Ishii & Tromp (1999)
Trampert et al. (2004)

Mosca et al. (2012)
Stoneley modes - LLSVPs are light  Koelemeijer et al.(2017)

Geoid - LLSVPs are light ~ Hager et al. (1985)

| data

- LLSVPs are dense Lau et al. (2017)



Density tomography o cato ssmping
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Density tomography o cato ssmping

Velocity Density

Vs, 2850 km

Low velocity
LLSVP’s

— 1.5 0.0
dinp (%)




Comparing density

Average LLSVP density

—o— Koelemeijer et al. (2017)
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Thermochemical inversion
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Synthesis - LLSVPs

Velocity Density

—-2.065 0.000 2.065 —0.982 0.000 0.982
dinVs (%) dinp (%)

The continental sized LLSVPs are devided into a dense base and a light
top. They have a high temperature; their higher density is due to increased
iIron content, which makes them rather stable.



Conclusions

The outer core is 0.2% denser than PREM
The inner core is 0.4% lighter than PREM.

We find 1% denser regions at the base of otherwise light LLSVPs,
reconciling apparently contradicting earlier constraints

The dense base of the LLSVP regions correspond to a change in
composition with an increase in FeO and SiO,, within overall high
temperature LLSVPs









