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| Origine des océans?

Origine de I'atmosphere terrestre?
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Matrice:minéraux argileux,
carbonates, matiere organique
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Stage 2
0-3 Myr

Stage 1

0-3 Myr
Formation of the
first solids
Ices Metals

S
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Organics Silicates
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Accretion

Planetary magma ocean

Molecular
cloud infall
=10

Asteroid belt

/

/

Nebular ingassing

Stage 3

0.3-5 Myr

Stage 5
After 100 Myr

Late accretion
(chondritic and
cometary materials)

¢
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Gas /
dissipation/

Giant impacts

Stage 4
Up to ~100 Myr




Protostar

Condensation matiere organique

Outside the Soot Line -
PAHs exist, allowing forming planets to
include condensed carbon compounds

Condensation CAl et chondres

. Central Region -
Only metals and minerals
condense into planets

Outside the Frost Line -

Low temperatures allow condensing planets
to include volatile molecules such as Hg0,
NHgz and CH4

which do not condense
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Specimens exhibiting \\

rings, gaps, & spirals

R 1615 HD 163236 | BEE Sl 15

Light-years from Earth: 600
Instrument: SPHERE

ight-years from Earth: 600
nstrument: ALMA

Light-years from Earth: 380
Instrument: ALMA

TW HYDRAE

Light-years from Earth: 194
Instrument: ALMA

AS 283

Light-years from Earth: 400
Instrument: ALMA

ELIRS ¢ | HE: 13534 -B HL TARURI
Light-years from Earth: 450 Light-years from Earth: 450 Light-years from Earth: 450
Instrument: ALMA Instrument: SPHERE Instrument: ALMA
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LOCATION

Main Asteroid Belt Kuiper Belt / Scattered Disc Oort Cloud

The Oort Cloud is a
vast spherical expanse
of billions of comets
that encompass
the Solar System.

- Less commonly,
comets fromthe
- Oort Cloud are
pulled in by the |
Sun’s gravity. :

’

. *NOTTO SCALE
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Transitions nucléaires

Transitions atomiques I

(électroniques)

Transitions
moléculaires
(rotationnelles et
vibrationnelles)

Frequency, oscillations
per second Wavelength
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Photosynthese

fumiere
Dioxyde de carbone g Oxygéne
CO w o

Glucose

C6H1206

6 CO,+6H,0 =" CH,O, +6O0,
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Electrical discharge Electrodes

To vacuum H,

" Precipitating
droplets

0 /Sample containing
organic molecules,

such as amino acids
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Diversité des molécules organiques dans les chondrites carbonées

AR = it AU lien avec l'origine de la vie sur Terre?
Sucres
e o ¢ - monomeres de molécules essentielles
| . » "' L - excés énantiomériques : -> homochiralité?
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Au total 380 kg de roche lunaire ont été rapportés par le

programme Apollo de |la NASA dans les années 70
p— | B '

‘

y




Confirmation origine des météorites lunaires

Roche lunaire rapportée par la
Météorite lunaire ALH 81005 mission Apollo 16
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Lunar soil grain

H-content proﬁle
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H,and H,0O release
to exosphere;

H,0 and OH bound
in minerals/glasses

EXOSPHERE @\‘F‘ ®

SUBLIMATION
TO EXOSPHERE &

ION SPUTTERING
IMPACT

Vapor releases with
VAPOR'ZATlON, heat & ion impact
DESORPTION

B —

SOURCES OF LUNAR WATER THROUGH TIME

MICROMETEORITES + IDPs
SOLAR IMPLANTATION

COMETS + ASTEROIDS | —

VOLCANISM — _ ] ]
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- DAWN
NASA
Laurich Date: June 2007
Mission Target: Asteroid Vesta
& Dwarf Planet Ceres

ROSETTA
- . ESA
Launch Date: March 2004

- Flyby Object: Asteroids
Steins & Lutetia ¢

OSIRIS-REX

EXPLORING OUR PAST
SECURING OUR FUTURE

Ceres
Vesta

*Artist’s Concept

Lutetia

| B o 1

OSIRIS-REx.
o NASA

Launch Date: September 2016
Mission Target: Asteroid Bennu*

HAYABUSA
JAXA

Launch Date: May 2003
Mission Target: Asteroid ltokawa

. HAYABUSA2
JAXA

* Launch Date: December 2014
Mission Target: Asteroid 1999 JU3*

NEAR SHOEMAKER
NASA &
" Launch Date: February 1996
Mission Target: Asteroid Eros
Flyby Object: Asteroid Mathilde

STARDUST
NASA / JPL
Launch Date: February 1999
Extension: March 2006
Flyby Object: Asteroid Annefrank

st
N\ S
“::::&“
“‘

- » ~ SNL. GALILEO -
: AN — el 2 Ay NASA / DIR
AN <\>\ g N T % > Launch Date: October 1989
DEEP SPACE 1 te :\ > S CASSINI E Flyby Object: Asteroids Gaspra and Ida
3 C 2 NASA / ESA / ASI

. NASA/JPL %
Launch Date: October 1998
Flyby Object: Asteroid Braille

Launch Date: October 1997
< Flyby Object: Asteroid Masursky

RELATIVE SIZES

-

(4

Gaspra

Ida

Steins Annefrank  Braille 1999 JU3 Bennu Itokawa

Eros

Masursky






Lancement le 7 février 1999

Earth ~ Earth

gravity return 4 ‘
assist 1/15/06 \ s

1115/01 / ‘
Launch /—\/ 4 o ___
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Comet Wild-2
orbit

' ) u‘l
Interstellar dust . o 3
collection = / \’é E |

March-May 2000 -y ; |

Comet Wild-2 Interstellar dust
encounter collection
1/2/104 ~a July-December 2002
Interstellar . N
particle stream '
Mission trajectory
>~ 1 sk
noyau de la comete Wild 2 ot AT

Capsule dans le désert de I’'Utah
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Forsterite + Enstatite +
Verre = Chondre!

Des minéraux formés a
basse température
dans une comete!

(Sub)millimeter:

| . dust continuum+ molecular rot-lines

. s \ 1“’ \} T T
B Anorthite : _ | | Near-IR: continuum
. Calcic pyroxene . ! + atomic and molecular lines

M spinel &t _ Mid-IR:
B Al-Si-rich glass dust continuum

+ molecular lines

10 AU
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What is the origin of Earth and where did the original material come from?

Constituent materials Comparison with
Molecular cloud and internal structure S qther qsterolds
LL chondrites? aC€  Consideration of Itokawa

Rubble pile? ~ Weathering Impact of meteoroids

Formatlo? of

: ° Falling of Szt
Primorcial micro?neteoroids to Earth <« Origin of rocks

Interplanetary dust and stones?

(comets, asteroids)

solar nebula l

Close-up image
of asteroid Itokawa
obtained by Hayabusa
TASAS/IAXA
Cosmic ray irradiation

Regolith science Solar wind irradiation

Interaction with
space environment

New chronological index

Hayabusa

)



Asteroids Meteorites
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La surface d’ltokawa est soumise au
vent solaire et a I'érosion spatiale...

Fe-rich nanophase

Fe-rich
nanophase

ltokawa est issue de la réagglomération
d’un corps détruit par des impacts

LL4 (~600°C) || 5/6 (~800°C)
Catastrophic

impact

LL chondrite >

Itokawa parent tTherm:;r,l.
body (>20 km metamorpnism
¥ ; (<4.562 Gy ago) = CS:%O (f

Small-object
impact .
Reaccumulation

Space-weathering
rim formation Escape ®
(~10°y) A :
Solar wind (48 cm/Mg) ¥
Regolith formation P ltokaw?forma tion
X (rubble-pile asteroid)

o‘o' ':‘
Grain abrasion Galactic cosmic ray

Grain motlo})
(<~8 My) (>10%y)
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Les étapes de la mission de Hayabusa-2

Apreés un périple de 3,2 milliards de km, la sonde japonaise étudie |'astéroide Ryugu

Astéroide
Ryugu

Fin juin 2018

Hayabusa-2 doit se poser

sur Ryugu dans la nuit
du 21 au 22 février A
G Elle y prélévera .
3 plusieurs échantillons
5
Les échantillons
doivent étre ramenés
Le robot Mascot et analysés sur Terre
largué en octobre en décembre 2020
sur 'astéroide afin
d’en analyser
la surface

Source : Cnes, proportions non respectées ~ © o=







First touchdown

Room A

Excavation
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First touchdown

Room A

Second toucha\own
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Room C

5.4 g au total
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Clean chamber for Hayabusa?-returned samples at ISAS, JAXA
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Diversité des molécules organiques de Ryugu

Histoire de Ryugu

Accretion of Ryugu planetesimal

Interstellar UV-X rays
(several 10’s of km in radius)

Interstellar Medium (molecule cloud) ~ Growth of icy & cosmic rays

ey — composite particle

Formation of the solar
system
>

Aqueous alteration in
icy planetesimal
(at 0—-30°C)

4567.3 Ma (CAI formation:
Connelly et al., 2012)
“GEMS-like matter”

APOD@NASA, Rogelio Bernol Andreo “Ice” with organic
molecules

Organic
matter

~4565 Ma
(Mn-Cr age)

Neptun ®
g

e

Collisional fragmentation
of the icy planetesimal

#

Q‘ Ryugu planetesimal
o fragment/cometary body
(several km in radius)

W
‘mull““‘

Moving from the outer to
inner solar system

Cratering Cosmicrays  Sublimation of ice

Solar wind \\\:% 4‘.*’

Spin-up due to
shrinking body size !
(Miura +, 2022) {
W, onsiy

!
|
Lo
3F
TD2

Thermal fracturing leads to
’ sublimation jets and redeposition
& of material on the surface

-

TD1

Collapse of blocks into fractures
leads to brecciation and the
“rubble-pile” structure

Recent perturbation of Re-Os system




Météorite d’Orgueil

Grains de

Ryugu

a®



Orgueil : météorite
tombée sur Terre en
1864 ayant la plus
proche de |la
composition du soleil
(et du systeme solaire)

Solar photosphere; Si = 10 atoms
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volatile compounds
lost from meteorites
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~—— High in meteorites,
destroyed in sun

Cl-chondrites; Si = 10° atoms



— Orgueil
Sulfur Ryugu \

Carbon Iron .

40001 ron
2000 / /Magnesium /?Iioon A —

l

D

o

o

o
T

Composition chimique tres similaire a Orgueil mais
minéralogie légerement différente (gypse vs pyrrhotite)

Intensity normalized
by uSi X-ray of 76 keV

0 40 60 80 100 120 140
Mag: magnetite  Po: pyrrhotite Energy /keV
Dol: dolomite Gyp: gypsum
Sap: saponite Ant: antigorite
Srp: serpentine  Hyap: hydroxyapatite
N Ll I Ll : Ll II IA Ll L
Fe304
[ T j T |B
[ [ 1 ClaysFe 2
Orgueil ™1 Clays Fe >
. (Madsen et al., 1986)
— =2
- Ryugu, C0087 (< 1 mg) 2
» 53
() M = ;
g Ryugu, mixture of A0029 and A0037 (< 1 mg) :
@ & Orgueil
= o a :o
E » & g 0o o
© S
3 - é}’ :é' .é'o. = 0 0 00‘2 w & t
c2n nx|= /| © cmoo o L T T T T
< 5 |/ + -10 -5 0 5 10
| & LD Q| = 223 E o S 3 & Velocity (mm/s)
P J 82 oz =
| V4
| Fer plus oxydé :
‘ v . , 7
fhbn Orgueil s’est oxydée au contact de

5 15 25 35 45 55 65 75 85 95 'atmosphére terrestre depuis 150 ans

2-theta (Cu Ka)



NASA’s OSIRIS-REX mission

Asteroid — @ September 8 2016 B . : s
Bennu _Launch A 2 e
. / * . . x
© December 2018 © 2019-2020
OSIRIS-REX arrives near the Probe maps the
asteroid asteroid
O oct 20, 2020

Probe touches
the ground for
5 to 10 seconds
to take samples

© Mmarch 2021

Heads back to Earth

Arrival expected in September
2023 in the Utah desert

TAGSAM The Bennu MR Diaietei 00t
SysEm asteroid e :
Arm extended ¢ ' R,

to take samples Makes its closest
/ approach to Earth
every six years
Length 6.2 m (solar panels IRAUSETL!
depfoyed) every i 20 years
Equipement Width 2.4 m 100 million to

Cameras,
Measuring
and mapping
instruments

Height 3.2 m 1 billion years old

Mass 880 kg without Unexpected presence of
fuel numerous large boulders
(2,110 kg full)

urce: NASA
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Mars 2020 Perseverance

A — [l —

Tube Collection and Depot

Mars 2020
(JPL)

Tube Delivery

Tube Retrieval

% Ere—e— ; SRL

e

SRH with STA

‘\' LN

Mars Launch

Earth Return Orbiter (ERO) (ESA),
with

Capture, Containment, and Return
System (CCRS) (GSFC)

Nstem =
< ~
\ {cesa
Orbiting
\ " Sample
Tl Retrieve OS 28_27_33
’// (baseline)
> A7
) Break-the-Chain
with CCRS
Avoid Earth ,/
\ =S
Earth Entry

System

Sample Retrieval Lander (SRL) (JPL),

with

Sample Transfer Arm (STA) (ESA),
Mars Ascent Vehicle (MAV) (MSFC), and

Sample Recovery Helicopter(s) (SRH) (JPL)

Sample Receiving Project (SRP)
(NASA/ESA)

I |
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