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Reports

67P/Churyumov-Gerasimenko, a Jupiter
family comet with a high D/H ratio

K. Altwegg,'* H. Balsiger,' A. Bar-Nun,? J. J. Berthelier,’ A.
Bieler,'* P. Bochsler,! C. Briois,” U. Calmonte,' M. Combi,*.J. De
Keyser,? P. Eberhardt,'} B. Fiethe,” S. Fuselier,* S. Gase,'T. 1.
Gombosi,* K.C. Hansen,* M. Hassig,® A. Jackel,' E. Kopp,'A.
Korth,’ L. LeRoy,! U. Mall,® B. Marty,'* O. Mousis," E. Neefs,° T.
Owen,* H. Réme,">* M. Rubin,' T. Sémon,' C.-Y. Tzou,' H. Waite,?
P. Wurz!
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tDeceased.

The provenance of water and organic compounds on the Earth and other
terrestrial planets has been discussed for a long time without reaching a
consensus. One of the best means to distinguish between different
scenarios is by determining the D/H ratios in the reservoirs for comets and
the Earth’s oceans. Here we report the direct in situ measurement of the
D/H ratio in the Jupiter family comet 67P/Churyumov-Gerasimenko by the
ROSINA mass spectrometer aboard ESA’s Rosetta spacecraft, which is
found to be (5.3 £ 0.7) x 1074 that is, ~3 times the terrestrial value.
Previous cometary measurements and our new finding suggest a wide
range of D/H ratios in the water within Jupiter family objects and preclude
the idea that this reservoir is solely composed of Earth ocean-like water.

the Jupiter family comet
67P/Churyumov-Gerasimenko.
The mass spectrometer
ROSINA-DFMS (Rosetta Orbiter
Sensor for Ion and Neutral Anal-
ysis, Double Focusing Mass
Spectrometer) on the European
cometary space mission Rosetta
is designed to measure isotopic
ratios (8). Its mass resolution
and high dynamic range enable
it to detect very rare species such
as HD®O relative to the most
abundant isotope H,®0 (9).
ROSINA has the capability to
measure all isotopic ratios in
water independently (D/H,
/%0, 80/*0) and the D/H
ratio can be deduced from two
different species, namely
HD*0/H,*0 and HD*0O/H,"*O.
Rosetta has a neutral gaseous
background due to spacecraft
outgassing. The permanent par-
ticle density in the close vicinity
of the spacecraft far away from
the comet is around 10° / cm?
consisting mostly of water, but
also of organic material, frag-
ments of hydrazine and vacuum
grease (fluorine). Even after 10
yvears in space and after hiberna-
tion the background from Roset-
ta can be measured and
characterized by ROSINA (10).
The D/H ratio in water out-
gassed from the Rosetta space-
craft is compatible with the

+arvractrial yraliia A€f 1 Eov1n—4%4

-
]

Downloaded from www.sciencemag.org on December 11, 2014



.
™~
(o]
)
()
€
o)
@
£
| &
Q
=)
aWa

Jupiter family

Oort cloud

o
N = D
ND/d.9 @~
Z As|uieH d/€0T
dNH dst > S
i
1
A9)|eH _H @ =
S
MeIneAH zd 9661/0 E
— ) S
ppelies 1d/6002 <+ .mw
P o
SmnLdg <
lesur £1zo0z/d ——
1IN YO TO0Z
8ueyz eA|| d/€ST (
ddog 3jeH S66T/0 —
= aunidapn
(D snuean
snpe[aou3 ’ uinies G
sondny @
00
sayJpuoyd
O
Y1403 2
an
(@)
—
oneJ H/@

10



Water in comet 67P

D. R. Miiller et al.: High D/H ratios in water and alkanes in comet 67P

Table 1. D/H in H,O during different mission phases and compared to previous evaluations.

Mission phase Dates D/H in H,O Heliocentric  # of evaluated
distance (au) spectra
First equinox May 2015 (5.03+0.17) x 10~ 1.71-1.52 44
Perihelion August 2015 (5.01 £0.20) x 10~ 1.24 37
Peak gas production 30 August 2015 (4.98 £0.25) x 10~* 1.26 22
Second equinox March 2016 (5.02+0.17) x 10~ 2.45-2.65 47
Relative mean ratio (5.01 +£0.10) x 10~ 150
Absolute mean ratio (5.01 £0.41) x 10~ 150
Pre-first equinox @ Aug./Sep. 2014 (5.3+0.7) x 107 ~3.4 26
Pre-second equinox @  Dec. 2015/Mar. 2016 (5.25+0.7) x 10~ 20&2.6 18

References. @ Altwegg et al. (2015). P Altwegg et al. (2017).

Muller et al. 2022
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Fig. 5. D/H ratios of water and organic molecules measured in different comets compared to values from the Protosolar Nebula (purple line, Geiss
& Gloeckler 2003), the Earth (green line, Wilson 1999), carbonaceous chondrites (CC), ordinary chondrites (OC), interplanetary dust particles
(IDP) and ultracarbonaceous Antarctic micrometeorites (UCCAM). D/H in HDO is equal to 2 - D,O/HDO. Full references are given in Table B.1.
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Terrestrial deuterium-to-hydrogen ratio in water in
hyperactive comets

Dariusz C. Lisl‘z, Dominique Bockelée—Morvan3, Rolf Giisten?, Nicolas Biver?, Jirgen Stutzki®, Yan Delorme?,

Carlos Durzin4, Helmut Wiesemeyel"’l, and Yoko Okada’

ABSTRACT

The D/H ratio in cometary water has been shown to vary between 1 and 3 times the Earth’s oceans value, in both Oort cloud comets
and Jupiter-family comets originating from the Kuiper belt. This has been taken as evidence that comets contributed a relatively
small fraction of the terrestrial water. We present new sensitive spectroscopic observations of water isotopologues in the Jupiter-
family comet 46P/Wirtanen carried out using the GREAT spectrometer aboard the Stratospheric Observatory for Infrared Astronomy
(SOFIA). The derived D/H ratio of (1.61 + 0.65) x 10~* is the same as in the Earth’s oceans. Although the statistics are limited, we
show that interesting trends are already becoming apparent in the existing data. A clear anti-correlation is seen between the D/H ratio
and the active fraction, defined as the ratio of the active surface area to the total nucleus surface. Comets with an active fraction above
0.5 typically have D/H ratios in water consistent with the terrestrial value. These hyperactive comets, such as 46P/Wirtanen, require
an additional source of water vapor in their coma, explained by the presence of subliming icy grains expelled from the nucleus. The
observed correlation may suggest that hyperactive comets belong to a population of ice-rich objects that formed just outside the snow
line, or in the outermost regions of the solar nebula, from water thermally reprocessed in the inner disk that was transported outward
during the early disk evolution. The observed anti-correlation between the active fraction and the nucleus size seems to argue against
the first interpretation, as planetesimals near the snow line are expected to undergo rapid growth. Alternatively, isotopic properties of
water outgassed from the nucleus and icy grains may be different due to fractionation effects at sublimation. In this case, all comets

may share the same Earth-like D/H ratio in water, with profound implications for the early solar system and the origin of Earth’s
oceans.
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2009p1 Fig. 2. D/H ratio in cometary water as a function of the active frac-
tion computed from the water production rates measured at perihelion.
The uncertainties on the active fraction (horizontal error bars) include
a 30% uncertainty on the water production rates (Combi et al. 2019)
and the uncertainty on the nucleus size. The color of each symbol indi-
cates a comet; see legend at right, where the dynamical class is also
indicated: Oort cloud (OC) or short-period Jupiter-family (JF) comets.

The blue horizontal line corresponds to the VSMOW D/H value. The
upper limit for the D/H ratio in comet 45P is indicated by a downward
arrow and the lower limit for the active fraction in comet 2009P1 by a
right arrow. The dash-dotted line shows the expected D/H assuming two
sources of water: D-rich (3.5 x VSMOW) from the nucleus and D-poor
(VSMOW). Comets with an active fraction equal to 0.08 are assumed
to release only D-rich water.



A glimpse of 67P from Philae

Serendipity measurements while Philae was bouncing at the surface of 67P
PTOLEMY
COSAC



CHO-bearing organic compounds at

the surface of 67P/Churyumov- A
Gerasimenko revealed by Ptolemy !
I. P. Wright,™ S. Sheridan,’ S. J. Barber, G. H. Morgan,' D. J. Andrews," A. D. Morse'
The surface and subsurface of comets preserve material from the formation of the solar
system. The properties of cometary material thus provide insight into the physical and
chemical conditions during their formation. We present mass spectra taken by the Ptolemy C-C=0
instrument 20 minutes after the initial touchdown of the Philae lander on the surface of
comet 67P/Churyumov-Gerasimenko. Regular mass distributions indicate the presence
of a sequence of compounds with additional -CH;- and -O- groups (mass/charge ratios
14 and 16, respectively). Similarities with the detected coma species of comet Halley
suggest the presence of a radiation-induced polymer at the surface. Ptolemy measurements 500 B
also indicate an apparent absence of aromatic compounds such as benzene, a lack of
sulfur-bearing species, and very low concentrations of nitrogenous material. 400
£ 300
In a process guided by the pattern of peaks E 200
observed by the PICCA (Positive lon Cluster o
Composition Analyzer) instrument (1), which as well as HoO and CO,. Many of the features of 100
identified polyoxymethylene in mass spectral the mass spectra can be explained by the pres-
measurements of coma materials from comet ence of polyoxymethylene, but undoubtedly many 0 '
Halley during the Giotto mission (12), we super- other compounds are present at low concentra- ol I
imposed mass increments of 14 and 16 (repre- tions. Before the Giotto encounter with Halley, 20 40 80 80 100 120 140
senting additions and losses of -CH,- and -Oo-, researchers had already conjectured that inter- 500 4C
respectively) on the mass spectra, with peaks as- stellar grains may contain polyoxymethylene (19).
cribed to H,0 and CO, removed (Fig. 2). The data The possible presence of similar materials on a 400
presented here do not reflect a single idealized comet, as postulmled b}l' a considleration of .lhe @
compound polymer [e.g., (CH,0),] with its ends PICCA 1I'eslults, raised interest in 1Ihe subjlect g 300
terminated by H atoms. Rather, they indicate a OY. prgbml'ua polymers. The most immediate =
number of different terminations, with the chain scientific impact of the p9551b1e Ipresence of poly- _g 500
. . ¢ oxymethylene was that it provided an explana-
running as either -O-CH,- or -CH,-O- (i.e., repeat- . ) )
T ———t. 1™ ?1011 for the presence of obtlsenablle formaldehyde 100
. e — in cometary comae—that is, at distances beyond
ciple, such te}'mlnatlons result from H-, HCQ" OF which the molecular species, if released directly
CIjL?CO" which can be thought of as radicals from the nucleus, would be expected to survive 0
arising from hydrpgen, fonnaldehyde, and acet- (20). However, after somewhat straightforward 20 40 0 80 100 120 140
aldehyde, respectively (although it depends on initial interpretations (21), more detailed en- mass (m/z)
exactly where in the chain one considers the ter- quiries have uncovered issues that remain un-
mination to occur). The mass spectra are con- resolved (22-25). Fig. 2. Proposed polyoxymethylene fit to the Ptolemy spectra. (A) Schematic for proposed mass

sistent with the presence of formaldehyde (peaks
at m/z 29 to 31) and acetaldehyde (peaks at m/z
29. 43. and 44). althoneh Piolemv has insuffi-

fragments of polyoxymethylene with different terminations. (B) Peaks that are considered to be from

polyoxymethylene. (C) Ptolemy spectra with peaks from H20 and COz removed.




A

H
[ Termination ]—- o — c|: — o0 — c|: —+ o0 — c|: —+ o0 — -:|: T POM already suggested to
| ! ! l interpret Giotto data at comet
1P/Halley (Huebner, 1987)
B Presence of POM could be
| | | | responsible of the distributed
L Termination }—— CcC—o04+—C—o0+4+—C—o04—Cc—o0+ H,CO in Halley et Hale-Bopp
| | | | (Cottin et al, 2004 / Fray et al,
2006)

Fig. 3. Idealized polyoxymethylene chains. (A) ldealized polyoxymethylene chain with repeating units
of 16:14 m/z (-O-, -CHz-). For the mass spectra taken by Ptolemy, we considered three different types of
termination: H-, HCO-, and CH3CO- The H- termination would produce peaks at1, 17 31,47 61, 77 91, 107,
and 121 m/z. For HCO-, peaks would occur at 29, 45, 59, 75, 89, 105, and 119. For CH3CO-, peaks would
occur at 43, 59,73, 89,103, and 119. Here, we consider only those peaks up to a mass of about 120. (B) The
equivalent chain, but with repeating units in the reverse order [14:16 m~z (-CHz-, -0-)]. In this case, the
H- termination would produce peaks at 1, 15,31, 45, 61, 75, 91, 105, and 121m/z. For HCO-, peaks would
occur at 29, 43, 59,73, 89, 103, and 119. For CHsCO-, peaks would occur at 43, 57,73, 87 103, and 117.

CH,-C0O-O -(CH,0) - CO-CH,
polyoxymethylene diacetate
HO -(CH,0) - H

paraformaldehyde or polyoxymethylene

CH,O -(CH,0) - CH,

polyoxymethylene dimethylether



Organic compounds on comet
67P/Churyumov-Gerasimenko revealed
by COSAC mass spectrometry

Fred Goesmann,'* Helmut Rosenbauer,' Jan Hendrik Bredehoft,2 Michel Cabane,*
Pascale Ehrenfreund,®” Thomas Gautier,® Chaitanya Giri,” Harald Kriiger,*

Léna Le Roy,® Alexandra J. MacDermott,? Susan McKenna-Lawlor,'®

Uwe J. Meierhenrich,” Guillermo M. Muiioz Caro," Francois Raulin,'? Reinhard Roll,"
Andrew Steele,'®> Harald Steininger,' Robert Sternberg,'? Cyril Szopa,®

Wolfram Thiemann,? Stephan Ulamec'*

Comets harbor the most pristine material in our solar system in the form of ice, dust,
silicates, and refractory organic material with some interstellar heritage. The evolved gas
analyzer Cometary Sampling and Composition (COSAC) experiment aboard Rosetta's
Philae lander was designed for in situ analysis of organic molecules on comet 67P/
Churyumov-Gerasimenko. Twenty-five minutes after Philae’s initial comet touchdown, the
COSAC mass spectrometer took a spectrum in sniffing mode, which displayed a suite

of 16 organic compounds, including many nitrogen-bearing species but no sulfur-bearing
species, and four compounds—methyl isocyanate, acetone, propionaldehyde, and
acetamide—that had not previously been reported in comets.
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exhaust tubes located on the bottom of the lander,
where they pointed toward the surface, whereas
Ptolemy sampled ambient coma gases entering
exhaust tubes located on top of the lander, where
they pointed toward the sky (possibly with the ad-
dition of some dust that made its way around the
lander). That COSAC detected far more nitrogen-
bearing compounds than Ptolemy agrees with
earlier observations that nitrogen was more abun-
dant in the dust than in the gas of comet Halley
(18). The Ptolemy team interpret their mass spec-
trum as fragments of polyoxymethylene polymer,
with a strong CO, peak of intensity 20% relative
to water. COSAC did not detect ambient coma
gases (which were dominated in Ptolemy data by
CO, with a few polymer fragments). The COSAC
MS maintains a constant pressure; thus, sublim-
ing gases from our ground sample pushed the
ambient coma gases outside the COSAC MS. Be-
fore sublimation, the total pressure inside the
COSAC MS was dominated by CO», in line with
Ptolemy data and prelanding COSAC spectra.

Fig. 1. Mass spectra taken by COSAC in “sniffing mode!” Top (green): spectrum taken 25 min after first
touchdown; the m/z 18 peak reached a height of 330 counts, but the spectrum is truncated to show

smaller peaks mare clearly; middle (red): final spectrum, taken 2 days later at the current Philae position;

bottom (blue): first spectrum, obtained in orbit 27 days before landing, from a distance of 10 km.



Table L The 16 molecules used to fit the COSAC mass spectrum. The COSAC molecules form a consistent set
related by plausible formation pathways (Fig. 3).
Molar MS Relative to . . .
Name Formula  ass(u) fraction water A nitrogen source such as NH; must originally
Water MO 13 8092 100 have been abundant to form the many N-bearing
Methane _ o SMa 16 070 05 e X RN, .
Methaneritrils (ydrogen cyanide) MO 2710609 species, but could since have mostly evaporated
Carbon monoxide I I . or been used up in reactions. All the COSAC or-
Methylamine & CHNHp 31 11906 , . e
Ethanenitrile (acetonitrile) o GHRCN M 055 03 ganics can be formed by UV irradiation and/or
Isocyanic acid HNCO 43 0.47 0.3 = c c c c c
Ethanal (acetaldshyde) B T S - S radiolysis of ices due to the incidence of galactic
Methanamide (formamide) HCONH> 45 373 18 1 . _
gt B T and solar cosmic rays: alcohols and carbonyls de
Isocyanomethane (methyl isocyanate) | CHaNCO 7 TSAE TS rived from CO and H5O ices (19), and amines and
Propanone (acetone) CH3COCH 58 102 0.3 a, s . .
Propana (oroonaideyde) " CabbeHo 0401 nirilesfrom CEly and NElgicesi(20)0 Hydrolysis
Ethanamide (acetamide) CH3CONH_ 59 2.20 0.7 LI ] A H o -, 1
e T T of nitriles produces amides, which are linked to
1,2-Ethanediol (ethylene glycol) L CHAOH)CHx(OH) 62 079 02 1socyanates b}? 1somerization.
=
ﬁ:_ “% —— -

H,O co CH, NH, \
W f; i - = A signature of organic

Alcohols Carbonyls Amines Nitriles <—> Amides <> |socyanates . ..
chemistry in ice phase
1,2-Ethanediol Ethanal Methylamine  Methanenitrile Methanamide Isocyanic acid (interstellar cloud /
(CH,OH), CH;CHO CH5NH, HCN HCONH, HNCO protosolar nebula)
2-Hydroxyethanal Ethylamine Ethanenitrile Ethanamide Isocyanatomethane found by COSAC 2
CH,0HCHO C,HsNH, CH,CN CH,CONH, CH;NCO
2-Propanol Propanal

Fig. 3. Possible formation pathways of COSAC compounds. Spe-
(CH;),CHOH C,HsCHO cies in red are not confidently identified; species in green are reported
propanone  for the first time in comets by COSAC.

(CH,),CO
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ESA’s Cometary Mission Rosetta— Re-Characterization of the
@@ COSAC Mass Spectrometry Results Interpretation of the mass spectrum still debated...

n

L Guillaume Leseigneur, Jan Hendrik Bredehoft, Thomas Gautier, Chaitanya Giri,
Harald Kriiger, Alexandra J. MacDermott, Uwe J. Meierhenrich,* Guillermo M. Muiioz Caro,
Francois Raulin, Andrew Steele, Harald Steininger, Cyril Szopa, Wolfram Thiemann,
Stephan Ulamec, and Fred Goesmann

(see Altweg et al., 2017 & Leseigneur et al., 2022)

In memory of Helmut Rosenbauer (¥ May 5, 2016)

e

Abstract: The most pristine material of the Solar System is assumed to be preserved in comets in the form of dust and ice
as refractory matter. ESA’s mission Rosetta and its lander Philae had been developed to investigate the nucleus of comet
67P/Churyumov-Gerasimenko in situ. Twenty-five minutes after the initial touchdown of Philae on the surface of comet
67P in November 2014, a mass spectrum was recorded by the time-of-flight mass spectrometer COSAC onboard Philae.
The new characterization of this mass spectrum through non-negative least squares fitting and Monte Carlo simulations
reveals the chemical composition of comet 67P. A suite of 12 organic molecules, 9 of which also found in the original
analysis of this data, exhibit high statistical probability to be present in the grains sampled from the cometary nucleus.
These volatile molecules are among the most abundant in the comet’s chemical composition and represent an inventory
of the first raw materials present in the early Solar System.
8 =
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RUI = 8.56% W Water

B Methane

B Hydrogencyanide
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m Carbon Monoxide
m Methylamine
[l Acetaldehyde

Formamide

o
1
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Acetone

Methoxyethane

Relative intensity

M Ethylene glycol

9]
1

2-Methoxypropane
B Cyclopentanol
O COSAC

Figure 3. Individual color-coded contributions of molecules to the fitting of the CMS (black outline) when using our shortlist of 12 molecules. This
is the fit without Monte Carlo iteration (N=0), meaning this is the exact CMS fitted by exact NIST mass spectra. The same plot comparing the CT
fit, this figure, and the same one with the top 14 molecules (adding ethane and N-methylformamide) is shown in Figure S1.



Detections in the gaseous phase: large
diversity but how much in abundance ?

DFMS (Double Focusing Magnetic Mass Spectrometer)

* THE COMETARY Z00: GASES DETECTED BY ROSETTA
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in the coma of comet 67P/Churyumov-Gerasimenko  torcommecs! Liense o (cc srac,
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ABSTRACT

Most of the gaseous molecules that are detected in cometary atmospheres are produced through sublimation of nucleus ices. Distributed
sources may also occur, that is, production within the coma, from the solid component of dust particles that are ejected from the nucleus.
Glycine, the simplest amino acid, was observed episodically in the atmosphere of comet 67P/Churyumov-Gerasimenko (67P) by the
ROSINA mass spectrometer on board the Rosetta probe. A series of measurements on 28 March 2015 revealed a distributed density
profile at between 14 and 26 km away from the nucleus. We here present and discuss three study cases: (i) glycine emitted directly and
only from the nucleus, (ii) glycine emitted from the sublimation of solid-state glycine on the dust particles that are ejected from the
nucleus, and (iii) glycine molecules embedded in water ice that are emitted from the sublimation of this ice from the dust particles that
are ejected from the nucleus. A numerical model was developed to calculate the abundance of glycine in the atmosphere of comet 67P
as a function of the distance from the nucleus, and to derive its initial abundance in the lifted dust particles. We show that a good fit to
the observations corresponds to a distributed source of glycine that is embedded in sublimating water ice from dust particles that are
ejected from the nucleus (iii). The few hundred ppb of glycine embedded in water ice on dust particles (nominally 170 ppb by mass)
agree well with the observed distribution.

Key words. comets: individual: 67P/Churyumov-Gerasimenko — astrochemistry
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GC-MS/IRMS analysis provides compound-specific structural and isotopic information from a
single injection, which permitted three replicate measurements from the 0.7 nmol of glycine and 16 nmol
of EACA present in the combined foil extract. Figure 3 shows the GC-MS/IRMS data for the peak
identified as glycine. The retention time and mass spectrum match that of the glycine standard, with no
evidence of a coeluting compound. The 8"C value for glycine was determined to be +29 + 6%o. This
value 1s well outside the terrestrial range for organic carbon of -6 %o to -40 %o (Bowen, 1988). The
Stardust glycine 8"°C value falls in the range previously reported for glycine from acid-hydrolyzed hot-
water extracts of the CM type carbonaceous meteorite Murchison (8"°C = +22%o to +41%o) (Engel et al.,
1990; Pizzarello et al., 2004) and the CI type meteorite Orgueil (8"°C = +22%o) (Ehrenfreund et al.,
2001a). The value reported here may include terrestrial glycine from the non-aerogel-tfacing side of the
foil, and should thus be viewed as a lower limit on the cometary 6"°C enrichment.



Detections in the gaseous phase
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Figure 3. Measured abundances of a suite of volatile species with respect to water from the pre-perihelion period at the end of May 2015, suitable for deriving
bulk abundances in the ices of comet 67P/Churyumov-Gerasimenko (Calmonte et al. 2016). The horizontal lines denote the averages for the observed period.
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High-molecular-weight organic matter in the
particles of comet 67P/Churyumov-Gerasimenko
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Extended Data Figure 1 | Optical images of the particles Kenneth and Juliette. These sub-pixel sampled images have an equivalent resolution
of 10 pm (ref. 15). Each is the sum of two images, obtained with two grazing incidence illuminations from the left and the right. A square-root scaling
has been used to bring out weakly illuminated regions. These images were acquired on 4 June 2015 (Kenneth) and 25 November 2015 (Juliette).



Red: on particle
Black: off particle

Observations
in the

refractory
phase

Fray et al, Nature, 2016

1000

4000

Normalized intensity

Fe ]
57 ]
Na+ OL—

- | 558 56.0 56.2

Si+200 L
Vs

0 : :
Na'| 558 56.0 56.2

20 40 60 80

m/z

Detection of high molecular weight organic compounds (HMWOC) in 67P dust particles

_C+
200+ s
CH’ C';'; CH,’
|
9+
300 | CH,’ CH,"
CH+ \v} 7
0 l
12 13 14 15
m/z

ylauusy

sualnr



Something we actually understand...
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Something something similar to organic residues synthesized from ice
mixtures processing (at least at « standard » doses).
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From Derenne & Robert, MPS, 2010

Carbon (grey), hydrogen (white) and oxygen (red)

Solid Phase



How much ?

2 THE COMETARY Z00: GASES DETECTED BY ROSETTA
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Carbon-rich dust in comet 67P/Churyumov-Gerasimenko measured
by COSIMA/Rosetta
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High Molecular Weight Organic Component

HMWOC
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Disclaimer 1

Dust particles composition measured by COSIMA is assumed
to be representative of the refractory component of the
nucleus of 67P
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Quantification of carbon and HMW(C in 67P dust particles
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Concluding remarks : the Organic Mix Goesmann et al., Science 2015

The COSAC molecules form a consistent set
related by plausible formation pathways (Fig. 3).
A nitrogen source such as NH; must originally
have been abundant to form the many N-bearing
species, but could since have mostly evaporated
or been used up in reactions. All the COSAC or-
Photochemistry ganics can be formed by UV irradiation and/or
radiolysis of ices due to the incidence of galactic
and solar cosmic rays: alcohols and carbonyls de-
rived from CO and H,O ices (19), and amines and
nitriles from CH, and NHj ices (20). Hydrolysis
First ste ps of of nitriles produces amides, which are linked to

. isocyanates by isomerization.
‘ complexity
COSAC/PTOLEMY
ROSINA H,0 cO CH, NH,

Radiolysis

a— R

Alcohols Carbonyls Amines Nitriles <> Amides <> Isocyanates
1,2-Ethanediol Ethanal Methylamine  Methanenitrile Methanamide Isocyanic acid
(CHZOH)2 CH,CHO CH3;NH, HCN HCONH, HNCO
2-Hydroxyethanal Ethylamine Ethanenitrile Ethanamide Isocyanatomethane
CH20HCHO C,HsNH, CH,CN CH,CONH, CH3;NCO
2-Propanol Propanal

Fig. 3. Possible formation pathways of COSAC compounds. Spe-
(CH,),CHOH C;H,CHO cies in red are not confidently identified; species in green are reported
propanone  for the first time in comets by COSAC.

(CH,),CO



Concluding remarks : the Organic Mix
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Disclaimer 2

Others molecules (smaller ones but yet refractory) might
not have been detected by COSIMA either because:

1. They are below the detection limit of the instrument
2. They are not there

Hereafter we assume 2. (or detection limit is very low)



Concluding remarks : the Organic Mix

Photochemistry
Radiolysis

First steps of

‘ complexity Independent
COSAC/PTOLEMY Sources
ROSINA

Solar nebula chemistry ? Solar nebula chemistry ?
Interstellar chemistry ? Interstellar chemistry ?



H,0
Organic molecules detected in comets o — R
2
CH, >10
C.H, >10
C.Hg >10
CH40H . >10
H,CO >10
_ _ HCOOH 9
Organic molecules in the COMA : HCOOCH;4 2 Inventory
~ 5% or less rel. to water CH3CHO :
(CHL0H), 7 based on
C,HgOH 3
CH,OHCHO 1 AL
NH,CHO 6 detections
NH, 5 from Earth
HCN >10
HNCO >10
HNC >10
CH4CN >10
HC,N >10
H,S >10
0CS 6
S0 8
S0, 1
cs >10
H,CS 4
NS 2
72 | | ;
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Composition of comet 67P

The distributed disturbed-tion
> ~200 ppb,, glycine...
. L ® rel. to water ice
02 ice ° '..- NH3 salts
1% 1%
Water Ice CO & COZ Ices 3 THE COMETARY Z00: GASES DETECTED BY ROSETTA
19% 3%

Volatile organic
molecules

Mineral phase
41%

Dust = 45% organic in mass
Gas = 5% CO,, 3% CO, 3% 0O,, 2%
others (CH,OH,...)
Dust/Ice in mass = 3

For D/I see Choukroun et al., 2019

Composition of comet 67P in mass

Cottin et al., in prep



Disclaimer 3

All comets are not necessarily born equal in composition
(although they may have the same rights)

At which extent conclusions from 67P can be generalized
to all comets ? (cf. Wild 2)



Conclusions

Comets like 67P are an important reservoir of carbon and organic matter in the Solar System.

The refractory organic phase in particles of comet 67P is dominated by a high molecular weight
organic component (HMWOC) . This could be the parent material for IOM seen in chondrites.

Most of the carbon of the comet is stored in the nucleus under this “complex” form.

Glycine & other “so called” prebiotic compounds abundances are extremely low: is there enough
readily available “prebiotic” ingredients ?

The relevance for astrobiology of the cometary HMWOC has to be investigated

Is there something missing in the whole picture ?

=> Recent detection of equivalent of Soluble Organic Matter from Chondritic Meterorites




Concluding remarks : the Organic Mix
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