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Small bodies

Meteorites
&

Micrometeorites

Asteroids & Comets

Trojans, centaurs, active 
asteroids, extinct comets, 

Kuiper belt and Oort clouds 
objects…

The sky’s archives







900 m

Ryugu

December 2014 : Launch

27 June 2018 : Orbit insertion at 
Ryugu

February & July 2019 : sample 
collection

December 2019 – December 
2020 : Sample return

December 2020 : Landing
=> 5.4 g collected



22/10/2020

20/10/2020

27/10/2020 28/10/2020

Sample return : Sept. 24th 2023






Meteorites 
~10 tons / year

Micrometeorites
~10 000 tons / year

Organic matter in meteorites

Murchison meteorite Orgueil meteorite



In the Murchison meteorite

More than 92 amino acids 
(10-100 ppm (w/w)), 
among them 8 
proteogenic: Gly, Ala, Val, 
Leu, Ile, Pro, Asp, Glu

Carbonaceous chondrites  
(CI, CM): up to 3% (mass) of C

8

Organic matter in meteorites



Insoluble Organic Matter
(IOM)

Soluble Organic Matter
SOM

SOM
10-25%

IOM
75-90%

Inorganic
~ 95 %

From Derenne & Robert, MPS, 2010

Organic
 5 %

Anatomy of a 
carbonaceous 

chondrite



Rémusat, 2015

10

Organic matter in meteorites



Soluble Fraction

From Cottin et al. 2017
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Organic matter in meteorites



Chirality

L Isovaline excess (~15%) in 
Murchison

 (Pizzarello et al. 2003; Glavin and 
Dworkin 2009)



Martins 2011; adapted from Sephton and Botta 2005

*R : D/1H for hydrogen, 13C/12C for C & 15N/14N pour N. 
Standards : Standard mean ocean water (SMOW) for H, Pee Dee 
Belemnite (PDB) for C, & air for N
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Organic matter in meteorites



d13C (‰) of nucleobases in Murchison meteorite

n.d.- non mesuré, concentration trop faible

d13C Uracil Xanthine Thymine

Murchison +44.5 ± 2.3 +37.7 ± 1.6 n.d.

Contrôle Sol -10.6 ± 1.8 n.d. -15.9 ± 1.1

Martins et al. 2008

Organic matter in meteorites
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Organic matter in meteorites



1H : 1.007825032 u

C5H10N4O2 : 158.080376 u

12C : 12.00000000 u

14N : 14.00307401 u

16O : 15.99491462 u C10H10N2 : 158.084398 u

Δm/m = 25.44 ppm, required resolution : 2m/Δm ~ 80000

Organic matter in meteorites



Spontaneous formation of vesicles from the 
meteoritic IOM

17

Organic matter in meteorites







UCAMMs
Ultra Carbonaceous Antarctic 

MicroMeteorites

Duprat et al., 2010
Dobrica et al. 2012
Dartois et al. 2013

More than 50 % of C
High content in N

Organic matter in meteorites



August 3rd 2014 – 285 km away from comet 67P/Churyumov-Gerasimenko
 

Credits: ESA/Rosetta/MPS for OSIRIS Team MPS/UPD/LAM/IAA/SSO/INTA/UPM/DASP/IDA



ROSETTA ROSINA’s ZOO
Gaseous phase, released from nucleus or shortly 

after dust ejection 
Organic matter in meteorites



Biver et al., 2019

Inventory 
based on 
remote 

detections 
from Earth

Organic matter in comets



An old heritage ?



Detection of 
organic molecules 

in the gaseous 
phase in warm 
regions of the 

interstellar 
medium (hot 

cores)
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Detection of ices and 
silicates in cold dense 

cloud
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OCN-



How does it form ?

Data : http://www.astrochymist.org



Silicate Nucleus

Dust particle in a diffuse interstellar environment

A few tenths of a micron

Dust particle in a molecular cloud

Silicate nucleus

Ices made of condensed  H2O, CO, CO2, CH3OH, H2CO, NH3 ...

A few tenths of a micron

Being an interstellar dust 
particle



Altered mantle of organic compounds

Silicate nucleus

Dust particle in a diffuse interstellar environment

A few tenths of a micron

Dust particle in a molecular cloud

Silicate nucleus

Ices made of condensed  H2O, CO, CO2, CH3OH, H2CO, NH3 ...

A few tenths of a micron

Recent mantle of organic compounds

Altered mantle of organic compounds

29



Gradient in composition 

Formation of asteroids

Pristine or differentiated

Kuiper …………  Oort

Rocky planetesimals Icy planetesimals …

Formation of comets

Destruction of pristine matter                      Conservation of pristine matter           
         

Incorporation to the Sun, planets           Incorporation to comets ?
or molecules pyrolysis, ice sublimation…

Matter of our natal molecular cloud

Extension of the convection / mixing by turbulence

Kuiper …. Oort
belt         cloud



Figure 9 shows a comparison of data from 67P
and from dark clouds, high- and low-mass star-
forming regions, all normalized to methanol. In
general and in consideration of the 
uncertainties of observations, they all 
follow the same trend.
There are a few outliers, namely the cooler, less 
dense outer part of the envelope around the
low-mass protostar IRAS 16293–2422 (16293c) 
and the dark cloud L134N. These might be due
to regions where molecules may only partly be in 
gas phase, especially for the warmer part of the
low-mass protostar region IRAS 16293–2422 
(16293w), whose correlation with 67P is 
quite good

Altwegg et al., 2019



Some comets as remnants of the interstellar 
medium ?



Laboratory 
simulation of 
the evolution 
of interstellar 

and/or 
cometary 

ices

Instellar 
(precometary ?) 
ice chemistry in 

a laboratory



Laboratory 
simulation of 
the evolution 
of interstellar 

and/or 
cometary 

ices

Back at room T

Instellar 
(precometary ?) 
ice chemistry in 

a laboratory



Modica et al. 2014



Hydrocarbons:
CH4
C2H2, C2H4, C2H6
C3H8, C4H10
C5H10, C5H12
C6H12, C6H14
C7H16

Aldehydes:
H2CO
CH3OCH2CHO (t)

Ketones:
CH3COCH3
HOCH2COCH3
HOCH2CH2COCH3

Alcohols:
CH3OH
CH3CH2OH
HOCH2CH2OH
HOCH2CH(OH)CH2OH
C4H8(OH)2
C5H9OH (t)
C5H11OH

Amides:
NH2CHO
CH3CONH2
HOCH2CONH2
NH2(CO)2NH2
HOCH2CH(OH)CONH2

Carboxylic acids:
HCOOH
CH3COOH (t)
HOCH2COOH
HOCH2CH(OH)COOH
HOCH2CH2COOH
NH2COCOOH

Amines:
HOCH2CH2NH2
HCNH(NH2)
Diaminopyrrole
Diaminofurane
Triaminopropane
(CH2)6N4 (HMT)

Amino Acids:
NH2CH2COOH (Glycine)
NH2CH(CH3)COOH (Alanine)
CH3CH2CH(NH2)COOH  ( ABA)
CH3CH(NH2)CH2COOH  ( ABA)
(CH2NH2)(CH3)CHCOOH  (AIBA)
Sarcosine
Ethylglycine
Valine, Proline, Serine
Aspartic acid
Diaminopropanoic acid
Diaminobutyric acid
Diaminopentanoic acid
Diaminohexanoic acid

Ethers:
CH3OCH2OCH3 (t)
C3H6O3 (Trioxane) (t)
(-CH2-O-)n (POM)

Esters:
HCOOCH3
CH3COOCH3
CH3CH2COOCH3

Aromatic Compounds:

Others: CO, CO2, C3O2, H2O2, H2CO3, N2H4, HNCO, NH2CONH2, NH2CONHCONH2  

Incomplete list 
of

molecules 
detected after 

ice simulations



FT-IR spectra of an ice made of H2O: CH3OH : 
NH3 in a ratio 3:1:1 after about 9 h of UV 
irradiation at 78 K and resulting organic 
residue after about 44 h deposition and 
simultaneous UV irradiation at 78 K and 
warmed up to room temperature. 

Danger et al., GCA, 2013
ESI/Orbitrap analysis of organic residue.
~ 10 000 peaks between 50 and 590 AMU.



Layssac et al., 2020

Where does it all come from ?

E.g. starting from a H2O/CO ice



Layssac et al., 2020



Is there a way to link the 
composition of cometary ices to 

their history ?

Laboratoire PIIM/Marseille (Bossa, Vinogradoff…)



Dworkin et al. PNAS, 2001

Spontaneous 
formation of vesicles 

from the organic 
refractory residue



Bernstein et al., Nature, 416, 2002

The « iconic » case of amino acids



Gas chromatogram showing 
the amino acids and other 
compounds generated under 
simulated interstellar pre-
cometary conditions. Data 
were obtained from analysis 
of the room temperature 
residue of photoprocessed 
interstellar medium ice 
analogue taken after 6 M HCl 
hydrolysis and derivatization. 
The inset shows the 
determination of alanine 
enantiomers in the above 
sample.

Munoz Caro et al., 
Nature, 416, 2002

AFTER 6 M HCl HYDROLYSIS

HCl HCl The « iconic » case of amino acids



Altwegg, K. et al. Prebiotic chemicals—amino acid and phosphorus—in the coma of comet 67P/Churyumov-Gerasimenko. Science 
Advances 2, doi:10.1126/sciadv.1600285 (2016).

Glycine was also detected after 
analysis of samples returned from 

comet Wild 2 with Stardust mission

Elsila et al. 2009





Chirality



47

An origin for  
enantiomeric 

excess



What about IOM like material ?



Ice mixture made of 
H2O:CH3OH:NH3 = 3:1:1

+ UV photolysis



How do we make IOM like material ? 





How do we make IOM like material ? 

Origin of IOM 
like material

From Ices

In the ISM

In the Solar 
System

From Gas

In the ISM

In the Solar 
System

The origin of organic matter (OM) in primitive chondrites has been an ongoing and open 
debate over the last 40 years. After the discovery of extraterrestrial amino acids in 

Murchison in the 70s, Fischer–Tropsch reactions in the solar nebula were invoked to 
account for the formation of both soluble (SOM) and insoluble (IOM) organic matter. 



How do we make IOM like material ? 



Astrochemistry is relying strongly on laboratory 
experimentation

It’s a playfield for chemists, working with 
astrophysicists

Abiotic organic chemistry in astrophysical environments produces diversity 
& complexity

This complexity is a challenge for analytical tools. The number of detected 
compounds increases as the analytical tools improve.

Life is more about organisation of this complexity. It takes much more than 
finding new organic compounds in astrophysical environments to study the 
origin of life



This image provides a steeply angled view of a region of asteroid Bennu’s equator and northern hemisphere. It 
was taken by the PolyCam camera on NASA’s OSIRIS-REx spacecraft on March 28 2019 from a distance of 3.6 
km. The field of view is 52 m wide. For scale, the largest boulder in the upper left corner of the image is 14.5 
m wide, which is about the length of a semi-truck trailer



Origin of IOM 
like material

From Ices

In the ISM

In the Solar 
System

From Gas

In the ISM

In the Solar 
System

Quirico et al. 2014

The detection of crystalline minerals in STARDUST grains and the ubiquitous 
presence of a polyaromatic solid showing strong similarities with chondritic 
IOM in grains of presumed cometary origin (AMMs and chondritic porous 
stratospheric IDPs) have challenged the idea of ISM heritage, as these 
crystalline minerals were definitely formed in the proto-solar disk.

How do we make IOM like material ? 
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