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Abstract. Life requires specific conditions that have been, so far, only proven to meet
on Earth. Though the chemical elements required to form living organism (C, H, N, O,
S, etc) are widespread in the universe, the molecules that are crucial for Life, like
nucleobases or amino acids, may not be so ubiquitous. The question of the formation of
small and complex molecules is highly relevant to understand the process of Life origin.
Carbonaceous chondrites are a class of meteorites rich in organic compounds and host
potential precursors for the emergence of Life (organic matter and water). They could
have been the source of complex molecules on the early Earth. This contribution will
describe the main properties of the organic matter recovered from carbonaceous
chondrites. However, the isotopic and molecular record of organic compounds is faded
by secondary processes that occurred on the parent body of these meteorites. This results
in complex signatures that raise multiple questions about the origin of organic
compounds in the Solar System.

1 Introduction
The Solar System formed from a dusty molecular cloud 4.56 billion years ago. During its first ages,
the condensation of materials resulted in the formation of solids that hereafter accreted to form
planet embryos. These solids have accreted ices, organic grains and silicate particles recording the
signature of the processes occurring during the birth of the Solar System. Chondrites are
undifferentiated meteorites and are considered as primitive objects in the solar system, along with
micrometeorites, interplanetary dust particles (IDPs) and cometary grains. They result from the
disruption of small bodies that did not undergo differentiation, i.e. internal heating was not enough to
induce the formation of layers with different mineralogical and chemical composition by
melting/crystallization in contrast to terrestrial planets, like the Earth.
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
large amount of volatile elements (with condensation temperatures below 640K) like H, noble gases,
halogens, Pb or Hg [1]. They are the oldest meteorites in the solar system [2] and their elemental
composition is close to the composition of the Sun, except for the most volatile elements like H, He,
C, O and N [3]. They are considered to reflect the composition of the molecular cloud that gave birth
to the solar system [4].
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Carbonaceous chondrites contain up to 4 wt.% of organic matter occurring as soluble compounds
and macromolecular insoluble organic matter (IOM). It is found in the matrix of chondrites,
associated with phyllosilicates [5]. Organics likely accreted with other volatiles components in the
matrix. This is confirmed by fluorescence microscopy [6], which shows that organic matter occurs as
circular particles, evenly distributed in the matrix of hydrated chondrites and with a diameter around
a couple of microns. Organic matter has also been observed to form nanoglobules [7, 8]; analogues
were produced during laboratory experiment intending to reproduce ejecta gas from evolved stars
[9].
However, some chemical reactions have occurred since the chondrites accretion. The chondrites
parent bodies (i.e. the parent asteroids) accreted significant amount of short live radionucleides, like
for instance 26Al. The decay of these isotopes has resulted in some modifications of the accreted
components by hydrothermal (aqueous) alteration or thermal metamorphism on the parent body [10,
11]. Extends of these modifications are variable among chondrites class depending on the
size/composition of their parent body [12, 13]. CI are the most hydrated carbonaceous chondrites,
CM are less hydrated. 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. CO and CV differ by their content in refractory elements and the size of their chondrules (both
being larger in CV). They have been subject to temperatures higher than 350°C, and contain much
less organics and water [14].

2 Diversity of organic compounds in meteorites
Organic matter in carbonaceous chondrites can be spread in an insoluble macromolecule [15] and a
complex suite of soluble organic molecules [16, 17]. The total organic content may reach 4 wt.% in
some chondrites, with the macromolecular carbon representing more than 75 wt.%. As recently
shown [18], the soluble organic content in carbonaceous chondrites is very diverse. The use of very
high mass resolution techniques revealed the occurrence of 14,000 different molecules, containing C,
H, O, N and S. These molecules can be divided into several classes (see figure 1), including sugar
derivatives [19], amino acids [17] and nucleobases [20] being potential metabolic reactants and
genetic information recorders. The most abundant soluble compounds in Murchison are carboxylic
acids (330 ppm [16]). These soluble compounds share several molecular properties [21]: 1- they
show 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.
The soluble compounds exhibit a complex isotopic distribution pointing to a complex origin
[22]. The soluble fraction is likely a 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 question of the genetic link
between soluble and insoluble organic matter is still debated; the IOM could for instance release
some soluble compounds during hydrothermal alteration [23, 24]. To date, only aromatic
hydrocarbons could be related to the macromolecular carbon [23].
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
[17, 25]. To date, about 80 amino acids have been detected in CI, CM and CR chondrites; many of
them have no terrestrial counterparts [26]. Their abundance varies between meteorites from less than
a few ppm in some CI up to 250 ppm in some CR2 [27]. 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 > α-amino-isobutyric acid > alanine,
whereas in Orgueil β-alanine > glycine > γ-amino-butyric acid. Branched chains are more abundant
than straight ones. Moreover, α, β and γ amino acids can be detected, with an abundance order α> γ>
β. Molecular and isotopic data on extraterrestrial amino acids indicate a complex origin for this
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fraction [29]: the synthetic pathway and evolution depends on the parent body. So far there is no
consensus about the processes ruling the distribution of amino acids or their isotopic compositions.
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 [28]. Indeed, this reaction can
form, from aldehydes or ketone precursors, α−amino acids and α−hydroxy acids that will have
parallel distribution. This reaction requires HCN and water as co-reactants. But this reaction cannot
produce the non α−amino acids and other mechanisms are required [29].

Fig. 1. Distribution and molecular models of soluble molecules in the Murchison meteorite.

Enantiomeric excesses have been detected in chondrites, in amino acids [30, 31]. Enantiomeric
excesses are variable among meteorites [31], and also inside the same objects [32] but do not exceed
18%. The hydrated meteorites exhibit higher excess, pointing to a possible amplification during
aqueous alteration [31]. The exact process by which this amplification would occur is unknown, but
some chemical reactions, like the Soai reaction [33] exhibit the property to enhance enantiomeric
excess. Effect of UV circularly polarized light in space (gas phase or ices) has been suggested as an
alternative way to induce excesses observed [34]. This hypothesis is being tested by laboratory
experiments [35-37] but the source of the CPL at the vicinity of the early solar system still needs to
be assessed. Chirality has been suggested to also occur in the IOM [38] and in hydroxy acids [39].
These enantiomeric excesses found in organic matter in chondrites may have been transferred to
prebiotic molecules at the moment of the emergence of Life by various processes, including
asymmetric catalysis [40]. This would have led to the appearance of homochirality, a strong property
of terrestrial forms of Life.
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3 The insoluble organic matter
Elemental analysis of the IOM of Murchison IOM reveals typical formula to be C100H70O22N3S7.
Two approaches can be used to study the molecular structure of the IOM: we can destroy its
structure by thermal process (pyrolysis) or chemical reagents (mainly oxidants), or use spectroscopic
techniques (like infrared spectrometry or solid state NMR). The molecular model [15] presented in
figure 2 summarizes the results of 20 years of molecular analysis on Murchison IOM. Most of the
carbon is involved in aromatic structures. Only 20 to 30 % of the carbon constitutes aliphatic bonds.
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. Such carbon skeleton results in a high degree of crosslinking that may explain the chemical resistance of the IOM. It is also clearly different from typical
terrestrial macromolecules found in sediments for instance, showing a different synthetic process.

Fig. 2. summary of molecular information on the chemical structure of Murchison IOM. R means an organic
moiety. From [15], modified.

The effects of parent body processes are noticeable. Thermal metamorphism induces dramatic
modifications of the carbon skeleton through carbonization followed by graphitization. As shown by
Raman spectrometry, the structural order of the carbonaceous matter increases with temperature
[14]. There is a clear trend in losing the heteroelements, evidenced by a decrease in H/C, N/C and
O/C elemental ratios, a loss of aliphatic chains and in increasing the size of aromatic units [41, 42].
On the other hand, hydrothermal alteration may induce oxidation of some functional groups like O
and S containing groups. The S-containing groups have been shown to be indicators of the degree of
alteration of the parent body [43]. Whereas S occurs as thiophenes (heterocycles) in less altered
meteorites, like Murchison, more hydrated meteorites like Orgueil exhibit significant contribution of
sulfoxide and sulfone in the aliphatic chains.
All these studies on chondrites indicate that the molecular structure of the macromolecule in
carbonaceous chondrites can not be readily compared with models proposed for complex organic
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molecules in space (ISM or protosolar disks) based on observations [44] or laboratory experiments
[45]. However, the carbon skeleton of less heated chondrites (CI, CM and CR) should not be
significantly altered since the accretion of the parent body, as the molecular structure of their IOMs
seems to be broadly similar. The question of the formation of the IOM in carbonaceous chondrites is
still unresolved. Its structure has not yet been reproduced in laboratory and we still do not know if it
is the result of photochemistry in ices, or chemistry in the gas phase or thermal processing of grains
mantle. The chemical path may likely be a combination of all these processes, but the similarity in
structure of the IOMs in various classes of chondrites imply a rather common process occurring in
the parent molecular cloud or the protosolar nebula.

4 The isotopic signature of water and organic matter in chondrites
With the exception of presolar grains, characterised by isotopic compositions that can only be
explained by nuclear processes in supernovae or evolved stars, most of chondrites components are
thought to have formed during the early stages of the Solar System (in the so called protosolar
nebula) or in the parent molecular cloud that evolved into our solar system. Despite numerous
measurements, interpretations of the isotopic composition of organics and hydrated minerals in
chondrites are still a matter of intense debate. 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 [46, 47]. This indicates that isotopic
disequilibrium has been preserved during 4.56 billion years on the parent body of these
carbonaceous chondrites and that parent body processes may not have erased the signatures of the
synthesis.
4.1 Water in 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 in altered carbonaceous chondrites
[48] on the parent body [11, 49] or during a pre-accretion process [50]. The water content in CM and
CR goes from 3 to 14 wt%, it goes up to 15 wt% in CI [51]. This water could have accreted as ice
mixed with silicates grains or was trapped in phyllosilicates.
The D/H ratio of water in chondrites is variable and may be influenced by parent body processes
[51] and by pre accretion conditions, like temperature gradients in the protosolar nebula [52].
Meteoritic water has an average value around the terrestrial ratio, i.e. 6 times more enriched in D
than the protosolar molecular hydrogen, but with some variations. In CI and CM, water is comprised
within the range -180‰<δD<30‰ (i.e. 128×10-6<D/H<160×10-6), but is heavier in CR chondrites:
δD = 680‰; D/H = 262×10-6 [53-55].
4.2 D/H ratio heterogeneities in the IOM
Figure 3 shows the variations between the different classes of chondrites. In chondritic IOMs, δD
ranges from -100 ‰ in enstatite chondrites up to 11000‰ in some ordinary chondrites [51]. CI and
CM, the most aqueously altered carbonaceous chondrites, exhibit similar ratios with the exception of
Bells CM chondrite. CR chondrites, believed to be the less modified carbonaceous chondrites have a
D/H ratio twice as large; their IOM is often assumed to be the most pristine. CO and oxidized CV,
heated carbonaceous chondrites, have D/H ratio around the terrestrial ratio; they are depleted
compared 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 Denrichment. 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). It must be
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noted that the lowest isotopic enrichment was measured in Abee enstatite chondrite (δD = -480 ‰;
D/H = 80×10-6) [56, 57].
Isotopic imaging has revealed that H isotopes can exhibit large variations in the IOM of CI, CM
and CR chondrites with the occurrence of D-rich “ hot spots”: micron sized areas with large positive
D anomalies (figure 3), which could go up to δD = 8000 ‰ (D/H=1402×10-6; [58-60]). No D-rich
hot spots are observed in IOM of heated chondrites, i.e. CO, CV [60] pointing out to their thermal
sensitivity. The distribution of the deuterium has also been studied at the molecular scale [61, 62]. A
relation between the C-H bond dissociation energy and the D/H ratio has been revealed in Orgueil
IOM [62]. In addition, radicals in the IOM of Orgueil are extremely D-rich: D/H = 15000 ±
5000×10-6; δD = 95300‰ [63]. Only these moieties have D-enrichment comparable to the highest
enrichments observed in some organics in the ISM (45000 to 60000×10-6; [64]).
In summary, organics in chondrites are more D-rich than the protosolar H2, with D/H ratios
ranging from 5 to 20 times the protosolar D/H (with a D/H=25×10-6, δD = - 840‰, as determined
from the Jupiter atmosphere and solar wind, [65]). Moreover the D is heterogeneously distributed
between and within the samples, at the micron and the molecular scales. The interpretation of the
D/H ratio in the IOMs of carbonaceous chondrites remains very speculative: it has been attributed to
interstellar [55, 57], nebular [62] or parent body processes [51]! This issue results from the
superimposition of synthesis reactions (primary process) and the following modifications (secondary
processes) that could affect the isotopic record of IOM in the gas phase or on the parent body.

Fig. 3. Heterogeneous distribution of D in the IOM of chondrites. A: H isotopic compositions vs the
H/C ratio in the IOM of chondrites of various classes, from [51]. OC are ordinary chondrites, EC are
enstatite chondrites, all the others are carbonaceous chondrites. B: NanoSIMS image of the IOM of the
Orgueil meteorite, black arrows indicate exemples of D-rich hot spots. δ(‰)=(Rsple/Rstd-1)*1000, with
Rsple being the sample isotopic ratio and Rstd the ratio of a terrestrial standard : Standard Mean Ocean
Water (SMOW: D/H= 155.76×10-6) for H isotopes.

4.3 Interpretation of the D content in organic matter and water
The D-enrichment in chondritic organics in chondrites was interpreted as an interstellar origin, as
large D-enrichments are predicted and observed in the ISM [64, 66]. However, an interstellar origin
of the D/H ratio would require the precursor to survive and escape isotopic exchange during the ash
conditions experienced in the ISM before the formation of the solar system or in the protosolar
nebula during its early ages. From laboratory experiments [67], it has been shown that irradiations
occurring 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). Then, reactions during the formation
03001-p.6
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of the solar system have to be considered to explain the D enrichment of the organics in meteorites.
Two kinds of reactions could be involved in the synthesis of organics in chondrites: reactions at
thermodynamic equilibrium between neutral species occurring in the disk mid plane, at relatively
high temperature (T= 400K, [68]) and ion/molecule or gas/grain reactions occurring at lower
temperature (T<100K) but under UV or X-ray irradiation [69]. Reactions involving ions or
interactions between gas and grains are kinetically favoured at low temperature and are believed to
induce large D-enrichment in organic molecules [66, 70]. In contrast, thermodynamic equilibrium in
the warm midplane could theoretically induce only a modest D-enrichment in organic matter [71]
with a D/H <90×10-6 in CH4, considering a starting D/H of the protosolar nebula at 25×10-6. These
reactions would be kinetically inhibited [72] but catalytic processes on grain surfaces like FischerTropsch type reactions (FTT) have been proposed to produce a significant amount of organics under
the assumed conditions of the inner protosolar disk [73, 74]. The D/H of most chondrites IOMs,
being much higher than 90×10-6, can only be acquired in cold and ionized environments, by
ion/molecule reactions for instance. Only the lowest D/H could account for the occurrence of
thermodynamic reactions.
The interpretations of the large heterogeneities in D/H at different scales are also debated. The
simplest hypothesis would be that a common organic precursor, with a D/H signature related to its
environment of synthesis, would have evolved under specific conditions of each parent body [51],
leading to the variation of D/H among the different classes as the result of isotopic exchange with
fluids, loss of some organic reservoirs or reactions involving H transfer. In such a scenario, D-rich
hot spots would represent remnant grains of interstellar D-rich organic material that would not be
affected by parent body processes [58]. However, another hypothesis [62, 63] suggests that the Drich hot spots correspond to radical rich regions as organic radicals are D-rich and are
heterogeneously distributed. As the radicals may have formed in the protosolar nebula, it would
imply a local origin (i.e. not interstellar) for the D-rich hot spots. Then, if we can produce a large
range of D/H in organics within the protosolar nebula, or the parent molecular cloud, a pre-accretion
diversity in isotopic composition of organic precursors could also explain the multiscale diversity in
chondrites [46]. It must be noted that the most D-rich organic grains in chondrites does not show
significant isotopic exchange with the mineral matrix, questioning a parent body effect to account for
the observed diversity [46]. This assumption tackles the concept of a common precursor for all the
chondrites and it implies that we should rather consider the organic matter in each chondrite group as
a sampling of a range of isotopically and chemically distinct organic precursors. This diversity
would reflect heterogeneities in the protosolar nebula or the parent molecular cloud: variations in
ionization degree resulting in variations in the isotopic effect of ion/molecule reaction, different
proportion of water/organics in ices depending on the location in respect to the snow line position,
etc... Thanks to turbulence in the disk [75] organic particles could be exposed to very diverse
environments and conditions before gathering at the location of the chondrites formations resulting
in the association of very different organic grains in the same parent body.

5 Conclusion
Carbonaceous chondrites contain a diverse suite of molecules that could constitute the seeds of Life
on Earth. Organic matter occurs in association with low temperature components in chondrites. The
molecular characterization of the organic molecules in meteorites allows us to compare them with
organic matter detected in the interstellar medium and in molecular clouds. This may fill the gap
between the understanding of interstellar reactions and the extraterrestrial organic compounds
brought to Earth by meteorites and comets and that were available in the Solar System before life
started on Earth. Organic matter is characterized by a high and heterogeneous deuterium content.
This heterogeneity cannot be fully explained by parent body effects and indicates that it is a mixing
of components with several origins and history. Cold chemistry seems to be recorded in their D/H
ratio, but the physical conditions (location, temperature, irradiation, etc…) still needs to be
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constrained. This is required in order to build a self-consistent model that would explain the
formation and the evolution of organics in the solar system.
However the influence of organic matter from carbonaceous chondrites on the emergence of Life
remains debated and no laboratory experiment has proven it yet. It is nevertheless sure that the
chondrites infall on the early Earth has released organic molecules in the prebiotic oceans.
Interestingly, carbonaceous chondrites contain molecules able to produce spheres that could have
induced the formation of the first cell membranes [76].
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