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Abstract. Chondrites and comets have accreted primitive materials from the early solar system. Those
materials include organics, water and other volatile components. The most primitive chondrites and
comets have undergone few modifications on their respective parent bodies and can deliver to laboratories
components that were present at the origin of the protosolar nebula. Here I present a review of the organic
material and volatile components that have been studied in the most primitive chondrites, and the last data
from the stardust mission about the cometary record. This paper focuses on materials that can be studied in
laboratories, by mass spectrometry, ion probes or organic chemistry techniques.

1. INTRODUCTION
Several kinds of extraterrestrial samples can be collected and studied in laboratories to assess the
composition of the matter in the solar system when it formed 4.56 Gy ago. They include meteorites,
micrometeorites, interplanetary dust particles (IDPs) and cometary grains. The meteorites constitutes
by far the largest mass of samples available for study, and among then chondrites are the most valuable
to get information about the origin of the solar system.
Chondrites are undifferentiated meteorites and are considered as primitive objects in the solar
system, along with comets. They come from small bodies that did not undergo differentiation, i.e.
internal heating was not enough to result in the formation of layers of different mineralogical and
chemical composition by melting/crystallisation, because they did not contain enough amounts of short
lived radionucleides, like for instance 26 Al. They contain the first solids that condensed in the early solar
system (chondrules, calcium aluminium rich inclusions: CAIs) mixed with few presolar components
(including nanodiamonds, graphite, silicon carbide or oxides) with an abundance up to 1000 ppm in
some primitive meteorites [1, 2]. They are thus believed to have accreted and preserved the primitive
components of our solar system.
Their main constituents are chondrules included in a fine grain matrix [2]. The accretion process
gathered minerals, presolar grains but also organic matter and water on the chondrites parent bodies.
Some have then evolved due to hydrothermal (aqueous) alteration or thermal metamorphism on the
parent body [3]. For instance, water ice melted, releasing fluids that have altered the composition of the
constituents in the chondrites [4]. Extends of these modifications are variable among meteorites and is
at the basis of the classification of these objects [5]. Moreover, several classes of chondrites are defined
depending on their chemical and mineralogical composition. Carbonaceous chondrites are rich in carbon
and organic matter, and they contain a high amount of volatile elements (with condensation temperatures
below 640 K) like H, noble gases, halogens, Pb or Hg [6]. They are the oldest meteorites in the solar
system [7] and their elemental composition is close to the composition of the Sun, except for the most
volatile elements as H, He, C, O and N [8]. They are considered as the closest objects to the molecular
cloud that gave birth to the solar system that are available for study in laboratory [9]. As they have the
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highest content in organic matter, water and noble gases, the present paper will describe these three
components mainly in carbonaceous chondrites, which represent 4% on the meteorites found on Earth.
Carbonaceous chondrites are divided into several groups [5]. CI are the most hydrated carbonaceous
chondrites. They contain up to 15 wt% of water, they are the richest in organics and noble gases.
They are constituted only by matrix, without chondrules or CAIs in contrast to CM, which are less
hydrated meteorites. CR are often considered as the least modified carbonaceous chondrites on their
parent bodies, with the less processed materials. They are supposed to have been subjected to mild
metamorphism and hydrothermalism. CO and CV are the metamorphosed counter parts of the CM. They
differ from their content in refractory elements and the size of their chondrules (both being larger in CV)
[10]. They have been subjected to temperatures higher than 350◦ C, and contain much less organics and
water.
Organic matter in chondrites can be divided in two fractions. The main fraction, in mass, is the
insoluble one, hereafter called the insoluble organic matter (IOM). It represents between 75% and 95%
of the mass of organics in carbonaceous chondrites. This fraction is not soluble in water and any other
organic solvent and is also often named macromolecular carbon. The other organic fraction is constituted
by soluble compounds, ranging from carboxylic acids to hydrocarbons, including amino acids and other
moieties of biological interest. These compounds have been mixed with water during the hydrothermal
alteration and have likely migrated throughout the parent body. They may also have reacted leading
to the synthesis of new compounds. Soluble organic compounds have been extensively studied in
Murchison (CM), but the knowledge on other meteorites has recently been extended to other meteorites
of CI and CR class. An overview of the chondrites content in soluble compounds, water and noble
gases will be presented in part 2. The IOM has been studied for the last 30 years, allowing us to have
precise knowledge of its molecular and textural properties and variations over classes of carbonaceous
chondrites, this will be described in part 3. Stable isotopes are often used to determine the origin of
volatile components in meteorites. The isotopic properties of water and the IOM will be presented in
section 4 in relation with the processes that may have ruled their evolution in the solar system. The
NASA stardust mission has recently brought comet samples to laboratories [11]. Moreover, IDPs and
micrometeorites recovered from Antarctica may also be comet samples and could bring information on
cometary materials as presented in part 5.
The goal of this paper is not to provide a detailed report of the content in volatile components in
carbonaceous chondrites and comets, but rather to shed light on a few questions arisen from the study
of those objects that could be assessed by combining advances in cosmochemistry and astrophysics.
In the following, the isotopic compositions may be expressed in delta units, defined by the
Relation (1):


(‰) = Rsample /Rstandard − 1 × 1000

(1)

with Rsample being the sample isotopic ratio and Rstandard the ratio of a terrestrial standard. Commonly
used standards are: Standard Mean Ocean Water (SMOW: D/H = 155.76 × 10−6 ) for H isotopes, Pee
Dee Belemnite (PDB: 13 C/12 C = 0.011237) for C isotopes, and Air for N (15 N/14 N = 3.67 × 10−3 ).

2. FLUIDS (WATER AND SOLUBLE ORGANIC COMPOUNDS) AND GASES IN
CARBONACEOUS CHONDRITES
Carbonaceous chondrites, in particular type 1 and 2 meteorites (see below), contain a lot of volatile
components. They include soluble organic compounds, water and noble gases. The heated objects (the
types 4 to 6) lack these constituents, which may have been lost to space due to internal heating during
the parent body evolution or by chemical reactions. These constituents are described in the following
sections.
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Figure 1. SEM images of two CM chondrites showing different level of aqueous alteration. On the left, in the case
of the CM3 chondrite, the chondrule (ch) is not altered, and the contact with the matrix (m) is sharp. On the right,
the meteorite is more altered (CM 2.3), and there is a rim around the chondrule (white arrow). This rim is due to
the alteration of the chondrule, and contains altered phase, like the matrix. The matrices are different; the CM 2.3
contains more carbonates, magnetite and phyllosilicates than the CM3.

2.1 Water on chondrites
In contrast to comets, meteorites do not contain any ice or liquid water. Water has reacted with minerals
and produced phyllosilicates and other secondary phases (see Fig. 1), in type 1, 2 and 3 carbonaceous
chondrites and LL3 ordinary chondrites [12]. All the other meteorites are free of water, either because it
did not accrete, or because it was lost by post accretional heating. There is still a debate if this alteration
took place on the parent body [4, 13] or if this is a pre-accretion process [14].
The type 1 chondrites, mainly CI, are only constituted by a hydrated matrix [13, 15]. In the type 2
and 3 carbonaceous chondrites, alteration is evidenced by the destabilization of chondrules (see Fig. 1)
and the occurrence of low temperature hydrated phases in the matrix or in the chondrules rim [4]. Only
the least metamorphosed ordinary chondrites LL3 exhibit traces of water: Semarkona and Bishunpur
[16, 17]. Nevertheless, in these objects, water is not only found in phyllosilicates, but also diffused in
the chondrules [18].
The precise determination of the water content of these meteorites is difficult because since their fall
on earth, most of them have been contaminated by terrestrial atmosphere. Moreover, it may not represent
the amount initially accreted on the parent bodies as they have been open systems during the alteration
process [12]. Alexander et al. [19] have calculated water contents from the bulk and organic matter
hydrogen content in various objects. They determined that CI are the richest in water, with contents up
to 15 wt%. The water content in type 2 carbonaceous chondrites (CM and CR) goes from 3 to 14 wt%.
Semarkona contains less than 1 wt%, and ion probe measurements [18] have determined abundance
of water up to 4000 ppm in its chondrules and also traces of water in nominally anhydrous minerals
(1300 ppm in olivine and 2400 ppm in pyroxene). This water could have accreted as ice mixed with
silicates grains or was trapped in phyllosilicates. The use of isotopes and in particular H isotopes can
help to determine the history of water in chondrites. This will be discussed in section 4.
2.2 Soluble organic compounds
As shown in table 1, carbonaceous chondrites contain a diverse suite of soluble organic compounds
[20]. Murchison has been extensively studied for its organic matter and is therefore the best documented
case. The most abundant soluble compounds in Murchison are carboxylic acids (330 ppm) [21–23].
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Table 1. Soluble organic compounds detected in Murchison and Tagish Lake, from [20].

Murchison
Tagish Lake
Concentration (ppm) Compounds Concentration (ppm) Compounds
indentifed
identified
Aliphatic hydrocarbons
>35
140
5
12
Aromatic hydrocarbons
15–28
87
>1
13
Polar hydrocarbons
<120
10
n.d.
2
Carboxylic acids
>300
48
40
7
Amino acids
60
74
< 0.1
4
Hydroxy acids
15
7
n.d.
n.d.
Dicarboxylic acids
>30
17
17.5
18
Dicarboximides
>50
2
5.5
9
Pyridine carboxylic acids
>7
7
7.5
7
Sulfonic acids
67
4
>20
1
Phosphonic acids
2
4
n.d.
n.d.
N-heterocycles
7
31
n.d.
n.d.
Amines
13
20
<0.1
3
Amides
n.d.
27
<0.1
1
Polyols
30
19
n.d.
n.d.
Imino acids
n.d
10
n.d.
n.d.
Class

Murchison contains 60 ppm of amino acids, compounds of biological interest which will be described
in more detail in the following section. Other oxidized compounds have been detected: alcohols,
polyols, aldehydes, ketones for a total of 600 ppm. Aromatic and aliphatic hydrocarbons occur in
Murchison, although long chains normal alkanes have been shown to be contaminants [24]. These
soluble compounds share several molecular properties [20]: 1- they have a complete structural diversity
(for each formula, every isomer is detected), 2- the abundance decreases when the carbon number
increases and in general 3- branched chains are more abundant.
Apart from amino acids, Murchison contains other compounds of biological interest: sugar [25],
carboxamides [26] and N-heterocycles [27]. The latest are of primary interest for the origin of life on
Earth and in the solar system, but no isotopic data has ruled out terrestrial contamination, and their low
content (less than 1 ppm) makes them to be considered with caution.
Relationships have been looked for between some soluble compounds and the IOM. To date,
only aromatic hydrocarbons could be related to the macromolecular carbon. Pyrolysis of the IOM
releases aromatic moieties similar to those detected as free soluble compounds, and carbon isotopes
are consistent with an origin of this fraction by hydrolysis or pyrolysis of the macromolecule [28].
Distribution of soluble compounds varies between meteorites (see table 1 and the comparison
Murchison/Tagish Lake). The soluble fraction hence appears to be a complex mixing between moieties
that could have been formed on the parent body, from the reaction of precursors that could have been
accreted in ices or from the hydrolysis of the IOM, and compounds that could have been synthesized
prior to accretion and preserved trapped in the matrix of the carbonaceous chondrites. The complex
isotopic distribution (an example is given in the following section for amino acids) clearly point to
various origin for soluble compounds (see [29] for a compilation of isotopic composition of soluble
compounds).
2.3 Soluble organic compounds: Amino acids
Amino acids are emblematic organic compounds in meteorites. They are often cited as possible prebiotic
molecules for the origin of life and are known to be indigenous in meteorites since the 70’s [30, 31].
To date, about 80 amino acids have been detected in CI, CM and CR chondrites; many of them have no
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terrestrial counterparts. Their abundance varies between meteorites from less than 1 ppm in some CI up
to 250 ppm in some CR2 [32]. Amino acids in meteorites have from 2 to 8 carbon atoms; all the possible
isomers are present. The distribution of amino acids differs from one meteorite to the other. For instance,
in Murchison, glycine > –aminoisobutyric acid > alanine, whereas in Orgueil –alanine > glycine >
–aminobutyric acid. Branched chains are in general more abundant than straight ones. Moreover, , 
and  amino acids can be detected, with abundance order  >  > .
Amino acids in meteorites have been found to be racemic, leading to the unambiguous interpretation
of their indignity [30]. Nevertheless, the progress in GC-MS and protocols for analysis of enantiomeric
excess in the 80’s allowed the report of small excess of the L-form of some amino acids in Murchison
[33], though doubts about contaminations raised [34]. But compound specific isotopic measurements
of 13 C and 15 N show that these excesses are not due to contamination [35, 36]. This was further
confirmed by the discovery of L-excess in non-protein chiral amino acids and in other meteorites
[37, 38]. Enantiomeric excesses are variable among meteorites [39], and also inside the same objects
[40] but never exceed 18%. The hydrated meteorites exhibit higher excess, pointing to a possible
amplification during aqueous alteration [39]. Nevertheless, the effect of UV circularly polarized light
has been suggested to explain the excesses observed [41]. This hypothesis is being tested by laboratory
experiments [42–47] but the source of the CPL at the vicinity of the early solar system still needs to be
assessed.
Amino acids in carbonaceous chondrites have been shown to be enriched in 15 N, 13 C and D
relative to terrestrial amino acids. In Murchison [48], N isotopic composition seems homogeneous
with 15 N ≈ 60‰ (compared to around 1‰ in terrestrial proteins), whereas in the two CR2 LAP02342
and GRA95229, it is more heterogeneous and 15 N is comprised between 70 and 130 ‰ [49]. 13 C
are variable [50], with values ranging from −6 to +50‰ (terrestrial value from −35 to −25‰).
Amino acids are usually enriched in 13 C by 40‰ compared to the other extraterrestrial soluble organic
compounds except the carboxylic acids [29]. For C isotopes in –amino acids, it must be noted that
branched chained have higher 13 C content than straight ones. Moreover, 13 C decreases with the
carbon number. Amino acids have high D, usually higher than the isotopic enrichment observed in
the IOM of the corresponding meteorite (see section 4.1). Indeed, in Murchison, D reaches 3500 ‰
(i.e. D/H = 701 × 10−6 ) [51] and the highest value ever reported for an amino acid is D = 7245 ‰
for GRA95229 (D/H = 1284 × 10−6 ) [49] (compare with values in Fig. 7). Like for C isotopes, D
distribution is heterogeneous among amino acids. There is no clear trend or correlation with any
molecular parameter, indicating a complex origin for the extraterrestrial amino acids fraction. It must be
noted that the 2-methyl amino acids and branched chains tend to have higher D than 2-H amino acids
and straight chains.
The correlation between the distribution of amino acids and hydroxy acids has lead to the suggestion
that amino acids were synthesized by Strecker-cyanohydrin synthesis [52]. Indeed, this reaction can
form, from aldehydes or ketone precursors, –amino acids and –hydroxy acids that will have parallel
distribution. This reaction requires HCN and water as co-reactants. But this reaction can not produce
the non –amino acids and other mechanisms like hydrolysis of lactams and Michael addition has been
proposed to account for the  and  amino acids [53]. Molecular properties and isotopic ratios of both
the IOM and the amino acids fraction rule out an origin from the hydrolysis of the macromolecule
[54]. Molecular and isotopic data on extraterrestrial amino acids thus indicate a complex origin for this
fraction. They also show that the synthetic pathway and evolution depends on the parent body. A lot of
questions then remain open on the origin and evolution of extraterrestrial amino acids.
2.4 Noble gases in carbonaceous chondrites
Noble gases occur as very low concentration in meteorites. For instance, an abundance of 0.6 ppt (part
per trillion) of Xenon is considered as pretty high. Some noble gases may have several isotopes (for
instance 9 for Xe), and some can be formed by radioactive decay (for instance 129 Xe is produced
by radioactive decay of 129 I). Noble gases can also be implanted (from the solar wind), accreted in
05002-p.5
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Figure 2. Elemental (A) and isotopic (B) pattern of noble gases in several reservoirs in carbonaceous chondrites,
from [55]. Abundances are normalized relative to solar value and 132 Xe. Earth is presented as a reference (except
He that is lost from atmosphere by dynamic escape). Isotopic patterns are characteristic of the reservoir. Etching
experiments could permit the identification of the carrier phase of some of the reservoir, like presolar nanodiamonds
for HL and P3. Q (containing P1 gases) is not clearly identified but may be organic. Ureilite are a class of meteorites
with specific noble gases signature. G and N are trapped in SiC and presolar graphite.

carrier phases and be produced by nuclear effects like spallation. Then two distinct components can
be distinguished [55, 56]: the “solar” (mainly implanted) and the “planetary” noble gases (trapped in
carrier phases and are often considered as “primordial”).
Elemental and isotopic pattern have been determined for noble gases as shown in Fig. 2. They both
depend on the involved reservoir. Elemental patterns show subtle differences among meteorites and
reservoirs. The main observation is a clear depletion in light gases. Isotopic patterns are more diverse
and are usually used to trace a specific reservoir. Then, the global isotopic pattern for primordial noble
gases of a specific chondrite will depend on the combination of constituents accreted. The carrier phases
of noble gases were investigated by stepwise leaching [57]. Some carrier phases are presolar, like SiC
and nano diamonds and the isotopic pattern can be used as a fingerprint of the origin of the carrier phase
but also to determine its abundance. Some components, like HL or G are named anomalous components
as they require nucleosynthetic processes (i.e. presolar phenomena) in addition to common physical and
chemical processes (like diffusion or condensation) to account for the isotopic pattern observed.
One reservoir, the P1 component, also called “Q” phase (for “quintessence”) was defined by Lewis
et al. [57] based on its resistance to HF/HCl leaching and disruption in HNO3 . It seems to be a main
reservoir of primordial noble gases, and it is not yet fully identified [58]. Some striking observations
have been made on Q noble gases. Q seems to release most of its noble gases at 1000◦ C, and this
temperature is the same for all the noble gases [59]. Moreover, the relative abundance of each noble gas
is the same in all the chondrites [58]. Nevertheless, its properties likely relate it to the IOM. The exact
process that trapped the noble gases in Q is also unknown. It was suggested that the texture of the IOM
(see later in section 3) could trap noble gases atoms in holes in the aromatic and aliphatic network of the
IOM [60]. A lot of questions remain opened about the accretion and origin of noble gases in chondrites;
the framework is complicated by the superimposition of signatures of presolar and solar components in
addition to parent body processes.
3. THE INSOLUBLE ORGANIC MATTER: THE MAIN ORGANIC RESERVOIR IN
CHONDRITES
Carbonaceous chondrites contain up to 4 wt% of organic matter, mainly as an insoluble macromolecule.
IOM can be isolated by solvent extractions and acid demineralisation. Although it concentrates the
residue in the insoluble macromolecule, this treatment has the drawback to remove all the fingerprints
05002-p.6
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of interactions of the IOM with inorganic matrix, and might also induce slight laboratory modifications
of the molecular structure and isotopic composition of the IOM. Nevertheless, several studies have been
performed to determine the distribution of the organics and their textural relations with the inorganic
component.
3.1 Molecular structure of the IOM: A peculiar macromolecule
Elemental analysis of the IOM of the CI and CM chondrites reveals that it is made of C, H, O, N and S.
Typical formula has been calculated to be C100 H70 O22 N3 S7 for Murchison IOM. The molecular structure
of the IOM of CI and CM has been studied by the combination of destructive and non destructive
techniques. Two approaches can be used to study the molecular structure of an insoluble macromolecule:
we can destroy its structure by thermal process (pyrolysis) or chemical reagents (mainly oxidants),
or use spectroscopic techniques that will preserve the structure (like infrared spectrometry or solid
state NMR). The first ones release small fragments that can be identified by gas chromatography or
liquid chromatography leading to a very precise molecular identification. The main drawback is that
the degradation processes used have usually yields that are far from 100% and we have to assume
that the products obtained are representative of the starting material. Moreover, pyrolytic processes
may lead to artefacts by recombination or aromatisation of the products. This is overwhelmed by the
spectroscopic techniques, which give bulk information more robust in term of statistic distribution for
the whole macromolecule. But, the molecular identification is much less precise. It is then very useful
to combine all those techniques together to correct for potential analytical artefacts and to understand
the initial molecular structure from puzzle pieces obtained from the different set of data.
Table 2. Summary and compilation of molecular parameters for Orgueil and Murchison IOM from data collected
over the last 20 years.

Relative Molecular abundances
Aromatic-linked C as CH3 / Total C
C as CH2 Aliphatic / C as CH3 Aliphatic
Non Protonated Aromatic C /
Aromatic Protonated C
Aromatic C / Total C
Acids C / Total C
S as Thiophenes / S as Aliphatic S
N as pyrroles / Total N
Relative Bulk Chemical Composition
H/C
N/C
O/C
S/C
Structural informations
Small aromatic units
Short Chains
Highly branched aliphatics
Highly substituted aromatics

Analytical Techniques
0.01
2

13

2.8
0.75
0.07
3.12
0.85

13

13

C NMR
C NMR, IRTF

Reference
[61–63]
[61–63]

C NMR
C NMR
13
C NMR
Xanes S, Pyrolysis GC-MS
15N NMR, Pyrolysis GC-MS
compilation from:

[61–63]
[61–63]
[61–63]
[54, 72, 78]
[54]
[54, 63, 67]

EPR, 13 C NMR, TEM
Oxidative GC-MS, 13 C NMR
Pyrolysis and oxidative
GC-MS, Infrared
Pyrolysis GC-MS

[61–63, 76, 79]
[63, 67]
[54, 63, 67, 80]

13

0.70
0.03
0.22
0.045

[54, 66, 80]

Solid state 13 C NMR and infrared spectroscopy [61–64] reveal that most of the carbon is involved
in aromatic structures. Only 20 to 30 % of the carbon constitutes aliphatic bonds. This is confirmed by
pyrolysis [54, 65, 66] which releases rather small aromatic units: up to coronene (7 rings aromatic unit).
05002-p.7
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Figure 3. Summary of molecular information on the chemical structure of IOM of Murchison. R means an organic
moiety. This picture was established thanked to data collected from 20 years and summarized in table 2. (This
figure is modified from Derenne and Robert (2010), « Model of molecular structure of the insoluble organic matter
isolated from Murchison meteorite », Meteoritics and Planetary Science, doi: 10.1111/j.1945-5100.2010.01122.x).

Pyrolysis does not reveal any long aliphatic chains in the chondritic IOM. Though it could be due to an
artefact of aromatization upon the flash heating during the experiment, it indicates that IOM is free of
long aliphatic moieties. This is consistent with solid state NMR [62, 63], which indicates that aliphatic
moieties are short and branched. Ruthenium tetroxide oxidation was performed on IOM [67, 68] and
confirmed NMR conclusions. The maximum length is 7 carbon atoms for aliphatic bridges between
aromatic units, and 4 carbon atoms for the side chains with a free end. Those aliphatic moieties exhibit
a lot of branching with methyl and ethyl groups, and they often link more than 2 aromatic units together.
This is consistent with recent FTIR data on the IOM of CI and CM chondrites [69]. Such carbon skeleton
results in a high degree of cross linking that may explain the chemical resistance of the IOM.
Oxygen is involved in ether and ester groups as revealed by pyrolysis and chemical oxidation
[54, 67, 70]. So far, no insight of occurrence of oxygen in aromatic units has been determined. Almost
no compound containing N is detected by pyrolysis and chemical oxidation [54]. 15 N solid state NMR
on Orgueil IOM has shown that N mainly occurs as pyrroles, i.e. in five atoms aromatic moieties [54].
Nevertheless, the occurrence of minute amount of nitriles may occur. Upon pyrolysis, sulphur is released
as thiophenes, i.e. five atoms aromatic units [54, 71, 72]. More recent S K-Edge XANES has shown
that the occurrence of S in chondritic IOM may be more complex than this simple picture. Hydrated
meteorites exhibit also sulfoxide and sulfone in the aliphatic chains [73].
All these molecular information can be summarized in Fig. 3. This model is not the exact
representation of the molecular structure of the IOM but it rather shows the main characteristics of
the C skeleton and the O-, N- and S-containing groups. The principal statistical parameters determined
for the molecular structure of the IOM in the case of Orgueil and Murchison are reported in table 2.
The organic radicals contained in the IOM of Orgueil (CI), Murchison (CM), Tagish Lake (C1)
and Kainsaz (CO3) have been studied by electron paramagnetic resonance (EPR) [74–77]. The IOM
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of non heated chondrites exhibit two peculiar properties: 1- their organic radicals are heterogeneously
distributed, leading to the occurrence of radical rich clusters; 2- they contain abundant diradicaloids
(unpaired radicals), that are not detected in any other natural organic matter. In contrast, heated IOM
does not have diradicaloids and have very few radicals, showing that organic radicals are sensitive to
thermal stress and thus occur only in primitive (least modified) IOMs. Their occurrence may likely
indicate the radical chemistry plays a key role in the synthesis of chondritic IOM.
3.2 Distribution of the IOM: Understanding the accretion process
To understand the origin and evolution of organic compounds in chondrites, it is necessary to study
the textural and petrographic relationships of organics and minerals (Fig. 4). This can be done at
several scales. At the macroscopic scale, it appears that the organic matter is located in the matrix
of chondrites, associated with phyllosilicates [81]. Osmium tetroxide vapour impregnation [84] labels
specifically organic compounds in rocks and reveals that chondrules and CAIs are free of organic matter.
At this scale, no specific pattern is observed, leading to the conclusion that organics accreted with other
volatiles components in the matrix. This is confirmed by fluorescence microscopy [82, 85], which uses
the fluorescence of organic matter under UV light. This technique also shows that organic matter occurs
as circular particles, with a diameter around a couple of microns.
The recent use of the nanoSIMS allows us to map the elements constituting the organic matter in
the matrices, along with the constituents of the inorganic material (Fig. 4). Micron size carbon rich
particles can be observed, evenly distributed in the matrix of hydrated chondrites [86]. As they contain
significant amount of H and N, they correspond to organic matter. Moreover, there is also some “diffuse”
organic matter all over the phyllosilicates. No specific association with oxides, sulfides or sulfates is
observed. These minerals appear free of C, and no coating is observed. These observations indicate that
organics occur as isolated organic grains or organic matter intimately mixed in clay like minerals, which
constitutes most of the minerals of the matrices of hydrated chondrites.
By using high resolution transmission microscopy, we can access to the nanometer scale (Fig. 4).
At that scale, in Allende (CV3), organic compounds appear associated with mineral surfaces [83].
Such association leads to the conclusion that mineral surfaces may have played a role in the synthesis
of organic matter. Nevertheless, it is not clear if such association is ubiquitous in meteorites. Other
observations at that scale reveal that organics appear in condensed structures, with variable sizes, often
in close contact with hydrated minerals.
In conclusion, organic matter occurs in association with low temperature components in chondrites.
The observations point to a complex origin of the organics, one component being accreted as isolated
organic particles, and the other having likely migrated throughout the matrix and being trapped into
phyllosilicates.
3.3 Diversity among the different types of chondrites: Influence of parent body processes or
source effect?
Comparing the molecular properties of IOM of various meteorites can reveal the effect of parent body
processes on organics. Two main phenomena can occur on parent bodies: 1- thermal metamorphism
due to the disintegration of short lived radionucleides that induces an increase of the temperature, or 2a hydrothermal metamorphism due to water circulation and hydration of the constituents of the parent
body. Organics will respond in different ways to these stresses.
Hydrothermal metamorphism is usually assumed to induce oxidation of the IOM, as shown by
solid state NMR, S K-edge XANES and IR spectrometry [61, 69, 87, 88]. Hydrated chondrites may
have accreted ice rich in H2 O2 or it could be formed by radiolytic degradation of H2 O [61]. Then this
hydrogen peroxide would have reacted with ferrous iron (Fe2+ ) to produce OH radicals (via Fenton’s
reaction), much efficient oxidant than water. This oxidative agent induces the destruction of aliphatic
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Figure 4. Location of organic matter in chondrites revealed by several techniques (the name of the corresponding
meteorite is indicated into brackets). A and B: Osmium labelling reveals that organic matter occurs in the matrix, the
chondrule being free of organic matter [81]. C: By fluorescence microscopy, organic matter (white structures) appear
as isolated particles, with sizes ranging from 0.5 up to 4 microns randomly distributed in the matrix [82]. This is
consistent with NanoSIMS imaging (E). Organic matter corresponds to area rich in both C and H. Organic particles
are circled in green, and show no association with a big mineral rich in S, O and H (sulfate). But, at the nanometer
scale [83], as what is observed by TEM (D), organic matter (called PGC: poorly graphitized carbon) forms coatings
around sulfides (Pent: pentlandite). Ol: Olivine grain, abundant in the matrix of this kind of chondrite.
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Figure 5. Solid state 13 C NMR spectra of IOMs from carbonaceous chondrites of various degrees of hydrothermal
alteration [61]. The least altered meteorite is on the top, the most altered is at the bottom. From the NMR spectra, it
appears a clear decrease in the aliphatic C content with increasing alteration. This has been interpreted as a loss of
aliphatic carbons by oxidation during the aqueous alteration.

linkages and the increase in aromatic carbon, aldehydes, ketones, ether and ester functions (Fig. 5). This
is consistent with higher content of phenols produced by pyrolysis of IOMs of CI compared to CM
[54, 89]. It must be noted that such process could lead to the formation of some soluble compounds
[28, 90]. Nevertheless these modifications appear to be limited, as the molecular structure of CI, CM
and CR IOMs seems to be broadly similar. Even in the highest altered meteorites, the oxidation process
appears to be far from being fully completed [69]. It must be noted that, in detail, the differences between
IOMs from different chondrites sometimes does not closely match the evolution on the parent body as
determined by the mineralogical observations. For instance in Fig. 5, petrographic studies indicate that
the aqueous alteration increases as CR2<CM2<Tagish Lake<CI1, but molecular structure evolution is
interpreted as CR2<CI1<CM2<Tagish Lake for the alteration extend. This likely reflects that some
differences observed may be related to the organic matter accreted before parent body evolution. As
shown by Raman spectrometry on low grade meteorites [91], organic macromolecules accreted on each
class of parent body were broadly similar, but there is no common precursor to all the parent bodies.
This is consistent with some isotopic observations described in section 4.2.
On the other hand, thermal metamorphism has more dramatic effect on the molecular structure of
the IOM. As shown by Raman spectrometry, the structural order of the carbonaceous matter increases
with temperature [92, 93]. There is a clear trend in losing the heteroelements, evidenced by a decrease
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in H/C, N/C and O/C elemental ratios, and in increasing the size of aromatic units [77, 94]. Organic
radicals seem to be more affected by thermal metamorphism than aqueous alteration. Indeed, in Kainsaz,
a heated meteorite, the radical concentration is 2 orders of magnitude lower than in CI and CM, whereas
organic radicals are abundant in Tagish Lake and Orgueil, which are often considered to be intensively
altered [74, 75, 77].
3.4 Physical texture at the nanometer scale: HRTEM imaging
Carbonaceous matter in meteorites is heterogeneous and can occur as various textures: amorphous,
graphitic and it also forms some unusual features like nanoglobules. This can be studied by High
Resolution Transmission Electron Microscopy (HRTEM). Several textures of carbonaceous materials
are shown in Fig. 6.
The texture of organic matter in meteorite is related to the petrographic grade of the meteorite,
as indicated by Raman data [92]. Organics in low grade meteorites (hydrated objects, exposed to less
than 100◦ C) show a disorganized structure. The size of the aromatic units is estimated at 6 cycles in
diameter [79]; this is consistent with molecular data. The branching of the aliphatic linkages makes
the interlayer spacing rather large. With heating, the heteroatomic groups, especially the O-containing
groups, are lost, and the aliphatic linkages are progressively shorten and aromatized, leading to a
decrease in the interlayer spacing and an increase of the size of the coherent domains (defined by
the parts of the polyaromatic planes that are involved in the stacking of parallel planes) [77]. This
aromatization process will ultimately end in the formation of graphite. Graphite is often encountered
in meteorites [95] and is often associated with metal. This may be the result of catalytic effect of the
metal on graphite formation, showing that temperature is not the only parameter that is required to form
graphite. Moreover chondrites also contain presolar graphite [96], formed in the environment of stars or
supernovae. Carbon can also occur as diamond, either presolar or solar. Nevertheless, it requires high
pressure to be formed on a meteorite parent body and only shocked objects exhibit diamonds formed
from organic matter that was initially accreted on the parent body (see the example of a shock chondrite
in [97]). In primitive chondrites, presolar nanodiamonds, likely formed by CVD condensation, have
been detected [96].
IOM is usually porous (see Fig. 6C), with voids like holes or tubes up to a few tens of nanometers.
IOM studied by HRTEM is usually extracted by acid dissolution of silicates and these voids might be
the result of the loss of the minerals. This would be consistent with the suggestion of organic coating
around minerals.
IOM from low pretrographic grade meteorites contains unusual features: nanoglobules (see Fig. 6E
and F) [98]. They can occur as isolated grains, coalesced spheres or clusters [99]. Their sizes range from
20 up to 1700 nm, with a typical void in the centre not attributed to the chemical treatment used to isolate
the IOM; the size of the internal void is variable, so is the wall thickness [98–100]. In some cases, there is
no central cavity; the globules then appear as solid nanospheres [99, 100]. Though the wall is composed
of several layers, the carbonaceous component is amorphous as revealed by Raman spectrometry
[100]. Chemical composition, determined by EELS (Electron Energy-Loss Spectroscopy), shows minor
variation among meteorites, but particle to particle differences are significant [98]. Some molecular
features have been studied by FTIR, EELS and STXM (Scanned Transmission X-rays Microscopy) and
indicate variations among particles [99–101]. Both aromatic and aliphatic components are detected;
C O and C O features are also detected, indicating the occurrence of ether and ester functions.
Despites the particle-to-particle heterogeneities, the overall chemical and molecular properties of
nanoglobules are close to those of the IOM [99–101]. Nanoglobules often exhibit enrichments in D
and/or 15 N [101, 102], comparable to enrichments observed for the D and 15 N rich hot spots found in
IOM (see section 4.1), but some nanoglobules have isotopic composition similar to the bulk IOM. These
enrichments have been interpreted as the influence of interstellar-like processes during the formation
of the nanoglobules or the organic matter precursor [101, 102]. The exact process that leads to their
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Figure 6. HRTEM images of various textures of carbonaceous material in chondrites. IOM usually shows a
disorganized structure (A: Murchison, B: Kainsaz). Aromatic layers are curved and do not defined large coherent
domains. With temperature increase, the organization improves slightly (compare A and B), with an increase in the
size of aromatic layers, and a reducing of the interlayer spacing. In reduced conditions or/and under pressure, the
organic matter will end to graphite (D, in Kansaz). In general, the structure exhibits important porosity (C: Kainsaz).
In a lot of CM, CR and CI, nanoglobules have been observed (E in Tagish Lake and F in Mighei; from [98]).
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formation is still a matter of debate, between a parent body origin during hydrothermal alteration and
an interstellar origin [99–102].
4. STABLE ISOTOPES IN INSOLUBLE ORGANIC MATTER AND CHONDRITIC WATER
Isotopic compositions are often used to determine the history of the volatile components in meteorites.
The following section describes the isotopic properties of the IOM and the water in chondrites, in
relation with their origin.

Figure 7. Isotopic compositions vs the relevant elemental ratio in the IOM of chondrites of various classes, from
[17, 93]. Correlations may be observed for some groups for H isotopes (b) (like for instance an increase in D with
a decrease in H/C in the case of ordinary chondrites), or C isotopes (c) (see the increase of 13 C with decreasing
H/C). For N isotopes (a), no clear trend is observed. O isotopes (d) do not show any pattern, and the values are in
the range of solar system objects.

4.1 Isotopic compositions of chondritic IOM
As shown in Fig. 7, organic molecules in meteorites are systematically enriched in deuterium [103, 104]
relative to molecular hydrogen in the ProtoSolar Nebula (referred to as PSN; (D/H)PSN = 25 × 10−6 i.e.
D = −840‰ [105]). In chondritic IOMs, these enrichments range from −100 ‰ in enstatite chondrites
up to 11000 ‰ in some ordinary chondrites [103]. Several groups can be distinguished based on the D/H
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Figure 8. NanoSIMS image of the IOM of Orgueil. The image covers an area of 20 × 20 m2 . At this scale, D
appears heterogeneously distributed, with the occurrence of D-rich hot spots (black arrows) but also small areas
depleted in D (white arrows). These hot spots cover ca 25% of the surface imaged.

and H/C ratios; H/C is usually a fingerprint of thermal or aqueous evolution of the organic matter [103].
CI and CM (except Bells CM chondrite) exhibit similar ratios, and they are the most aqueously altered
carbonaceous chondrites. CR chondrites, believed to be the less modified carbonaceous chondrites have
a D/H ratio twice as large. CO and oxidized CV, heated carbonaceous chondrites, have D/H ratio around
the terrestrial ratio; they are depleted compare to CI, CM and CR (2 times less compared to CM and 4
times less than CR). In these groups, the D/H ratio does not correlate with an evolution in the H/C ratio.
Ordinary chondrites exhibit a negative trend in the diagram, with the samples with the lowest H/C having
the highest D-enrichment. The reduced CV also exhibit the same trend, though the range of D/H ratio is
much smaller (a few hundred of permil compared to several thousands of permil in delta units). Enstatite
chondrites have D/H ratio lower than all the other chondrites, and there is not correlation between H/C
and D/H ratios. It must be noted that the lowest isotopic enrichment was measured in Abee enstatite
chondrite (D = −480‰; D/H = 80 × 10−6 [106]).
CR and Bells (CM) carbonaceous chondrites contain IOM enriched in 15 N compare to terrestrial
organic matter (on Earth, 15 N ≈ 0‰, in these meteorites is can go up to 400‰). It must be noted that
the picture for 15 N is pretty different than the case of D (see Fig. 7), as only few IOMs show large
fractionations, whereas the others are almost around the terrestrial value; moreover larger variations in
N isotopic compositions are observed in presolar grains (several orders of magnitude for 14 N/15 N ratio),
and are attributed to nucleosynthetic processes [1]. There is no large fractionation for C and O isotopes
in contrast to what can be observed in presolar grains for instance [1]. O isotopes seem controlled by
parent body alteration. C isotopes seem to correlate with the parent body temperature, pointing to a
thermal control of the 13 C/12 C ratio: under thermal stress, a distillation process leads to enrichment in
13
C by preferential loss of the light isotope upon breaking C-C linkages.
The recent use of NanoSIMS ion probe provides new information on the distribution of the isotopic
ratios in chondritic IOMs [102, 107, 108] with a spatial resolution of ca 100 nm. Images of the IOM
of CI, CM and CR chondrites reveal the occurrence of micron size areas with large positive D- and
15
N-anomalies, which could go up to D = 8000 ‰ (D/H = 1402 × 10−6 see Fig. 8). These hot spots
are distributed all over the samples, without any specific pattern. No clear trend is observed between the
D/H or the 15 N/14 N in these hot spots and the classical molecular parameters (for instance C/H or C/N),
moreover no association with inorganic acid resistant minerals is observed. In contrast, no D or 15 N rich
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Figure 9. D/H isotopic ratio versus C-H bond energy among different molecular components in Orgueil IOM. The
observed trend can be interpreted as the result of an isotopic exchange reaction between D-poor organic solids and
D-rich gaseous molecules (H2 D+ , HD+
2 . . . ), most likely taking place in the outer and relatively cold regions of the
protoplanetary disk.

hot spots are observed in IOM of heated chondrites, i.e. CO, CV and ordinary chondrites [108, 109].
This should point out to the thermal sensitivity of these entities.
The distribution of the D has been studied at the molecular scale [68, 110, 111]. It has been shown
in Orgueil IOM that three types of organic groups (Fig. 9) hold most of the H in IOM [111]. Type 1 is
benzylic H, i.e. H bound to the first C atom linked to an aromatic ring (C atom in  position). Type 2 is
non benzylic aliphatic H. Type 3 is aromatic H. Although aromatic moieties in chondritic IOM are known
to be easily released by pyrolysis [54, 110], the aliphatic linkages are recovered by ruthenium tetroxide
oxidation [67, 68]. Compound specific D/H isotope measurements can be performed by GC-irMS (Gas
Chromatography-isotope ratio Mass Spectrometry) and allow us to determine the isotopic ratios of each
type of H [111]. The C-H bond dissociation energy differs for the three types: the higher this energy,
the stronger the bond. Fig. 9 shows that any exchange between the hydrogen in these molecules and
an external reservoir is affected by the binding energy. For Orgueil IOM, D = 1250 ‰, 550 ‰ and
150 ‰ (i.e. D/H = 350 × 10−6 , 240 × 10−6 , 180 × 10−6 ) can be calculated for hydrogen of Type 1, 2
and 3 respectively, whereas for the bulk D = 980 ‰ [103].
Pulsed Electron Paramagnetic Resonance has been used to determine the isotopic composition of
radicals in IOM of Orgueil meteorite [112]. As shown in Fig 9, these radicals, which are heterogeneously
distributed in the IOM, contain a very high deuterium concentration (D/H = 15000 ± 5000 × 10−6 ;
D = 95300‰), much larger than the average bulk value D/H = 350 × 10−6 for this meteorite. This
D-enrichment is comparable to the maximum enrichments observed in some organics in the ISM (45000
to 60000 × 10−6 [113]).
These isotopic signatures have been interpreted as fingerprints of synthetic environments of the
IOM. The H isotopes are in this respect a matter of intense debate. Starting from the 80’s, an interstellar
origin was considered for IOM based on its systematic enrichment in deuterium [103, 104, 106]. Several
processes believed to occur in cold dense clouds, like ion/molecule, gas grain or photodissociation
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reactions, have been suggested to account for D enrichment [114]. However, the D/H ratio in IOM
remains much lower than those measured in deuterated organic molecules commonly observed in
the dense interstellar medium (ISM; D > 63000‰; D/H > 10000 × 10−6 ) [115]. Several qualitative
interpretations have been proposed to account for the isotopic difference between the chondritic IOM
and the organic molecules in the ISM. The interstellar organic matter would have been diluted in solar
components much less enriched in D, or would have exchanged with a solar reservoir either in the gas
phase or the meteorite parent body [103, 106, 116]. The last possibility is that the IOM would have been
formed at temperatures much higher (120 K) than canonical ISM temperatures (10–20 K) [115]. Indeed,
at the first order (and as observed in Hot Cores [117, 118]) the enrichment in deuterium is expected to
decrease with increasing formation temperature of IOM. Nevertheless, an interstellar origin implies that
the D/H ratio of an interstellar precursor would have survived and escaped isotopic exchange during its
travel in the ISM before and during the very early stages of the formation of the solar system. From
laboratory experiments on organic matter of IDPs (that could be considered not so different than the
chondritic IOM of CR, CI and CM), it has been shown that irradiations that would occur in the ISM
would likely erase a D rich signature and lower to D/H ratio due to exchange with the molecular H2 gas
(with a D/H ratio close to 16 × 10−6 ) [119]. Then, reactions during the formation of the solar system
have to be considered to explain the D enrichment of the organics in meteorites. In irradiated and cold
areas of proto planetary disks, ion/molecule reactions inducing the formation of H2 D+ or CH2 D+ may
lead to the isotopic enrichment of organic molecules [120, 121]. In that case, the trend observed in Fig. 9
would indicate that the strength of the C-H bond influences the isotopic exchange between the organics
and the D rich ionised gas [111]. Moreover, it would indicate that radicals are very efficient to grab the
D from the gas [108].
Two different hypotheses have been proposed to account for the D-rich hot spots: (1) these hot
spots are remnants grains of interstellar D-rich organic material [102, 107] or (2) they are related to
organic radicals occurring in IOM [108, 112], as radicals are known to be highly enriched in D and
are heterogeneously distributed in the IOM. By combining data from NanoSIMS and pulsed EPR, it is
possible to show that all the D-excess is borne by organic radicals: as these radicals are concentrated in
small areas, they define small regions in the IOM which could constitute D-rich hot spots [108].
15
N enrichments are usually attributed to cold chemistry in interstellar clouds similar to that of the
D enrichments, even though much less modelling has been done for this isotopic ratio. Aléon suggested
that for most of the chondritic IOMs, D and 15 N-enrichments are correlated due to ion/molecule
reactions. For some anomalous organic moieties, which exhibits the highest 15 N-enrichments, there is
an additional self shielding of N2 that induces the production of 15 N-rich material that would be mixed
with the previously mentioned organic matter [122]. This would happen during an evolved stage of the
protoplanetary disk. Aléon also suggested that ordinary chondrites may contain up to 1% of interstellar
organic matter, being highly enriched in D and depleted in 15 N [122].
4.2 Isotopic compositions and parent body evolution
As shown in Fig. 7, parent body processes are suspected to have different effects on the isotopic
compositions, if a common precursor is assumed. For carbonaceous chondrites, heating induces a
decrease in D and 15 N, as shown by the evolution from CR to CO and CV. This is consistent with
laboratory experiments showing that heating over 270◦ C decreases of the D content of Murchison
IOM [94]. The same process also destroys the D-rich hot spots in Murchison IOM [108]. For ordinary
chondrites, D increases with heating; the interpretation of this different behaviour is unclear. It might
be due to different redox conditions on parent bodies [103] or different organic precursors accreted on
the parent bodies of carbonaceous and ordinary chondrites. The effect of thermal metamorphism on
carbon isotopes is less enigmatic. It is well known that during heating processes, distillation of C will
lead to an increase of the 13 C.
The effects of aqueous alteration on the isotopic ratios are a matter of great debates. It has been
suggested that during alteration, D-depleted water would exchange with organic matter, leading to a
05002-p.17

EPJ Web of Conferences

Figure 10. NanoSIMS ratio images of the matrix of Orgueil meteorite (A) reveals the location of C rich particles,
from the C/Si image. The corresponding D/H image shows a D-rich hot spot, inside which we can make profiles (B)
along the blue bar. H/Si and C/Si profiles indicate that C and H are intimately associated, consistent with organic
matter constituting this particle. C/H and D/H profiles show that there is no diffusion of D from the D-enriched
organic matter to the surrounding phyllosilicates, as the D/H curve matches pretty well with the C/H one. Isotopic
exchange would have resulted in broadening of the D/H curve.

decrease in the D with the alteration increasing [103]. This would be consistent with the higher D
in CR than in CI and CM (Fig. 7, the CR being less altered than CM and CI). Nevertheless, in situ
nanoSIMS imaging (Fig. 10) of organic particles in the matrices of CR, CI and CM indicates that
no isotopic exchange occurred between the most D-enriched organic particles and the surrounding
phyllosilicates depleted in D relative to the organic matter [86]. This seems to indicate that organic
matter constituting the D-rich “hot spots” does not exchange with water or phyllosilicates during the
hydrothermal event on the parent body. This is in contrast to what is observed for terrestrial organic
matter in sedimentary basins where aqueous alteration induces an evolution in the isotopic ratio of both
the kerogen and the water [123]. In such environments, minerals may have catalytic effects [124–126],
leading to significant D-exchange at the timescale of 50,000 to 100,000 years. Another explanation
is that the time window for an efficient exchange is too short. Indeed, it has been suggested that
aqueous alteration may have happened by pulses [86, 127] and then, the total time of actual water
circulation on the parent body may have been much shorter than the 5–10 millions years usually
assumed for the duration of this event [128]. Then the D-exchange water/organic matter could be too
slow to be efficient at the conditions of the parent body hydrothermalism. The question remains opened
and ongoing laboratory experiments are under progress to assess to which extends the hydrothermal
alteration influences the D-enrichment on the organic matter in carbonaceous chondrites. It must be
noted that in all the hydrated chondrites, water is always depleted in D compared to organic matter,
whereas the equilibrium requires the opposite, whatever the location of the H in the molecule [86, 126].
This indicates that isotopic disequilibrium has been preserved during 4.5 billion years on the parent
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body of these carbonaceous chondrites and that organic matter did not acquire its high D-enrichment on
the parent body.
The effect of chemical reactions has to be considered in the interpretation of the D/H ratio of IOMs.
D/H isotopic composition of an organic sample may vary by several processes, and one has to distinguish
between pure isotopic exchange and chemical reactions or molecular rearrangements [126]. It has been
shown that the molecular structure of the IOM evolves with the alteration/metamorphism on the parent
body (see section 3.3). To this respect, thermal metamorphism seems to have a larger effect on the
molecular structure of the IOM. So, even if pure isotopic exchange between organic matter and water
is limited in the condition of the chondritic parent bodies, chemical reaction may lead to the evolution
of the D/H ratio by addition or depletion of H (and D). Then, chemical processes, rather than isotopic
exchange, may explain the variations between the different classes of chondrites. The example of CV
chondrite may be consistent with this hypothesis. IOM in oxidized CV exhibits a lower D/H than reduced
CV. They differ by the traces of water for CVox, while the CVred are believed to have been water free
during all their evolution. So, one possible explanation is that IOM in CVox exchanged its D with water
while not in CVred. But the H/C of the IOM is also different between CV ox and red; the oxidized CV
have a higher H/C. It clearly shows that the chemical reactions occurring on CVox and CVred parent
bodies had different effects on their IOM. We can then assume that the difference in their D content is
due to chemical reactions rather that pure exchange.
4.3 D/H in water
Isotopic composition is a powerful tool to determine the origin of water in meteorites. The oxygen
isotopic composition of the water that circulated on the meteorite parent body is impossible to determine
as it has reacted with the minerals, the other large O-reservoir (and whose initial isotopic composition
is a matter of debate). On the other hand, H isotopes of water can be determined by measuring them in
the phyllosilicates. Moreover H in phyllosilicates can be distinguished easily from organic matter, the
other large H-reservoir in chondrites. D/H isotopic ratio of the phyllosilicates can be estimated by mass
balance considering the organic matter, as it has been done for carbonaceous chondrites [19, 104], and
by in situ measurements using an ion probe [18, 129]. The variations of H isotopes in phyllosilicates
in chondrites are reported in Fig. 11. One of the main difficulties comes from the contamination by
terrestrial water (from the atmosphere). Nevertheless, it appears that meteoritic water has an average
value around the terrestrial ratio, but with some high enrichment in some cases. It must be noted
that D-isotopic fractionation (i.e. the difference between the isotopic composition of the two phases
that exchange their D) at equilibrium between water and phyllosilicates is predicted to be lower than
100‰ [130].
Water in CI and CM is depleted in D compared to organics (see 4.1), with −180‰ < D < +30‰
(i.e. 128 × 10−6 < D/H < 160 × 10−6 [17, 94]). This clearly indicates that organics and water are far
from isotopic equilibrium. Indeed, at equilibrium between water and organic matter, organic matter is
supposed to be depleted in D compared to water [86]. Nevertheless, it must be noted that the water is
heavier in CR chondrites, which also have heavier organic matter (D = 680‰; D/H = 262 × 10−6
in Renazzo phyllosilicates). As isotopic exchange between organic matter and water is limited on
CR parent body (see section 4.2), enrichment of the water on the parent body by exchange with the
D-rich organic matter seems unlikely. It may rather indicate that water and organic matter in CR where
synthesized or exposed to different environments than CI and CM ones prior to accretion.
The CM class constitutes an interesting case of study because it contains meteorites that have
undergone different levels of aqueous alteration. Eiler and Kitchen [132] have measured the D/H
isotopic ratio of fragments of several CM, and have determined that the D/H ratio decreases with
increasing extend of aqueous alteration. They have been able to build a model for the chemical and
isotopic evolution on CM parent body during aqueous alteration, and could determine that the water
that circulated on this parent body has a D = −158‰ (D/H = 131 × 10−6 ). Moreover, CI chondrites,
although being more aqueously altered than CM, have D/H and volatile elements abundance that make
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Figure 11. Distribution of D/H ratio in carbonaceous chondrites (whole rock), LL3 ordinary chondrites, IDPs and
water in hot cores, from [131]. f is used to normalize the ratios to a reference, which is D/H = 25 × 10−6 for
meteorites and IDPs (solar nebula) and 16 × 10−6 for hot cores (interstellar). Vertical lines indicate the values for
terrestrial and cometary water. Note the large heterogeneity in the distribution of D/H ratios, reflecting complex
processes prior accretion of the parent bodies.

them similar to the least altered CM. Then it leads to the conclusion that CI chondrites are not more
altered products of the same process that produced CM. It clearly indicates that CM and CI accreted
material with different isotopic properties. Furthermore, the water that circulated on CM parent body
had different isotopic composition than on other parent bodies.
The case of LL3 is even more surprising. Ion probe measurements point to isotopically
heterogeneous phyllosilicates in the matrix. Indeed, −230‰ < D < +3600‰ (120 × 10−6 < D/H <
716 × 10−6 ) in Semarkona, with variations observed within a few 100th of microns [129]. Moreover,
a systematic study of the isotopic composition of –OH (i.e. diffused water) in chondrules of LL3
chondrites Semarkona and Bishunpur revealed a wide heterogeneity in those objects that are hundreds
of microns large [18]; −520‰ < D < +2000‰(75 × 10−6 < D/H < 467 × 10−6 ). These data were
interpreted as the alteration of chondrules and matrix minerals precursors by at least two different
reservoirs of water, one being depleted in D (D/H ≈ 100 × 10−6 ; D ≈ −360‰) and the other one
being enriched (D/H ≈ 700 × 10−6 ; D ≈ 3500‰), showing that isotopic composition of water was
heterogeneous in the early solar nebula. This might be related to the temperature gradient in the
protosolar nebula, likely inducing a gradient in the isotopic composition of water [115].
5. IDPS, MICROMETEORITES, STARDUST: WHAT DO WE LEARN ON COMETS?
Meteorites are not the only samples available for study in laboratory. Interplanetary dust particles (IDPs)
are small particles collected in the upper atmosphere and are often considered as cometary particles
[133]. Some micrometeorites are also likely cometary grains that are collected in the ice from Antarctica
[134]. Moreover, the STARDUST mission brought indigenous cometary grains to laboratory.
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Due to the small size of these particles (from 1 to a few hundreds of microns), only a limited set
of techniques can be used to study the organics in these objects. Ion probes are massively used to
determine isotopic composition, while molecular structure is studied by STXM or EELS. Noble gases
were tentatively studied in IDPs and micrometeorites [135–137]. Most of the noble gases were found to
be solar (solar wind implantation) although Osawa et al. claimed that Xe and Kr in micrometeorites are
dominated by a primordial component [137]. Only He was studied in IDPs [135, 136].
IDPs are micron size grains (from 1 to 50 microns) that are often considered very pristine
because they contain numerous isotopic anomalies. Their bulk elemental composition is close to the
CI and CM carbonaceous chondrites. Their typical mineralogy is olivine, pyroxene, and in some cases
phyllosilicates [138]. Large enrichments in D and 15 N can be found in organics in IDPs [139–141]
leading to the conclusion that organics are dominated by cold environments chemistry (ISM or outer
regions of the protosolar nebula). These enrichments are in the same range as the hot spots found in
chondritic IOM (with a maximum at D/H = 4020 × 10−6 ; D = 24800‰) [139, 141]. The molecular
structure of organics in IDPs is broadly similar to the IOM in CI and CM, even if it seems that there are
more aliphatic moieties in IDPs and aliphatic chains exhibit a larger branching level [119, 142, 143];
nevertheless, there is a large variability and in some IDPs the carbonaceous fraction appears as graphitic
carbon [144]. It must be noted that the D-rich component is likely aliphatic, like in Orgueil [142].
Irradiation experiments and comparison with laboratory produced materials indicate that this organic
material has been heated (by coming closer to the Sun or during atmospheric entry) [119]. It is
often concluded organic matter in IDPs may represent the precursor of the organic matter found in
carbonaceous chondrites.
The study of the organic matter in comets at the laboratory was one goal of the STARDUST mission,
which sampled grains of the coma of the meteorite 81P/Wild 2 [11]. Organics in STARDUST grains
were found to be in part similar to those found in carbonaceous chondrites [145], with PAHs and
also some aliphatic compounds. Nevertheless, there are more O and N containing compounds than
in meteorites. D and 15 N enrichments were observed [145], along with nanoglobules [101], and are
all similar to what is found in carbonaceous chondrites or IDPs. Nevertheless, the organic content in
STARDUST grains is doubtful, due to the occurrence of C in the aerogel (material used to collect the
grains) and heating induced by impact in this aerogel [146, 147]. Muñoz Caro et al. have moreover
shown that the material measured in the aerogel can not be produced by ice photoprocessing but that the
difference may arise from the effect of the aerogel [147]. Then, so far, it is hard to conclude anything
about the organic matter without assessing contamination levels and the effect of entry in the aerogel. It
must be noted that Elsila et al. [148] have detected Glycine in foils returned by the STARDUST mission
(not subjected to contamination by the aerogel), confirming the previous remote sensing detection of
glycine in comets [149].
Micrometeorites can contain a large amount of organic matter. A class of micrometeorites, the
UCAMMs (UltraCarbonaceous Antarctic MicroMeteorites) contain between 50 and 85 vol% of organic
matter [134]. Moreover, this organic matter appears to be extremely enriched in D, with D/H isotopic
ratios in the highest range of isotopic compositions for IDPs or hot spots in IOM (up to D/H = 4600 ×
10−6 ; D = 29000‰ [150]). Surprisingly, these high enrichments, likely related to cold environments
chemistry, are found in the vicinity of high temperature minerals, consistent with important radial
mixing in the early solar system.
It then appears that cometary grains have common properties with carbonaceous chondrites.
Although they appear to be richer in material with isotopic anomalies, they exhibit the same mixing of
high and low temperature components. This shows that radial mixing has to be considered as a common
process in the early solar system [151].
6. CONCLUSION
We have presented an overview of the volatile content of extraterrestrial objects available for study in
laboratory. Chondrites are the more abundant material and then, the best known. Several hypotheses
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have been suggested to explain their formation and to explain the initial components available at the
origin of our solar system. Some presolar components have been accreted and preserved in meteorites
and comets, like for instance presolar diamonds and SiC. Those grains have trapped isotopic anomalies
that allow us to determine their origin. They also have trapped noble gases from various sources (solar
and interstellar).
Organic matter is a complex component with a heterogeneous isotopic composition. This
heterogeneity can not be fully explained by parent body effects. Organics seem to be a mixing of
components with several origins. Water also seems to have a heterogeneous isotopic composition.
Organic particles and water have likely been exposed to various environments in the protosolar nebula
(or the molecular cloud that gave birth to the solar system) and have acquired fingerprints in their
molecular and isotopic properties.
The discovery of high temperature condensates in comets has proven that grains migrated over long
distance in the protosolar nebula before they accreted to form the parent bodies. This resulted, at the
radial distance of carbonaceous chondrites accretion, in an association of primitive high temperature
grains (CAIs) with ice and organic particles. Secondary processes on parent bodies may have induced
modifications on the different components, making the picture more complicated. Hence, the volatile
components we recover are likely the result of processes occurring in molecular clouds, protosolar
nebula and parent bodies.

B. Zanda, M. Gounelle and F. Robert are thanked for helpful discussion in the preparation of this manuscript. I am
grateful to E. Dartois and E. Quirico for their useful reviews.
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