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Day 1 - Fundamental concepts

Part I — Energy budget: sources of energy and
their relative importance during planetary
evolution

Part II — Thermal evolution of asteroids

Part IIl — Thermal evolution of planets
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Why in West Africa ?
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Because there are many fun
things to do and nice
beaches--




Because planetary scientists need to learn about ancient Earth
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Comparing Mars and West Africa
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2 billions of years of magmatic history
Mantle evolution with time
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Chemical mapping of metals with portable instruments
REE, Au, K, Th, U
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Chemical mapping with portable instruments

Measuring the spatial distribution of K — U - Th
The heat-producing elements (source of energy for the Earth)

Thermal and Dynamic History of Planets



Part 1. Energy budget of solid planets and satellites

Our planet, the Earth is geologically active (volcanoes, earthquakes, mountains)
and this activity is driven by some source of energy available in the planetary
interior.

Other planets or satellites are or may be still active too (o, Enceladus, Venus ?,
Mars 7).

And all solid planets and satellites show evidence for past volcanic or tectonic

activity. This is evidence for the existence of universal and may be common
sources of energy for all solid bodies in the solar system.

1.1 Overview of the volcanic activity in the solar system
1.2 Gravitational energy: accretion, differentiation
1.3 Short-lived isotopes

1.4 Long-lived isotopes

D. Baratoux - Kobe University, 15" = 16™ June 2016



1.1 Overview of the volcanic activity in the solar system




1.1 Overview of the volcanic activity in the solar
system
Plate tectonics — may be the

most important thing that has
happened to the Earth

Volcanic (and tectonic)
activity along plate
boundaries

245 75- 85
I 45 - 55 85-95
55-65 I 95- 150
Earth heat loss ~40 TW 6575 [EI1S0-450
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1.1 Overview of the volcanic activity in the solar
system

A paradigm for the volcanic history of terrestrial planets

It takes more time for bigger objects to cool than for smaller
objects

Large terrestrial planets (Earth, Venus) are still active, whereas
smaller terrestrial planets or satellites (Mercury, Mars, Moon)
are now extinct

[s it really true ?

D. Baratoux - Kobe University, 15" = 16™ June 2016



Smooth plains - effusive volcanism
Model ages obtained for widespread

plains-forming lava flows range from
~4.1 to 3.55 Ga

Smooth plains

Odin-type plains

(Caloris basin)

[
- Crater materials

Fjecta deposits

Volcanic vents

o

. Probable volcanic vents

——— =i

Denevi, B. W,, et al. (2013), The distribution and origin of smooth plains on Mercury, J.
Geophys. Res. Planets, 118, doi:10.1002/jgre.20075.
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Mercury
More recent explosive volcanism ?

Pits and depressions [

Thomas, R. J., D. A. Rothery, S. J. Conway, and M. Anand (2014), Long-lived explosive

90° volcanism on Mercury, Geophys. Res. Lett., 41, 6084 = 6092, doi:10.1002/2014GL0O61224.

, s =
. Different types of pitted ground (probable volcanic vents)
D. Baratoux - Kobe University, 15" = 16™" June 2016



Mercury
More recent explosive volcanism ?
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Thomas, R. J., D. A. Rothery, S. J. Conway, and M. Anand (2014), Long-lived explosive
volcanism on Mercury, Geophys. Res. Lett., 41, 6084 — 6092, doi:10.1002/2014GL061224.
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Venus

Venus is known to have been volcanically resurfaced in the last third of solar
system history and to have undergone a significant decrease in volcanic activity
a few hundred million years ago

R

o e
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~S‘§9~NA Pl.r\ e
»

3 APHROblTE TERRA
Ce. -" . '

DR ¥

M.A. Ivanov, J. W. Head (2013) The history of volcanism on Venus - Planetary and Space Science, 84, 66-92
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Ganiki Chasma*

.....

of the study
area
Legend for

rift-associated
units

rift zones

lobate plains
material

shield clusters
material

From: Ivanov and Head (2011)
Planeary and Space Science,
59, 1559-1600.

*Chasma: large valley, canyon

N. L Inatiev, and J. W. Head (2015), Active volcanism on Venus in the Ganiki Chasma rift zone, Geophys.
Res. Lett,, 42, 4762 — 4769, doi:10.1002/2015GL064088.
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Venus

Jun 24 2008

Jun 22 2008

. ..
BT

ative brightness
Relative brightness
Relative brightness

¥ b e F C
Venus Monitoring Camera (VMC) in UV-VIS-NEAR was able to sound Venus
surface through the atmosphere transparency window

Transient bright phenomena were observed in the Ganiki Chasma zone
They are consistent with hypothesis of lava lakes on the surface.

Other pieces of evidence (emissivity anomalies) for very recent volcanism (2.5

millions — 250 000 years)
Smrekar et al. 2010 Science.

Shalygin, E. V., W. J. Markiewicz, A. T. Basilevsky, D. V. Titov,
N. I. Ignatiev, and J. W. Head (2015), Active volcanism on Venus in the Ganiki Chasma rift zone, Geophys.

Res. Lett., 42, 4762 — 4769, doi:10.1002/2015GL064088.
D. Baratoux - Kobe University, 15" = 16™ June 2016
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The Moon

4.5 Ga
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3.0.Gal
\

|
|
2.5Ga

Ferroan _
Anorthosites All\tall
I | ' Suite
Mare !
Basalt Mare
Source Basalts
. 1
' 1
Mg
Catastrophic Suite
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Magmatism

KREEP
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Shear, C.K., Papike, J.J, 1999. Magmatic evolution of the
Moon. American Mineralogist. 84, 1469-1494.

Head, JW 1976 - Reviews of Geophysics and Space

Physics, 14, 265 - 301
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The Moon

nature

geoscience LETTERS

PUBLISHED ONLINE: 12 OCTOBER 2014 | DOI: 10.1038/NGEO2252

Evidence for basaltic volcanism on the Moon
within the past 100 million years

S. E. Braden', J. D. Stopar’, M. S. Robinson’, S. J. Lawrence’, C. H. van der Bogert? and H. Hiesinger?
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Mars
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Highland massifs ("
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Grotyel al: 201:3%
Space Science Reviews,
174,49-111.



Dynamo''?
Large Basins''!
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Valley Networks'”
Outflow channels''®

Phyllosilicates!®
Sulfates®
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Grott et al. 2013 - Space Science Reviews, 174, 49-111.
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Vaucher et al. 2009 - Icarus

Sa:50.33 My
+/-5.1 My
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Recent volcanic activity of terrestrial planets
— change of paradigm ?
A

Mercury

Moon

Mars

Venus

Earth

Relative amount of surface area

4 3 2 1 0
Age of the surface (Gyr)
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Vesta
The ~ 500 km asteroid has a > 80 km thick crust

Howardite — eucrite — diogenite (HED) meteorites origin- ating from

Vesta (basaltic and ultramafic rocks)
Clenet al. 2014 — Nature
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1.1 Overview of volcanism in the solar system
Satellites of the giant planets
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1.1 Overview of volcanism in the solar system
--- and even beyond

| Variability in-the__ thermal emisSion |

55 Cancri e, just 40 light-years from Earth, might be volcanically active
Demory et al. 2016 MNRAS, doi: 10.1093/mnras/stv2239
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Where does come from the heat of all solid planets ?
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1.2 Gravitational energy (accretion, differentiation)

D. Baratoux - Kobe University, 15" = 16™ June 2016



1.2 Gravitational energy - accretion

Meteoritic Bombardment

Protoplanet at time t Protoplanet at time t + dt
4 ArR?2dRG
AmR*dRCyop(T — T) = 57 R%p » @ )
4 TR*Gp?
= i — + 13,
Sl G
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1.2 Gravitational energy - accretion
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Heat from the decay of naturally radioactive isotopes or elements

Which elements can heat solid (metal-silicate) planets ?

Elements concentrated in rocky planets
Flements present in mantle (silicates) and core (metal)
Refractory and moderately volatile elements

Concentration
Flements with sufficient concentration elements with unstable isotope(s) of
sufficient concentration

Half-time
short — large of amount of energy released in a short amount of
time
long - the energy is released progressively and can feed
continuously the engine for planetary evolution.

D. Baratoux - Kobe University, 15" = 16™ June 2016



126

82

50

28

AN
(Number of Neutrons)

The Belt of Stability

A source of heat should have the
following properties:

- Sufficient abundance of the
chemical element

14 |...

6 14 28

50

-[I;yepcea of - Sufficient abundance of the
e Y radioisotope in natural material
i (naturally occurring nuclide)

i Dot

g st - Decay time not too short (to be
. M Proton ]

. mNeutron available for long-term
'atnakbr:iv';‘:c“de evolution), but not too long (to
' be a significant source of

= <= energy)

(Number of Protons)

D. Baratoux - Kobe University, 15" = 16™ June 2016



Atomic Abundance, Si = 10°

Naturally occurring radioactive material

1011
1 010 XH

109 He
108
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10°
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10"
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Present-day Solar System Composition

Ga\ KJ S'"Zr TeX
eXe
CdS" Ba Pb

10

20

30 40 50 60 70 80 90
Atomic Number, Z
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Naturally occurring radioactive material

Cosmochemical Periodic Table of the Elements in the Solar System

Si = 1e6 atoms
element symbol 32 | 7.079¢6| 1.950e6| 1.413e7 2.148e6
50% condensation C o Ne
thpSraturB
lithophile Ao L 1.000e6 102500

chalcophile s=solid solution : . .000e

siderophile highly volatile Si Ar

atmophile

838000 . L : 55.15
Fe

Kr
1334

1.900
Tc Ru Xe
1551 s

0.05254| 0.6738

Re Os i Rn
1821s | 1812s

107 108

K. Lodders, 2003 1.169 0.09513
Solar System Abundances Ce Eu
and Condensation Temperatures | i/: 1356 s
of the Elements, 0.03512
Astirophys. J. 591, 1220-1247

0.05907| 0. 0.08986
Tb Ho
1659 s 1659 s

Am Bk Es

(c) K. Lodders

Controls the concentration of elements in terrestrial planets
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Naturally occurring radioactive material

Uranium : ¢3°U, 238U

Thorium: 43<Th

Potassium: 49K

Radium: 42°Ra, 44Ra, 44%Ra ?
Radon: 242Rn

Aluminum : 26Al

Iron: 69Fe, °4Fe
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Naturally occurring radioactive material

Uranium : 23°U, 238U

Thorium: 232Th

Potassium: 49K

Aluminum : 26Al

Iron: ®9Fe,

D. Baratoux - Kobe University, 15" = 16™ June 2016



Heat from the decay of naturally radioactive isotopes or elements

Short-lived isotopes
26Al: t1/2 =730 000 years

%Fe : t1/2 = 1 500 000 years

Long-lived isotopes

40K - ¢,,, = 1.248 Gy 40K /39K = 1.25%104
232Th : t, ,, = 14.05 Gy

238U: t1/2 = 44688 Gy

D. Baratoux - Kobe University, 15" = 16™ June 2016



Measure of the excess of 26Al

825Mg (%o)

26A]

250

200
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1.3 Short-lived isotopes

>

B* or electron capture

Half-life: 730 000 years

MacPherson et al. 1995. Meteoritics
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1200
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Proxy for initial abundance in Al

Al:
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Compilation of over 1500 Mg-
isotopic analyses of Al-rich
material from primitive solar
system matter (meteorites)
shows that 2°Al existed in the
early Solar System.
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Number of analyses

1.3 Short-lived isotopes

MacPherson et al. 1995. Meteoritics
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Compilation of over 1500 Mg-isotopic analyses of Al-rich material from
primitive solar system matter (meteorites) shows that 2°Al existed in the
early Solar System.
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1.3 Short-lived isotopes

Fe: °6Fe — stable

60Fe > 60C0o ®0Fe - Radioactive
3

Half-life: 1 500 000 years
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Deciding whether 2°Al or %°Fe were or were not the agent of heating that
caused melting in the achondrite parent bodies hinges less on its
widespread abundance in the nebula than it does on the timing of
planetesimal accretion relative to the formation of the CAls.
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1.3 Long-lived isotopes
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0.063 (4.8%)
0.093 (4%)

Actinides

Alkaline Earth Metals

1.3 Long-lived isotopes

Noble gases
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mass concentration ratio CM chon./Cl chon.
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Comparison of Earth and Mars primitive mantle composition

abundance relative to Si and C1
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Exercises — Energy budgets

Ex. 1 - Comparing sources of energy

a) Calculate and compare accretion energy and energy from 26Al and °°Fe as a function
of size (10, 100, and 1000 km) and accretion time (t from O to 3 Myr) for the following
compositions of protoplanets.

Pure Al body Pure Fe body Chondritic
Al 100% - 0.9%
Fe - 100% 18.5%

b) Calculate and compare accretion energy and energy from long-lived isotopes as a function of
size (100, 1000 km) for the following composition of protoplanets.

Pure K body Pure Th body | Pure U body Chondritic
K 100% - - 600 ppm
Th - 100% - 19 ppb
U - - 100% 8 ppb
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Energy budget of Earth and Mars

Short-lived isotopes

26A1/27Al

ORI

60Fe/26Fe

1711

Total disintegration energy #°Al

6.4*10°13 J/atom

Total disintegration energy %°Fe

4.9*%10°13 J/atom

Long-lived isotopes

Atomic mass Al 26.98 u
Atomic mass Fe 55.85u
u = 1.6681 0-0ks

Fraction 4K 0.01167%
Fraction 238U 99.28%
Total disintegration energy 4°K 2.11*10°13 J/atom
Total disintegration energy 23Th 6.5*1013 J/atom
Total disintegration energy 238U 7.7%1013 J/atom
Atomic mass K 329y
Atomic mass Th 232.04 u
Atomic mass U 238.03 u
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