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Figure 1 Conceptual view of Earth evolution, identifying
the three crucial elements (the initial condition, the evolution
path, and the present state) and the sciences that contribute
to their understanding. The axes are unimportant, since the
diagram is merely a 2-D slice of a multidimensional phase
space. They might represent temperature or composition,

for example.

21/09/2022

Stevenson, 2014

Les houches - Exo Atmospheres

Introduction / constraints
Heat and volatile transfer
during MO Phase
Examples, results and
applications to exo-planets


helene
Highlight

helene
Highlight


Introduction / constraints: primary atmosphere
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Introduction / constraints: chronology of events

Dissipation of gas in the protoplanetary gas confirmed around
10 My by datation using short lived Pd-Ag system on Iron meteorites (Hunt et al., 2022)

Constraints on the time of formation of Earth
Hf-W + U pb: ~30—-100 My and Mars : 1 — 10 My measured on martian meteorites

<— Refractory inclusions
I Differentiated asteroids
E Mars core formation
I Chondrules form
I Giant planets fully formed
B Nebula disperses
Moon forms I

Late heavy bombardment
[ [ | [ [ | | [

0.1 1 10 100
Time (My)

Figure 1 The timing of events in the early Solar System (Data and
models: Dauphas and Pourmand, 2011; Hutcheon et al., 2009;
Movshovitz et al., 2010; Qin et al., 2008; Sung et al., 2009; Touboul et al.,
2007).

Chambers, 2014
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Introduction / constraints: different types of meteorites
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Introduction / constraints: accretion models

These ages compatible with
accretion models

Eccentricity

Semimajor axis (AU)

Fig.3 Figurc from Walsh et al. (201 1) showing a simulation of the Grand Tack scenanio. The top three panels O Brien, 201 8
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Introduction / constraints:
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Introduction / constraints:
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Introduction / constraints: Magma oceans

Cause of magma ocean

- Blanketting by a dense primary atmosphere
- Impacts
- Radiogenic elements (Al26)

Image Credit: NASA/JPL-Caltech By PublicDomainPictures - http://pixabay.com/en/mercury-
venus-earth-mars-jupiter-163610/, CCO,
https://commons.wikimedia.org/w/index.php?curid=37984303
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Introduction / constraints: Magma oceans

10° Intemnal Energy Sources

1:0 | |
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= ﬁﬁ Giant impact g o 1o
Dynamical model | g
Continuous growth| ]
R l(ansjllytlc*:al) _ 5 10!
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100
Figure 5.1 Bold line shows a typical growth curve from an N-body simulation [run2a of Raymond et al., 20( 107 19-1 . . 10°
semi-major axis (au)

arrows indicate giant impacts. The thin line assumes growth at an exponentially decaying rate (equation 5.4) wit
timescale © of 10 Myr and a later final Moon-forming impact. Exponential growth models with longer e-folding time-

scales have been used to reproduce the Hf-W and U-Pb isotope systematics of the Earth [Halliday, 2004; Rudge et al.,
2010] under the assumption of incomplete re-equilibration during impacts (Section 5.2.4.1). M, is one Earth mass. C hao, 2021

Nimmo & Kleine 2015
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Introduction / constraints: Magma oceans

6 cm

Eihh&-dhﬂ-—a-uiﬂﬂ&nJ-uiﬁinuJ-h

b : = d Rt
P N a v
> R i

b
t=16s 10s 184s

Fig. 3. Late-time thermal stage following the impact shown in Fig. 2. (a) Low impact
Froude number, Fr ~ 6, U =~ 1.3 ms~'. (b) High impact Froude number, Fr ~~ 100,
U =~ 5.4 ms™'. In both experiments P ~ 0.02 and the impactor radius R ~3 cm.
The experiments in (2) and (b) correspond to supplementary movies S1 and S2,
respectively.

(partially molten?)

Nimmo & Kleine 2015 Landeau et al., 2021
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Introduction / constraints: Magma oceans

Certaines petites planetes sans atmospheres primitives vont pouvoir former une atmosphere secondaire
Par dégazage.

@ Fluid

. Silicate melt

. Graphite

. Diamond

‘ Metal diapirs
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Graphite floatation
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Hirschmann, 2022
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Gaillard et al. 2022

21/09/2022 Les houches - Exo Atmospheres 12



19
Q
ey
S

o
N
e,
S

(@)

o
[ =)

W

<

@)

Q
N

<
®)

-

@)

S
o]

o

o
o
S

l Jupiter family l

Oort cloud

50
10

02/dL9 @

Z Asjuey 4/501
dJWH Sy 0>

AsjleH _H K

ayeInyedy 78 9661/
ppeLED 14/600Z

ajunj 48
Je3un £1.2002/)
183N D 1002

Bueyz eAay 4/€ST >
ddog ey S661/0

snpejasu3 10

ol
sauIpuoy) e OM&

yuo3 @

10
104

ones H/Q

Protosolar nebula

o aumdan
snueJn

uinjes
saudnf @

10

2015

*’

Altwegg et al

13

Les houches - Exo Atmospheres

21/09/2022



Introduction / constraints: different types of meteorites

CometWatch - NavCam images, ESA 7/7/2015

Tchourioumov gerasymenko

21/09/2022 Les houches - Exo Atmospheres 14



Introduction / constraints: water

~18_3 /+81 EO
Main phases of the crust Minor hydrous phases from
and mantle : nominally the crust and mantle
anhydrous minerals Melt, Glass, Fluid,
Gas, Super-critical
Fluid

Olivine*, P);ro
Garnet*, Felds ‘ O H
Ringwoodite, Wadsl

t
Apatite, Amphibole, Mica,
chlorite, serpentine,
Phases Ato H and Egg, 6-H

Fig. 1 Sketch illustrating the “water” species present in the various phases of the Earth’s mantle and crust.
The size of the pie slices represents the approximate volume percentage of the phases. The main reservoir
of water in the mantle is nominally anhydrous minerals where hydrogen (H) enters their lattice in defects,
and bonds to structural oxygen (blue field) (Bell and Rossman 1992b). *Olivine, pyroxene and garnet can

incorporate water as Hy under reduced conditions (Yang et al. 2016). **K-feldspar can sometimes include
water as HoO and NH4 (Johnson and Rossman 2004)

Peslier et al., 2017

21/09/2022 Les houches - Exo Atmospheres
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- Introduction / constraints

- Heat and volatile transfer during MO Phase

- Examples, results and applications to exo-
planets

21/09/2022 Les houches - Exo Atmospheres 16



Heat and volatile transfer during Magma Ocean Phase

Temperature (K)
x \ ‘ 1 ’ , — N w » w o)) ~
o o o o o o o
\ J / . 8§ 8 8 8 8§ 8§ 8
T T I I

Atmosphere

Heat flux
w
O B —
S
Turbulent - R, g i |
convection Totally liquid zone S

——.—_—‘

Depth (km)
00S1

)
S
St i
S
Nucleation of
new crystals ¥
§ . oFr .
in the descending S
convective plumes
3
S 1 1 1 1 1 1
S

Legend: 1 Net Solar flux , Escape processes

Rp

SC = pC

2dr — R QS + RBQB + Hmt + Hsol
Ry dt
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Heat and volatile transfer during Magma Ocean Phase

Coupled model
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Heat and volatile transfer during Magma Ocean Phase: Ra

u=0 p =p,(1+fpz)
Statically stable Statically unstable
Y Y
< p<0 p>0
0’
Important physical parameters: g % K B

Dimensions LT2 L2T! L2T! L1



Heat and volatile transfer during Magma Ocean Phase: Ra

Spherical particle of radius h
Displaced upward of hin a time T



Heat and volatile transfer during Magma Ocean Phase: Ra

-Characteristic velocity U?

-Potential energy gained E?

-How much time for the particle to lose buoyancy?

- What 1s the energy D dissipated by viscous forces?



Heat and volatile transfer during Magma Ocean Phase: Ra

Characteristic velocity : [ « h

T
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< p,Bhh’gh
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Heat and volatile transfer during Magma Ocean Phase: Ra

Convective patterns as a function of Rayleigh number:

up to Ra=30 for entirely
liguid MO

Figure 4 Convection pattems of a fluid heated from below at Rayleigh number 10°, 10°, 107, 108. The temperature color
bars range from 0 (top boundary) to 1 (bottom boundary). The Boussinesq approximation was used (numerical simulations by
F. Dubuffet). The increase in Rayleigh number corresponds to a decrease of the boundary layer thicknesses and the width of
plumes. Only in the case of the lowest Rayleigh number (top left) is the convection stationary with cells of aspect ratio ~ V2 as
predicted by marginal stability. For higher Rayleigh number, the patterns are highly time dependent.

Ricard, 2007
21/09/2022 Les houches - Exo Atmospheres 23



Heat and volatile transfer during Magma Ocean Phase

Viscosity
1030 T T T T T T T
e Td) 1}i1]11/1l11,s
. 10% | -
After Takei and Holtzmann 2009
Interpolation between 1 (Karato et Wu, 1993) 1020 |- _
et n, (Karki et Stixrude, 2010) -
3‘ \
% 1015 Nsolid .
§ 10 :
=
\
105 N 771/(1+('7’i~f |
\
AN
NG
10° | - i
\_

600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600
Temperature [K]|

Salvador et al., 2017

21/09/2022 Les houches - Exo Atmospheres 24



Heat and volatile transfer during Magma Ocean Phase

g
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Andrault et al., 2016
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Heat and volatile transfer during Magma Ocean Phase
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Heat and volatile transfer during Magma Ocean Phase

Mass conservation of volatiles

lid liquid {F MO
Mo + M i 5 M7 = Xvol,t:OMtzo

vol vol vol
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g
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Heat and volatile transfer during Magma Ocean Phase: Ra

Definition: End of Rapid Cooling Stage

@ Limit between two evolution stages:

e Controlled by F..,v, vigorous mantle convection, strong
cooling, degassing of the atmosphere

o Controlled by F., quasi steady-state: T, r and P,¢m, other
geodynamic regime

o ERCS taken at time when Feopy = 15 F®

21/09/2022 Les houches - Exo Atmospheres 28



- Introduction / constraints

- Heat and volatile transfer during MO Phase

- Examples, results and applications to exo-
planets
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Examples, results and applications

Degassing

Liquid fraction ¢g,,

e
<t
T

108 ] ] ] L A
i Liquid State Convection
Peco,
= 107+ 4
A
(]
H .
2 Solid State
wn .
1 Convection
106 L
E R\'_'
[}
=
o,
wn
o}
B
< 107 | 4
Py,0
: ERCS
104 ol il vl vl vl vl vl 0wl
106 10 107* 10 102 107! 10 10* 10> 10® 10%

Time [Myr]

CO,: 600 ppm; H,0: 0.4 EO; D=1 AU 0=0.2

21/09/2022

e
J
T

I
(@]
T

0.4+

. ERCS

il IR i

0.3

1076

Les houches - Exo Atmospheres

102 10° 102

Time [Myr]

31

10*



Examples, results and applications
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Examples, results and applications

CO, content
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Examples, results and applications

H,O = 0.6 MEO, a = 0.2
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Examples, results and applications

For different initial water content
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Examples, results and applications

Scaling

volatiles

S . x[0]co,
— x[0]co, +x[0]H,0

X

Distance to the star

D — Fo!l—a!
¢ Fir

Fo being the solar constant for the young sun and F;z the Nakajima limit (280 W m™2
In Marcq et al. model used here)

D* =L —0.814

b —

21/09/2022 Les houches - Exo Atmospheres

36



4000

Examples, results and applications
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Examples, results and applications
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Conclusions perspectives

Perspectives:
- Post MO Heat and volatile transfer
- Surface conditions and fracturation
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Application to exoplanets: remarks, questions?
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