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Outline

the Phanerozoic (10% of Earth history) than the entire
period before this. More importantly, the processes that
govern early history are very energetic and fast. As a
consequence, more could have happened in the first
millions to hundreds of millions of years than through-
out all of subsequent geologic time.

Table 1 develops this idea further by identifying
some of the important timescales of relevance to Earth
history and prehistory (here taken to mean the impor-
tant events that took place even before Earth formed).
From this emerges the subdivision of geologic time
into the accretion phase (the aggregation of bodies to
make Earth), lasting a hundred million years at most,
an early evolution in which the high-energy conse-
quences of the accretion (the stored heat) and possibly
later impacts still play a role, perhaps lasting as long as
half a billion years, and the rest of geologic time in
which the energetics of Earth is strongly affected by
the long-lived radioactive heat sources.

In this overview chapter, an attempt is made to
identify the main themes of Earth history, viewed
geophysically, and to provide a context for appreciat-
ing the more detailed following chapters. At the end,
some of the outstanding issues are revisited, remind-
ing us that this is very much a living science in which
there are many things not known or understood.

9.01.1.2 History and Themes

Hopkins (1839) in his ‘‘Preliminary observations on the
refrigeration of the globe’’ illustrates well the prevailing
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Figure 2 The logarithmic representation of geologic time.
The energy budget and rapidity of processes at early times
motivates this perspective. A similar view is often taken of
cosmology.

Table 1 Some important timescales

Process Timescale Comments

Formation of Earth 107–108 years Infrequent large impacts; background
flux of small impacts

Cooling of Earth after a giant impact 1000 years (deepest part of magma
ocean)

100–1000 years (condensation of a
silicate vapor atmosphere)
!106 years (condensation of steam

atmosphere, assuming no
additional energy input)

A wide range of timescales, some of
which are very fast but nonetheless
important. Formation of a water ocean
can be fast

Elimination of heat in excess of the
thermal state that allows convective
heat transport in equilibrium with
radioactive heat production

!108 years Earth loses most of the thermal memory
of a possible very hot beginning

Decline of impact flux (1–7)" 108 years The late heavy bombardment at 3.8 Ga
may have been a spike rather than
part of a tail in the impact flux

Current timescale to cool mantle by
500 K

5"109–1010 years Very slow because of the high mantle
viscosity
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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.

2 Earth Formation and Evolution

Stevenson, 2014
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Gaillard et al., 2021

Introduction / constraints: primary atmosphere
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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)

Introduction / constraints: chronology of events

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

Chambers, 2014



Fragments of planetary
cores

From core-mantle
boundary

Solidified magma 

Planétologie, Sotin et al., Dunod

Introduction / constraints: different types of meteorites
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Introduction / constraints: accretion models

These ages compatible with 
accretion models

O Brien, 2018
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Exoplanets as clues Introduction / constraints: 

Rocky bodies

Massol, 2016 based on Lopez 
and Fortney, 2014

10% hydrogen

1% hydrogen

Super Earth less than
20 M⊕

Diversity in H 
content
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Introduction / constraints: 
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Cause of magma ocean

Introduction / constraints: Magma oceans

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

By PublicDomainPictures - http://pixabay.com/en/mercury-
venus-earth-mars-jupiter-163610/, CC0, 
https://commons.wikimedia.org/w/index.php?curid=37984303

Image Credit: NASA/JPL-Caltech
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Nimmo & Kleine 2015

Chao, 2021

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

Introduction / constraints: Magma oceans



Certaines petites planètes sans atmospheres primitives vont pouvoir former une atmosphere secondaire
Par dégazage.
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Gaillard et al. 2022

Hirschmann, 2022

IW: fO2

Introduction / constraints: Magma oceans
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Altwegg et al., 2015

Introduction / constraints: Volatiles
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CometWatch - NavCam images, ESA 7/7/2015

Tchourioumov gerasymenko

Introduction / constraints: different types of meteorites



Peslier et al., 2017

~18-3 /+81 EO

21/09/2022 Les houches - Exo Atmospheres 15

Introduction / constraints: accretion modelsIntroduction / constraints: water
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- Introduction / constraints
- Heat and volatile transfer during MO Phase
- Examples, results and applications to exo-

planets

Outline
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Heat and volatile transfer during Magma Ocean Phase

Massol et al., 2016



Salvador et al., 2017
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Magma oceans and secondary atmospheresHeat and volatile transfer during Magma Ocean Phase
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Heat and volatile transfer during Magma Ocean Phase: Ra
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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 is the energy  D dissipated by viscous forces?

Heat and volatile transfer during Magma Ocean Phase: Ra



Characteristic velocity :
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Heat and volatile transfer during Magma Ocean Phase: Ra



Ricard, 2007

Convective patterns as a function of Rayleigh number: 
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up to Ra=30 for entirely
liquid MO

Heat and volatile transfer during Magma Ocean Phase: Ra

with 𝛽 = !"#
$

𝑅𝑎 =
𝛼𝑔Δ𝑇ℎ!

𝜅𝜈



After Takei and Holtzmann 2009

Interpolation between hs (Karato et Wu, 1993) 
et hl (Karki et Stixrude, 2010)
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Salvador et al., 2017

Viscosity

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

Heat and volatile transfer during Magma Ocean Phase
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Exsolution

More references in Iacono et al., 2012

Heat and volatile transfer during Magma Ocean Phase



21/09/2022 Les houches - Exo Atmospheres 27

Mass conservation of volatiles

Heat and volatile transfer during Magma Ocean Phase
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Definition: End of Rapid Cooling Stage

Heat and volatile transfer during Magma Ocean Phase: Ra
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- Introduction / constraints
- Heat and volatile transfer during MO Phase
- Examples, results and applications to exo-

planets

Outline



21/09/2022 Les houches - Exo Atmospheres 30

4 - Formation of secondary atmospheres

Time evolution

CO2: 600 ppm; H20: 0.4 EO; D=1 AU  a=0.2 

Examples, results and applications
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CO2: 600 ppm; H20: 0.4 EO; D=1 AU  a=0.2 

Degassing

Examples, results and applications



21/09/2022 Les houches - Exo Atmospheres 32

0,77 1,3

4 - Formation of secondary atmospheres

Distance to the sun

Examples, results and applications



21/09/2022 Les houches - Exo Atmospheres 33

CO2 content

CO2: 1200 ppm; H20: 0.6 EO; D=1 AU  a=0.2 CO2: 400 ppm; H20: 0.6 EO; D=1 AU  a=0.2 

Examples, results and applications
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partial melt
no condensation
condensation post ERCS
condensation at ERCS

Examples, results and applications

‘‘Type II”
Hamano, 2013

‘‘Type I”
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For different initial water content

Examples, results and applications
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Distance to the star

FO being the solar constant for the young sun and FIR the Nakajima limit (280 W m-2

In Marcq et al. model used here)

Scaling

Examples, results and applications
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Venus

Examples, results and applications
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Meier, 21 (LHS 3844b)
Dorn and Lichtenberg, 21 (Trappist 1f)

0,64

Cadieux, 22 (TOI1452b)

Massol et al. in prep.

Examples, results and applications
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Perspectives: 
- Post MO Heat and volatile transfer
- Surface conditions and fracturation

Application to exoplanets: remarks, questions? 

Conclusions perspectives


