The Moon plays a major role in maintaining the Earth's magnetic field
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Spin rate: 200 rpm
Precession period: 10 min
Injection latitude: 3°N

Time after injection: 2 h, 1 min

This talk is divided in 4 parts: Fluid injection during precession
: (Vanyo, 2004)

1- Thermal state of the core: A puzzling paradox
2- Current core temperature : Still quite hot !

3- Early core temperature after crystallization of the magma ocean

4- Mechanical forcings are required to maintain the geodynamo alive




The Earth magnetic field is produced in the liquid outer core

Aubert et al., 2017
Radial magnetic field at core surface
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What is the energy source to maintain the Geodynamo ?

Three possible mechanisms to produce motions in the core:

- Thermal convection
Generated by a heat flux out of the core of 5to 15 TW

High thermal conductivity of the liquid Fe-alloy support high value (10-15 TW)

- Solutale convection
Produced by growth of an inner core relatively depleted in light elements
or by a flux of atoms at the core-mantle boundary

- Mechanical forcing
Precession and tides at the CMB stir the outer core

The classical model suggests:

- Solutale convection
Seems reasonable, since the Earth’s core is partially solidified

- Thermal convection
The heat flux out of the core could help inducing mantle convection

= ical forcing
| role, not necessary => Discarded



Internal temperature (K)

15 years ago, the thermal state of deep Earth was poorly constrained
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Controversial value of k, thermal conductivity of the liquid outer core
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With years, two major constraints arose...

The thermal conductivity of the Fe-alloy in the outer core is
at least twice than previously thougth.

=> A geodynamo maintained by thermal convection requires
a large heat loss at the core-mantle boundary (10-15 TW)

The CMB temperature remains very high today. It is at ~4000 K,
just below the mantle solidus

=> |n the classical «cooling» scenario, the lowermost mantle
should have been largely molten in the past !

Labrosse et al., Nat. 2007




The newly revised «classical-like» model...

Labrosse, 2015, see also Davies et al., 2015
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Implications : Also, the model predicts that the
- T(CMB) above the mantle liquidus for more than 1 Gy geodynamo should stop very soon:
- T(CMB) above the mantle solidus for up to 3.5 Gy «Tomorrow», if 15 TW is the critical

- Age of the inner core is less than 1 Gy heat flux along the adiabat...




What is the current core temperature
at the core mantle boundary ?
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Ultra-low
velocity
zohes

ULVZs are
small (~10 km
tall, ~100 km
across) dense
(~10%), slow
(>10%
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anomalies

Might be
preferrentially
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of the LLSVPs

Different size /
character than
“‘Perm-type”
anomaly.
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Partial melting today in the lowermost mantle: Different models

Melting of the subducted slabs

Andrault et al., 2014
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New melting curve determination using X-ray diffraction
=> using the diamond anvil cell

Gasket
CO, or YAG laser
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Temperature (K)

Melting curves (solidus) of various lower mantle materials
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Temperature (K)

Melting curve of Fe and Fe-alloys
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Temperature (K)

Temperature profile in the core
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Fully molten

Growth
of inner core

=> solutale
convection
in outer core
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Current temperature profile in the deep Earth
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CMB Temperature (K)

The current temperature at the CMB is well constrained
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Why does the CMB temperature is still ~at the mantle solidus after ~4.5 Gy ?
What has been its evolution along geological ages ?
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CMB Temperature (K)

Secular cooling can produce thermal convection and core motions

It requires a CMB heat flux up to 10-15 TW

Which translates into an initial CMB temperature larger than 7000 K (Labrosse, 2015)
see also (Nakagawa & Tackley, 2005, 2010)
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What was the early core temperature
after the giant Moon-forming impact
and the crystallization of the magma ocean ?




We modeled heat transfert in the primitive mantle

- Using a 1D model (i.e. lateraly averaged)
- Including the heat from the core

Heat transfer within a highly turbulent environment...

Heat conduction equation:

oT
P pﬁ

=V.(kVT)+ pH

k=k +k, k, < (L, Ra”, AT)
aq(r)C,p* AT L? _ T =Ty
o = 24 ;567 n=te) o= g

0 = density

C,=heat capacity
T=temperature
t=time

H=radiogenic heating

k=thermal conductivity
k=intrinsic conductivity
k,=eddy conductivity

L=magma ocean thickness
Ra=Rayleigh number

B =turbulence power
AT=T-T,,

o = thermal expansioncoeff.
g=gravity
1 =dynamic viscosity

® =melt fraction

T, ,=solidus temperature
Ti,=liquidus temperature



Variable and non-dimensional

parameter values for numerical

Set of input parameters

models.

Melt density
Heat capacity
Thermal expansion coefficient

Viscosity of solid phase
Viscosity of the magma ocean
Total conductivity

Rayleigh number
Prandtl number
Reynolds number

Pm

Ra
Pr
Re

A-model: 2684-5274 kgm  ~3
F-model: 2679 — 5378 kgm 3
A-model: 1742 Jkg ~ 1K™

F-model: 1800 Jkg ~'K™'

A-model: 1 .3 X 107°-7.9x 107> K™!
F-model: 2 X 107°-9.6 X 107> K™

1-102" Pas
5-107 Wm ~'K™'

att=0:1 % 10%-3 x 107
350-3 .6 X 10%
att=0: Re~ 10°

Computed from Thomas and Asimow (2013)
Computed from Thomas and Asimow (2013)

Computed from Thomas and Asimow (2013)

From Eq. (8) with N0 = 256 Pas and B = 25.17

From Eq. (7)
= ke + ky

Computed from Eq. (3)
= CpN/ke
From Solomatov (2007)

Temperature (K)

Computed adiabatic gradients compared with solidus and liquidus profiles
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Rate of cooling after the Moon-forming impact

Rate of mantle cooling depends firstly on the viscosity of the magma ocean (through k )
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The rate of core cooling depends firstly on the

thickness of the thermal boundary layer (e_ )

located in the mantle, just above the core.
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Temperature (K)

Settling of a stable mantle geotherm
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CMB Temperature (K)

“Rapid” cooling of the core until the lowermost mantle became viscous
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What is the energy source to maintain the Geodynamo ?

Three possible mechanisms to produce motions in the core:

- Thermal co
Requires a heat flux o

High thermal ivity of the liqui
Not enough cooling

ut of the core
support high thermal flux

- -
_— —

- Solutale ‘convection _ -
Produced by growth of an inner-core relatlvely depleted in light elements
or by a qux of atoms at the core- manﬂebeundary

_ - Can contribute, but cannot do the-jeb alone

- Mechanical forcing
Precession and tides at the CMB stir the outer core
This mechanism is required to explain: What is it ?
- Early Moon and Mars magnetic fields Does it brings enough energy ?

- Current magnetic field on Ganymede



Precession (Noir, 2000) Tides (Sauret, 2013)

Spin rate: 200 rpm

Precession period: 10 min
Injection latitude: 3°N

Time after injection: 2 h, 1 min

Outer-core flows driven by mechanical forcings

Fluid injection during precession
(Vanyo, 2004)

Mantle rotation vector Qg

Le Bars et al., 2015

Mormal to the 2D elliptical streamlines

Fluid vorticity

Centers of the elliptical streamlines

Precession vector ﬂp

Tidal distortion B ol

b Tidal distortion

Antisymmetric component of radial velocity
in a simulation (Lorenzani & Tilgner, 2001)



Role of tidal distorsion

orbital .

Eguatorial plane mt\. Experimental set-up at IRPHE
7
A
v
Working fluid = water

orbital . = :
motion R=10cm :

orbital
motion

Rotation up
to +/-160rpm

core

3 dimensionless parameters

B= tidal bulge/radius =0.09
Q.= Orbital/spin rares =-0.053
E= Ekman number =9.510°

Sauret et al., 2014






Role of libration
Experimental set-up at spinlabucla

Camera mounted
in rotating frame

Ellipsoidal acrylic
container

Librating
motor

Grannan et al., 2014









Energy Budget: Running the Geodynamo by Mechanical forcings

3.7 TW is continuously injected into the Earthfrom Earth-Moon-Sun orbital system
(Wunsch and Ferrari, 2004):
- 0.2 TW dissipated into Earth’s atmosphere and mantle
- 1 TW 1s lost to the deep ocean
- Up to 2 TW additional tidal dissipation in shallow seas (Ferrari, 2015).
=> Hence, 0.5 to 1 TW, or even more (!) could be used to produce motions in the outer core

From 0.1 to 2 TW is required to induce a geodynamo in outer core (e.g. (Christensen and
Tilgner, 2004)). This is related the amount of motion required in the outer core

Note : Significantly more energy was injected into the Earth in the past.



Average equatorial

kinetic energy
(dimensionless)

Mechanical forcing produces Instablities and turbulences
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Figure courtesy of A. Grannan, SpinLab, UCLA
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CMB Temperature (K)

| Hadean Archean Modern Earth
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SUMMARY:

The magma ocean solidification is achieved in 100-200 ky (viscous mantle at all depths)
After this delay, the maximum possible core temperature at CMB is ~4450K

Today, the core temperature at CMB is 4000-4150 K
Core cooling in ~4.4 Gy is insufficient to maintain geodynamo by thermal convection

Mechanical forcings may be a major ingredient to maintain the geodynamo
They are associated with secular changes of astronomical parameters
in the Earth-Moon-Sun system

Even if (i) thermal convection and (ii) solutale
convection still contribute today (?), the Already ~50 years ago...

Geodynamo would have stopped earlier W.V.R. Malkus, Science, 1968
in absence of a Moon.
Precession of the Earth

Searching for life on extrasolar planets ? as the Cause of Geomagnetism
Favor planets with a satellite !

Experiments lend support to the proposal that
precessional torques drive the earth’s dynamo.




Temperature (K)

Presence of a thick refractory layer of bridgmanite

at the center of the lower mantle ?
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Implication: The core temperature after

Labrosse, 2015
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What if chemical segregation occurs?
Then, there would be reaction where
Bg and the MOs are in contact !

Basal
MO

Superficial
MO
A

The MOs should be enriched in
incompatible elements





