
Chapter 2
Organic Matter in Interplanetary Dusts
and Meteorites

Eric Quirico and Lydie Bonal

Abstract Asteroids and comets have continuously delivered organics to Earth and
telluric planets since their formation ~4.55 Ga ago. Characterizing these organics
and investigating their origin constitutes a major goal of astrobiology and planetary
sciences. This chapter reviews past and current knowledge on the nature of the
exogenous organics accreted by the Earth, their composition and structure and
different issues regarding their origin and subsequent evolution through the effects
of secondary processes in/on their original asteroidal or cometary parent bodies.
Tertiary processes such as weathering and, in the case of dust, the heating and
oxidation effects during atmospheric entry, are also discussed. The last section
focuses on the nature and preservation of organics at the surface of Mars, in the
context of the ExoMars and Mars2020 missions.

2.1 Introduction

Asteroids and comets have continuously delivered organics to Earth and telluric
planets since their formation ~4.55 Ga ago. Characterizing these organics and
investigating their origin constitutes a major goal of astrobiology and planetary
sciences. First and foremost, extraterrestrial organics could have been a source of
prebiotic molecules from which life arose on Earth. In any case, they were a
significant source of carbon to primitive telluric planets. However, they also testify
to a complex abiotic chemistry and shed light on the astrophysical locations and
conditions that led to the emergence of organic complexification. In this respect, they
provide insightful evidence that helps investigate new paradigms in planetary
habitability.
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The inventory of the past and present delivery of extraterrestrial organics is a
major field of investigation and relies on the determination of (1) the flux of
cosmomaterials over time, including size and mass distributions; (2) their composi-
tion; (3) the effect of atmospheric entry; and (4) alteration processes at the surface of
the planet (Earth or Mars). The objective of this chapter is to review past and current
knowledge on these different issues, with emphasis on the organic inventory of the
main cosmomaterials available on Earth and the detection and characterization of
exogenous organic matter at the surface of Mars. The following paragraph concerns
the cosmomaterials available in laboratories, such as meteorites collected on the
ground, and micrometeorites and stratospheric Interplanetary Dust Particles (IDPs)
from the Earth’s atmosphere. We then review the organic content in primitive
meteorites and focussing on recent analytical developments and characterization,
subsequently addressing organic matter in stratospheric IDPs and Antarctic micro-
meteorites (AMMs) that represent the dominant source of extraterrestrial organics on
Earth and Mars. Finally, we discuss the origin of organic matter in chondrites and
dust, and address the issue of the preservation and detection of allochthonous
extraterrestrial organic matter at the surface of Mars, in the context of the Mars
2020 and ExoMars space missions. Given the broad scope of the present chapter,
several points could not be exhaustively addressed. We refer the reader to excellent
reviews by Sephton (2002) (overview of organics in chondrites), Burton et al. (2012)
(amino acids and nucleobases in chondrites) and Alexander et al. (2017) (insoluble
organic matter in chondrites).

2.2 Cosmomaterials Inherited by Telluric Planets

2.2.1 Past and Present Flux of Extraterrestrial Matter

Love and Brownlee (1993) estimated the pre-atmospheric dust flux (mass range 10�9

to 10�4 g) based on direct measurements of hypervelocity impact craters on the Long
Duration Exposure Facility satellite. The meteoroid mass distribution peaks near
1.5� 10�5 g—or roughly 200 μm in diameter—and the small particle mass accretion
rate is 40 � 20 ktons per year (Love and Brownlee 1993). Estimates of post-
atmospheric flux are, however, slightly higher, but may not be significantly different,
with values of 78� 30 ktons per year (Gabrielli et al. 2004) and of 64� 20 ktons per
year (Lanci and Kent 2006). Most meteoritic material reaching the Earth system is in
the form of meteoritic smoke made of nanometer-sized particles produced through
recondensation of meteor ablated products (Hunten et al. 1980; Love and Brownlee
1991). Lanci and Kent (2006) used magnetic measurements of Greenland ices to
estimate meteoritic smoke concentration and deduced an accretion rate assuming a
given snow deposition rate. The estimates of Gabrielli et al. (2004) were based on
measured concentrations of platinum and iridiumGreenland ices during the Holocene
epoch. Meteoritic smoke represents the main input of extraterrestrial matter to Earth
but the comparison to pre-atmospheric flux shows that only a small fraction of
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extraterrestrial materials (and of the organics potentially within) survives entry to the
Earth’s atmosphere.

Micrometeorites represent the major fraction of recoverable solid mass accreted
to the Earth, with values of 2.7� 1.4 ktons per year estimated by Taylor et al. (1998)
based on counting statistics of the South Pole water well (SPWW) collection and
assuming that a similar fraction of unmelted micrometeorites is present in the
SPWW and in Antarctic blue ice. The present flux of meteorites was determined
by Halliday et al. (1984, 1989) to be 83 meteorites of mass equal or greater than 1 g
per 106 km2 per year based on direct observations of fireballs by the Canadian
camera network between 1974 and 1985 and on some assumptions made to estimate
the proportion of surviving material. Bland et al. (1996) calculated between 36 and
116 meteorites >10 g per 106 km2 and per year based on counting statistics of
meteorites on the ground of hot deserts and on an estimate of their preservation over
time. This represents a total flux between 2900 and 7300 kg per year in the 10 g to
1 kg size range over the last 50,000 years.

Now let us look at whether the composition and intensity of the extraterrestrial
flux to the Earth has changed over time. Access to several meteorite collection sites
with slow weathering rates and the possibility of dating the terrestrial residence times
of meteorites provides a time window of up to several millions years (e.g., terrestrial
ages of up to two million years for meteorites in Antarctica; Jull 2006). A review by
Zolensky et al. (2006a) concluded that there has been a significant variation of the
flux of extraterrestrial material over time, with the present day flux being lower than
the flux over the past few millions years by a factor of up to two. A higher past flux of
extraterrestrial material to Earth has also been suggested from the study of fossil
meteorites, which are traceable back to 470 Ma (Schmitz et al. 2001). Ordinary
chondrites are the dominant form in both the modern and past flux of meteorites
falling to Earth. Nevertheless, Zolensky et al. (2006a) also pointed out a variation in
the types of meteorites, reaffirmed recently by Gattacceca et al. (2011), who focused
on the San Juan meteorite field of the Atacama Desert (Chile). With terrestrial ages up
to more than 40 ky included in that collection, they showed an overabundance of H
chondrites and a shortage of LL chondrites in comparison with the population of
modern falls. This suggests that there are short-term variations in the composition of
meteorite flux, in agreement with observationsmade based on the Antarctic collection
(e.g., Harvey and Cassidy 1989).

Collections of IDPs contain only contemporary material, but some chemical
tracers of oceanic sediments (e.g., 3He; Farley 1995) make it possible to determine
the flux of dust back through time. This is also possible from the study of micro-
xenoliths (i.e., inclusions having a different origin from the host meteorites) that can
be considered as fossil micrometeorites (Gounelle et al. 2003; Briani et al. 2012).
Gounelle et al. (2003) noted that the ancient micrometeorite flux is dominated by
C2-like matter, comparable to the present micrometeorite flux. Further investigations
would be required to characterize a potential compositional variation.

The prerequisite conditions to find meteorites on planetary surfaces are (1) the
presence of a sufficiently dense atmosphere to decelerate the projectiles to a low
impact speed to prevent total vaporization and melting of material and (2) slow
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weathering to allow accumulation over time. These conditions exist in at least certain
locations on Earth and Mars.

2.2.2 Cosmomaterials in Earth Collections

Cosmomaterials available for laboratory studies include extraterrestrial rocks and
interplanetary dust particles collected on the ground as micrometeorites (e.g., in the
blue ices and snowfields of Antarctica) and in the atmosphere of Earth as strato-
spheric IDPs. They also comprise materials collected in situ on the Moon, in the
coma of comet Wild 2 (the Stardust mission) and on the asteroid Itokawa (the
Hayabusa-1 mission). Meteorites are rocks derived from asteroids, although a
cometary origin has been proposed for several of them (Gounelle et al. 2006).
They are named falls when their fall is certified by an eyewitness and the material
is recovered shortly afterwards. Should this not be the case, they are considered as
finds. Although fresh falls are the preferred objects, as they largely escape terrestrial
organic contamination and oxidation, they are rare. Indeed, collections mostly
contain finds collected in Antarctica and to a lesser extent in hot deserts. Meteorites
(in particular metal phases and organics) are better preserved in Antarctica than in
hot deserts (Ash and Pillinger 1995; Alexander et al. 2007).

Meteorites are subdivided into two main groups: originating from
undifferentiated (chondrite) or differentiated (achondrite, stony-irons and irons)
parent bodies. The second group may contain some carbonaceous material but
mostly in inorganic form (e.g., graphite, diamonds). Thus, hereafter we focus on
chondrites. Chondrites are classified into three categories, ordinary, carbonaceous
and enstatite meteorites, according to their bulk composition, mineralogy and
petrology (Krot et al. 2014). Among the meteorites collected in Antarctica, 87%
are classified as ordinary, 5% as carbonaceous and 1% as enstatite chondrites, the
rest comprising not chondritic objects (Grady 2000). This distribution does not
reflect the relative abundances of their presumed parent bodies: S-type (for OCs),
C-type (for CM carbonaceous chondrites) and possibly D- and P-type asteroids
(likely unrepresented by chondrites, but possibly by micrometeorites) (DeMeo and
Carry 2013). This suggests that the dynamics of delivery to Earth-crossing orbits
might favour OCs over other types, however carbonaceous chondrite material is also
expected to be more friable than OC material and could therefore be more
represented in micrometeorite collections.

Stratospheric IDPs and micrometeorites are micrometer-sized particles (2–60 μm
for IDPs, Rietmeijer 1998; 30–1000 μm for Antarctic micrometeorites (AMMs),
Genge et al. 2008), collected in the high stratosphere and in Antarctic and Greenland
ice and snow and oceanic sediments, respectively. IDPs are classified according to
their bulk composition (chondritic versus non-chondritic, carbon abundance), their
morphology (compact or porous) and the dominant silicate, such as olivine and
pyroxenes (anhydrous IDPs) or phyllosilicates (hydrated IDPs). Compact porous
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CP-IDPs generally have an anhydrous mineralogy and are believed to have a
cometary origin (Rietmeijer 1998; Bradley 2014). In contrast, hydrated compact
IDPs resemble CI, CM and CR chondrites and may be related to asteroids. However,
the source of a large fraction of these particles is still controversial because of the
anhydrous mineralogy of some asteroids, the probable existence of a comet-asteroid
continuum, the hotly discussed origin of zodiacal cloud dusts, and the effects of
atmospheric heating that remain only partly understood (e.g., Dermott et al. 2002;
Genge et al. 2008; Nesvorný et al. 2010; Vernazza et al. 2012).

Antarctic micrometeorites are classified into four groups: fine-grained, crystal-
line, scoriaceous and cosmic spherules (Engrand and Maurette 1998; Genge et al.
2008). This classification mostly reflects the degree of heating during atmospheric
entry. The respective abundances of the four groups in the CONCORDIA collection
(Duprat et al. 2007) are 28%, 8%, 35% and 29%, respectively. The majority of the
fine-grained class is comprised of 20% of fine-grained compact types and 8% of fine-
grained fluffy types, among which 4% are the rare Ultra Carbonaceous AMMs
(UCAMMs). UCAMMs share similarities with anhydrous stratospheric IDPs and
cometary grains (Dobrica et al. 2009).

IDPs and AMMs have spiralling orbits due to Poynting-Robertson drag, limiting
gravitational bias. They more likely sample friable and fragile objects that spread
into micrometer-sized dust. Fine-grained and scoriaceous AMMs are carbon-rich
and are related to carbonaceous chondrites, though they are not strictly similar to CI,
CM and CR matrices. A fraction of cosmic spherules may be related to ordinary
chondrites (e.g., Suavet et al. 2011; Rudraswamy et al. 2016).

2.2.3 Post-Accretion Processes on the Parent Body

Post-accretion—or secondary—processes refer to physical and chemical modifica-
tions occurring during and/or after parent body accretion. This includes geological
processes such as aqueous alteration (AA), thermal metamorphism (TM),
hydrothermalism, shock metamorphism, and space weathering of the surface and
subsurface generated by micrometeorite impacts and solar wind irradiation (Huss
et al. 2006). All of these processes have potential effects on the formation or
evolution of organic matter.

The extent of thermal metamorphism and aqueous alteration is evaluated by the
so-called petrologic type of a meteorite (see review by Huss et al. 2006). A number
from 3 to 6 reflects increasing thermal metamorphism and from 3 to 1 an increasing
degree of aqueous alteration. In practice, TM and AA are not independent and
several chondrites show evidence of the combined effects of both these processes
(e.g., the type 3 COs and oxidized CVs). Some C1 and C2 chondrites have
experienced short periods of thermal metamorphism, possibly generated by impacts
or solar heating (Tonui et al. 2014).
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2.3 Diversity and Complexity of Organics in Meteorites

The search for organics started soon after meteorites were recognized as extrater-
restrial rocks (Berthelot 1868). However, this field of research remained uncertain
until the 1970s, when a new era was opened by the discovery of extraterrestrial
amino acids and other compounds in the Murchison fresh fall (a CM2 chondrite,
Kvenvolden et al. 1970). Earlier studies were limited by analytical capacities and by
the difficulty to discriminate the contribution of terrestrial contamination.

Organic matter in meteorites is generally described as soluble and insoluble
fractions. Soluble organic matter (SOM) comprises molecules that are extracted
using common solvents (water, methanol, dichloromethane, toluene, etc). Insoluble
organic matter (IOM) is the organic residue recovered after SOM extraction and acid
(HF, HCl or CsF) digestion of most minerals. IOM is a polyaromatic organic solid
that resembles, in many respects, type III terrestrial kerogens. The respective abun-
dance of SOM versus IOM is unclear and depends upon the chemical class and
secondary processes. Older publications (e.g., Hayes 1967) reported a value of
30 wt.%, but they mention neither the experimental protocols nor the chondrites
that were used to derive this value.

2.3.1 Soluble Organic Matter

The Murchison CM2 chondrite has been extensively investigated, due to both its
high available mass (100 kg) and the fact that it has undergone very minor terrestrial
contamination. It is certainly the most well known chondrite in terms of soluble
organics and, as such, is often used as a proxy for comparison with other chondrites.
The fraction of molecules with C1–C10 carbon atoms can be classified into
25 groups (Fig. 2.1). Species with C, H and O atoms are the dominant fraction
(72 wt.%), followed by C, H, O, N compounds (20 wt.%), C, H, O, S compounds
(7 wt.%), and others (1 wt.%). Carboxylic acids are the main compounds, accounting
for 43% of the whole SOM content. Gaseous species, amino acids, sugar-related
compounds, urea, dicarboximides and sulfonic acids comprise 38%, while other
compounds account for 19%.

Amino acids are of primary interest in astrobiology and have been extensively
studied by GC-MS and HPLC combined with fluorescence detection (FD) and mass
spectrometry (MS), as well as with dedicated setups for analysing chirality and
stable isotopic composition (see Burton et al. 2012 for a thorough review). So far,
80 amino acids have been detected in Murchison, with the following characteristics:
(1) carbon numbers ranging between 2 and 9; (2) abundance decreasing with
increasing number of carbon atoms; (3) all isomers present for C3–C5 acids;
(4) mono-amino acids in the major form with few di-amino acids and N, N acids;
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Center composition
Heteroatoms O, N, S
COO – OH - NH – SO3 - SH
Aromatics
Aliphatic C3-5 short chains
High diversity - complexity

C1-C10

C10-C50

Aliphatic-rich
5-7% aromatic carbons

Fig. 2.1 Top: Abundances of molecular groups (C1–C10) present in SOM extracts of the Mur-
chison CM2 chondrite (plotted with data compiled in Sephton et al. 2002). Bottom: SOM model
based on NMR and FT-ICR analysis of methanolic extracts. Source: Adapted from Hertkorn et al.
(2015) and Schmitt-Koplin et al. (2010)
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(5) racemic composition with some exceptions for most of the amino acids; and
(6) D- and 15N-enrichments showing average solar 13C/12C ratios but with significant
variations from one compound to another. Racemic mixtures and the D- and 15N-
enrichments are convincing evidence of the extraterrestrial origin of these com-
pounds and ended the long-standing debate on a potential contribution of terrestrial
contamination.

Carboxylic acids form the dominant group of soluble organics (Sephton 2002).
Apart from their interest to astrobiologists, some of these compounds have been
detected in the Interstellar Medium (ISM), including formic and acetic acids
(Zuckerman et al. 1971), and they are suspected to be present at the surface of
comet 67P/Churyumov-Gerasimenko (Capaccioni et al. 2015).

Monocarboxylic acids share common characteristics with amino acids, such as
(1) all isomers present in the C3–C5 range, with equal concentration of straight and
branched chains, and (2) decreasing abundance with increasing number of carbon
atoms (Yuen et al. 1984). Dicarboxylic and hydroxycarboxylic acids have also been
detected, related to the most abundant corresponding monocarboxylic acids (Peltzer
and Bada 1978). In the bulk rocks, carboxylic acids have been detected as carbox-
ylates and a fraction of these compounds may be present in this form. Carbon and
hydrogen isotopic compositions of short carboxylic acids point to an extraterrestrial
origin, and high D-enrichments reflect the formation of either precursors or the
whole molecule under cold conditions, presumably in the ISM. Other molecules of
interest to astrobiology are aldehydes, sugar precursors, alcohols and nucleobases.
The reader is referred to Sephton (2002) and Burton et al. (2012) for thorough
reviews of these compounds.

Schmitt-Kopplin et al. (2010) reported the first high-resolution FT-ICR spectros-
copy of SOM extracted from Murchison with different polar and apolar solvents.
The thorough analysis of spectra collected from methanolic extracts with negative
and positive electron spray ionization (ESI) led to the identification of 10,299
compositions over the mass range 150–1000 m/z (C10–C50). The main conclusions
of this study are the following: (1) a molecular complexity exceeding that of
terrestrial organic matter, including that of degradative origin as in soils and sedi-
ments; (2) a wide range of aliphatic and aromatic chemical composition including
contributions of heteroatoms (O, N, S); (3) the presence of the chemical groups CH2,
COO, OH, SH, SO3, NH and very weak N and NH2; (4) the presence of nitrogen as
amide or heterocyclic groups; (5) all isomers of each composition; and (6) a global
abiotic sulfurization process that occurred subsequent to the formation of the CHO
and CHON compounds, presumably in the parent body, by fluid circulation during
aqueous alteration. The whole elemental composition of the methanolic extract was
estimated to be C100H155O20N3S3 and the total number of soluble molecules in
Murchison is estimated to be several million. This is strikingly larger than the ~500
species detected in the C1–C50 range and is evidence of the amazing complexity
of SOM.

1D and 2D H and 13C NMR, combined with FT-ICR, provided further insights
into the chemical structure of Murchison SOM (Hertkorn et al. 2015). This study
proposed a model structure consisting of a molecular center with high chemical
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diversity and complexity onto which chains formed by aliphatic and carboxylic
groups are branched. This peripheral network is readily evidenced in NMR spectra
thanks to its simple structure.

In contrast, the molecular center displays high molecular diversity and complex-
ity, combining aromatic species and the heteroatoms O, N and S through a complex
linkage that includes C3–C5 aliphatic groups with a statistical branching ratio.
Overall, Murchison SOM is a highly aliphatic material with only 5–7% of aromatic
species, unlike IOM which is highly aromatic (>60% of aromatic carbons). Note
that the polar fraction analysed by ESI FT-ICR contains a large aromatic abundance
(~27%) with respect to the entirety of SOM (Schmitt-Kopplin et al. 2010). A long-
standing issue has been the origin and formation processes of SOM. The isotopic
composition, chirality and high number of isomers for each elemental composition
point to a complex chemistry that does not select specific chemical routes. This
chemistry presents similarities with ISM chemistry, in particular at low temperatures
in order to account for D-enrichments. The detection of amino acids and/or their
isomers in comets Wild 2 and 67P/Churyumov-Gerasimenko (Elsila et al. 2009;
Altwegg et al. 2016) thus support a pre-accretion origin. Experimental simulations,
such as synthesis in cold plasma or radiolysis of ices, show that amino acids can
indeed be formed in the ISM or under protosolar disk conditions (Elsila et al. 2007;
Horst et al. 2012). The contribution of aqueous chemistry in the parent body has
been proposed to account for the synthesis of amino acids through Strecker synthesis
(see review by Burton et al. 2012). The location and physical conditions of this
chemistry, either in the ISM or in the protosolar disk, is not presently clear.

2.3.2 Insoluble Organic Matter

The first analysis of IOM (often referred to as ‘organic polymers’ at the time)
reported a highly aromatic and condensed material, containing carbonyl, aliphatic
and carboxylic chemical groups (Bandurski and Nagy 1976 and references therein).
This study also noted similarities with coals, kerogens, humic acid, lignine and
laboratory polymers formed by Fischer-Tropsch reactions.

In the following years, several degradative techniques of analysis were success-
fully applied: gradual, stepwise and flash pyrolysis, hydrous pyrolysis, and combus-
tion and oxidation (Hayatsu et al. 1977, 1980; Hayatsu and Anders 1981; Komiya
and Shimoyama 1996; Alexander et al. 1998; Sephton et al. 2000; 2004; Sephton
and Gilmour 2001; Wang et al. 2005; Remusat et al. 2005a,b). These experiments
revealed highly substituted small-sized polyaromatic units (1–4 rings), an aliphatic
linkage composed of short chains, bridged with oxygenated species, such as ester
and ether groups, confirming the presence of carboxyl and ketone groups. A 13C
NMR study by Cronin et al. (1987) pointed to the presence of aromatic/olefinic and
aliphatic carbons in IOMs extracted from Orgueil, Murchison and Allende. Subse-
quent CP-MAS 13C NMR analyses by Gardinier et al. (2000) revealed and deter-
mined the abundance of several chemical groups such as CH3 branched on aliphatics
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and aromatics, CH2, aliphatic carbons bonded to heteroatoms, protonated and
non-protonated aromatic carbons, carboxyls, and carbonyls. The aromatic abun-
dance was found to range between 61–67% for Murchison and 69–78% for Orgueil.
The single pulse (SP) and CP-MAS measurements of Cody et al. (2002) confirmed
the aromatic content of Murchison IOM, the presence of oxygenated species and the
highly branched aliphatic linkage. They also ruled out the presence of large
polyaromatic units. Infrared spectroscopy pointed to the presence of aromatic
carbons, carbonyl, hydroxyl and aliphatic groups and determined the CH2/CH3

ratio (Hayatsu et al. 1977; Gardinier et al. 2000; Kebukawa et al. 2011; Orthous-
Daunay et al. 2013). Insights into the speciation of minor elements were provided by
15N NMR and UV resonant Raman spectroscopy, which identified pyrrholes, indole
and carbazole groups in the CI1 Orgueil and cyanide in the CI1 Alais meteorites,
respectively (Remusat et al. 2005b; Dobrica et al. 2009). A broad range of sulfur
speciation was determined by XANES spectroscopy (Remusat et al. 2005b;
Orthous-Daunay et al. 2010).

Raman micro-spectroscopy is vibrational spectroscopy operating at the
micrometric scale. As a technique that is relatively easy to implement and essentially
non-destructive, it has been used in several studies and can be combined with
Secondary Ion Mass Spectroscopy (SIMS) and FTIR measurements. A typical
Raman spectrum of IOM consists of two peaks at ~1600 and 1350 cm�1, termed
the G- and D-bands, respectively. These features provide information on the struc-
ture of the carbonaceous material in terms of the degree of disorder and are
particularly powerful for discriminating and classifying carbonaceous materials.
Raman spectroscopy is basically a resonant process when applied to carbonaceous
materials, as they absorb visible and UV photons. The Raman cross-sections of the
G- and D-bands are therefore enhanced by several orders of magnitude with respect
to those of free molecules and minerals. As a result, Raman measurements are less
sensitive to minerals and SOM and are most useful for probing the IOM
polyaromatic network. The first Raman spectroscopic studies of meteorites were
published in the 1980s (Michel-Lévy and Lautie 1981), but this technique only
became more widely used in the 2000s. Measurements on primitive
(unmetamorphosed) chondrites have revealed a polyaromatic structure with a high
degree of disorder, pointing to a kerogen-like structure in accordance with the results
of NMR and degradative techniques (Quirico et al. 2003, 2005, 2009, 2014; Matrajt
et al. 2005; Busemann et al. 2007; Starkey et al. 2013). The use of multi-wavelength
Raman spectroscopy suggested that the IOM in primitive chondrites experienced
some heating in the protosolar disk prior to accretion, although irradiation processes
could not be fully excluded (Quirico et al. 2014).

Stable H, C and N isotopic compositions have been extensively investigated since
the 1980s. Robert and Epstein (1982) reported large D-enrichments in several
primitive carbonaceous chondrites and a large 15N-excess in Renazzo (CR2).
These values ruled out IOM synthesis from Fischer-Tropsch or Miller-Urey reac-
tions. The authors suggested synthesis in cold conditions, presumably in the local
ISM. A systematic survey of stable isotopic compositions in chondrites from the
main groups later confirmed large D-enrichments in the most primitive chondrites,
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both D- and 15N-enrichments in CR chondrites, and a solar C isotopic composition
(Alexander et al. 1998, 2007, 2010). Large variations among chondrites were also
observed and were partly attributed to the effects of parent processes. Apart from
high enrichments of D- and 15N, a major characteristic of IOM is the heterogeneity of
its isotopic composition. Busemann et al. (2006) showed that very high D- and 15N-
enrichments are present in micrometric/sub-micrometric areas referred to as hot
spots. Hydrous pyrolysis showed that part of the IOM is extractable with water
and characterized by 13C- and 15N-enrichments, while the non-extractable, more
refractory component is 13C- and 15N-depleted (Sephton et al. 2003). Kerridge et al.
(1987) proposed the presence of three isotopically distinct components: aliphatic 13C-
and D-enriched, 13C-depleted, D-enriched and 13C-depleted, D-depleted aromatic
components. Okumura and Mumura (2011) also pointed out a 13C- and D-enriched
aliphatic component, but a single 13C- and D-depleted aromatic component. Wang
et al. (2005) reported individual hydrogen isotopic compositions of pyrolysates of
several chondrites and confirmed isotopic heterogeneity at the molecular level. Their
study also evidenced similar patterns across several primitive chondrites although
there were some differences particularly for the C2 Tagish Lake chrondrite, which
experienced hydrothermalism at higher temperatures than the more primitive C1 and
C2 chondrites. Remusat et al. (2006) combined pyrolysis and ruthenium oxide
combustion on IOM extracted from the Orgueil chondrite and attempted to recon-
struct the isotopic heterogeneity in the IOM molecular structure prior to degradation.
Their study reports a selective deuteration of 1250, 550 and 150‰ in benzylic,
aliphatic and aromatic carbons, respectively. The lower deuteration in aromatics
with respect to aliphatics is consistent with the results from Okumura and Mimura
(2011). The origin of this isotopic heterogeneity is, however, unclear and different
mechanisms have been suggested: ion-reactions with H3

+ in the upper layers of the
protosolar disk (Remusat et al. 2006), interstellar heritage (Okumura and Mimura
2011) or radiolysis-induced fractionation (Le Guillou et al. 2012; Laurent et al. 2014).
Note however that this radiolytic process is inhibited at low temperature and that
these conclusions are derived from the study of only one chondrite (Orgueil). The
selective deuteration in other chondrites is known to be different (Wang et al. 2005).
Finally, note also that nitrogen fractionation remains unexplained by these
interpretations.

IOM paramagnetic centers have been investigated with Electron Paramagnetic
Spectroscopy (EPR). Binet et al. (2002, 2004) showed that Orgueil IOM, unlike type
III kerogens and coals, contained paramagnetic radicals heterogeneously distributed
in the material. The concentration of radicals also displays dramatic change with
temperature, pointing to the occurrence of diradicaloids hosted in ~10-ring
polyaromatic units at temperatures below 150 K. Gourier et al. (2008) showed that
these paramagnetic centers host large D-enrichments (up to 100,000‰), just one
order of magnitude below the highest fractionation reported in dense cores (Parise
et al. 2006). Based on these results, Remusat et al. (2009) suggested that the
deuterium hot spots in chondritic IOMs were coincident with paramagnetic centers.
Delpoux et al. (2011) investigated their electronic structures and showed that they
were dominated by biradicals and biradicaloids. They developed a model that
suggested that this electronic structure was directly connected to the IOM structure
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and concluded that C–H breaking and D-enrichments were subsequent to IOM
formation. This model, however, does not account for the C and N isotopic
compositions.

A major finding in the last twenty years is the dramatic difference in the
composition and structure of chondrite groups and between chondrites within the
same group. Post-accretion processes have a major impact on IOM, which (1) urges
us to select the most primitive objects in order to obtain insights into the protosolar
disk and/or presolar cloud chemistry and (2) offers the opportunity to characterize
the nature and extent of parent body processes. The effect of thermal metamorphism
is very important and has been evidenced through variations in elemental composi-
tion (Alexander et al. 1998, 2007; Naraoka et al. 2004; Oba and Naraoka 2009),
chemical composition (Kitajima et al. 2002; Cody and Alexander 2005; Wang et al.
2005; Yabuta et al. 2005, 2010; Cody et al. 2008; Alexander et al. 2014) and
polyaromatic structure (Vis et al. 2002; Quirico et al. 2003, 2009, 2011, 2014;
Bonal et al. 2006, 2007, 2016; Le Guillou et al. 2012; Busemann et al. 2007;
Cody et al. 2008). The most common evolution results in the loss of H and
heteroatoms as O, N and S (carbonization), accompanied by aromatization and an
increase of structural order. The highest-order stage is a metastable O-rich carbona-
ceous material and, ultimately, the whole IOM is destroyed, at least in carbonaceous
and ordinary chondrites (Alexander et al. 2007; Cody et al. 2008; Quirico et al.
2009). The degree of advancement of this transformation was found to be useful in
rating the intensity of thermal metamorphism and to separate petrologic types. The
determination of peak temperature has been proposed (Busemann et al. 2007; Cody
et al. 2008), but these thermometric approaches have been considered as unreliable
by other authors (see discussion in Bonal et al. 2016).

The impact of aqueous alteration on IOM is unclear even though it is a major
issue given that it could blur valuable pre-accretion molecular or isotopic features for
investigating the origin of IOM. Cody and Alexander (2005) proposed an oxidizing
process that would lead to the loss of aliphatic groups in type 1 and 2 chondrites,
based on four chondrites (Orgueil, Murchison, EET 92042, Tagish Lake). These
effects were not confirmed by the subsequent studies of Orthous-Daunay et al.
(2013) and Quirico et al. (2014), who observed alteration only in chondrites having
experienced short duration thermal metamorphism. Herd et al. (2011) reported
significant differences among different lithologies of the aqueously altered Tagish
Lake, although it appears that this material experienced hydrothermalism at various
elevated temperatures (Alexander et al. 2014). The alteration of the isotopic com-
position by fluid circulation is the subject of divergent conclusions (Alexander et al.
2010; Bonal et al. 2013; Piani et al. 2015; Remusat et al. 2016), although similar
issues investigated in the field of terrestrial organic matter indicate H–D transfer
between water and kerogens (Schimmelmann et al. 2006). To conclude, there is, to
date, no consensus on the effect of low-temperature aqueous alteration and further
studies, including laboratory experiments, will be required to reach firmer
conclusions.
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2.4 Organic Matter in Stratospheric IDPs and AMMs

Organics in IDPs and AMMs are less well-known than those in primitive chondrites.
The very low mass of these particles (~1–100 ng) severely restricts the number of
analytical techniques. In addition, the separation of organics from minerals and into
soluble and insoluble fractions is extremely difficult to perform on these small
particles and has been done only for a few cases. So far, most studies have focused
on bulk raw grains.

The bulk carbon abundance in IDPs is higher than that of carbonaceous chon-
drites, reaching 45 wt.% and a mean value of ~15 wt.% (Thomas et al. 1993;
Rietmeijer 1998). The carbon abundance in AMMs can reach even higher values
(up to ~90 wt.% in UCAMMs) (Dartois et al. 2013). XANES spectroscopy at the C
and, less frequently, O and N K-edges has provided valuable insights into the
compositions of such organic material. This technique operates at a
sub-micrometric spatial resolution (down to ~50 nm). Moreover, it can be combined
with Transmission Electron Microscopy (TEM) and thus preserves the petrologic
context. Electron Energy Loss Spectroscopy (EELS) is also reported in some studies,
providing similar information, however sample stability under the electron beam is a
very critical issue. Flynn et al. (2003) and Keller et al. (2004) report the character-
ization of 21 stratospheric IDPs, including 7 hydrated IDPs. They show that almost
all particles contain aromatic rings and ketone groups (C¼O). A reappraisal of the
interpretation of their XANES spectra based the approach of Le Guillou et al. (2014)
suggests that carboxylic groups, COOH, are also present. These XANES spectra
share similarities with the spectra of chondritic IOM extracted from the Murchison
chondrite, as they contain the same three peaks at 285, 286 and 289 eV. However,
they display a broader range of variations that can be interpreted as (1) variations in
the composition and structure of the IOM component and/or (2) the combined
contribution of both IOM and SOM components. The second point is supported
by XANES data collected on bulk matrices from Orgueil (CI) and Murchison (CM),
which point to large spectral variations (Le Guillou et al. 2014), and by the infrared
spectra of CI, CM and CR matrices (Beck et al. 2010; Bonal et al. 2013).

Micro-infrared spectroscopy measurements have been reported in several studies.
Spectra show a broad peak around 2800–2900 cm�1, with components that are due
to the symmetric and anti-symmetric stretching modes of CH2 and CH3 functional
groups (Flynn et al. 2003; Keller et al. 2004; Matrajt et al. 2005; Munoz Caro et al.
2006; Merouane et al. 2014). The CH2/CH3 ratio derived from these features is
higher than that in the 3.4 μm band observed in the Diffuse Interstellar Medium,
putting into questioning at which step of stellar evolution the IDP organics were
formed (molecular cloud, protostar envelope or protosolar disk). The CH2/CH3 ratio
is also found to be different from that of IOM extracted from primitive chondrites
(which fits the 3.4 μm band observed in the Diffuse Interstellar Medium) and is, in
fact, more consistent with thermally processed chondrites (Flynn et al. 2003;
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Kebukawa et al. 2011; Orthous-Daunay et al. 2013). As mentioned above for
XANES data, the interpretation of such similarities and differences is potentially
biased by the fact that SOM and IOM are measured together in the case of IDPs, and
by the fact that organics in IDPs could be modified during atmospheric entry. Matrajt
et al. (2005) report measurements on carbon-enriched IDPs in which HF treatment
was used to dissolve the silicates. The infrared spectra of these residues point to the
presence of ketone C¼O groups and likely carboxylic groups. The spectra also
present differences with IOM extracted from primitive chondrites regarding the CH2/
CH3 ratio, as well as the position and intensities of the bands in the range
1800–1000 cm�1. Note that this procedure does not fully remove soluble molecules
and that these spectra do not represent the insoluble fraction only of the studied IDPs.

The first Raman study on stratospheric IDPs focused on 20 particles, both
anhydrous and hydrated, which were classified into six groups (Wopenka 1988).
At the time, the low sensitivity of spectrometers produced spectra with low signal-to-
noise ratios, which could not be fitted. The spectra were therefore analysed by eye. In
addition, the acquisition conditions probably led to sample annealing (compared to
current studies, the power applied to the sample was 30� higher and the collection
times were 10� higher). This six-group classification scheme was not confirmed by
subsequent studies based on 60 IDPs and 40 AMMs, which pointed to (1) the large
internal structural heterogeneity within particles, sometimes encompassing the inter-
particle heterogeneity, (2) the low degree of structural order (except for 3 of the
60 particles, whose provenance was likely thermally metamorphosed chondrites)
and (3) structural signatures dissimilar to that of type 1 and 2 carbonaceous chon-
drites of CI, CM and CR types (Quirico et al. 2005; Bonal et al. 2006; Busemann
et al. 2009; Dobrica et al. 2011; Starkey et al. 2013; Merouane et al. 2014). The
structural differences between IDPs/AMMs and carbonaceous chondrites may point
to different organics accreted by the parent body, but the effect of heating/oxidation
during atmospheric entry and irradiation in space cannot be ruled out. Firm conclu-
sions would require experimental simulations in order to determine the conse-
quences of atmospheric heating.

Raman data collected with a single wavelength excitation (generally 514 or
532 nm) can be enhanced using spectra collected with other wavelengths. Due to
the resonance effect, different excitation wavelengths probe different fractions of the
samples and improve discrimination. This Multi-Wavelength Raman has been
applied to IDPs and resulted in low dispersion of the G-band, i.e., 0.08 cm�1/nm
(Starkey et al. 2013). This low dispersion is consistent with values measured in
carbonaceous chondrites, but is inconsistent with most amorphous carbons formed
in the laboratory and might point to a heating event experienced by insoluble
organics trapped in these IDPs (Quirico et al. 2014). Raman spectra collected with
a 244 nm excitation have shown clear structural differences between an IDP, a
UCAMM and primitive carbonaceous chondrites and have made it possible to
identify the –CN cyanide chemical group (Dobrica et al. 2011). Overall, these data
suggest that the insoluble component of organics in IDPs/AMMs might be inherited
from a heating event. As organics are very similar in anhydrous and hydrated IDPs
(Flynn et al. 2003; Merouane et al. 2014), this heating may have occurred prior to
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accretion in the inner region of the protosolar disk and hydrothermalism on the
parent body may not have been involved in their formation.

The isotopic and elemental compositions of bulk organics (H, C and N) in IDPs
and AMMs at the micrometric and sub-micrometric scales have been determined by
SIMS. The C/H ration was found to range between 1 and 3 in IDPs (Aléon et al.
2001) and between 2 and 6 in UCAMMs (Duprat et al. 2010). Note however that bias
due to instrumental fractionation might be serious in the case of the H/C ratio. The
C/N ratio also shows variations at the micrometric scale, with areas characterized by
N abundances as high as 10–20 wt.% (Aléon et al. 2003), while in UCAMM a high
N/C ratio is observed across a large area (Dartois et al. 2013). In IDPs, as in IOM
extracted from chondrites, the isotopic composition is heterogeneous at the microm-
eter and sub-micrometer scales, with hot spots that show very high D- and 15N-
enrichments (Messenger 2000, 2002; Aléon et al. 2001, 2003; Keller et al. 2004;
Floss et al. 2006; Busemann et al. 2006, 2009). UCAMMs also show very high
D-enrichments across larger areas and not restricted to tiny hot spots (Duprat et al.
2010). The D-enrichments have been interpreted as a fingerprint of low-temperature
chemistry and ion-molecule reactions, which occurred either in the local ISM or in the
protosolar disk. Due to the small size of IDPs and AMMs, several techniques—such
as EPR—could not be applied and it is therefore unclear whether these high
D-enrichments correspond to radicals, diradicals and diradicaloids as observed in
the IOM extracted from the CI Orgueil chondrite. Lastly, AIB amino acids were
identified in AMMs by Brinton et al. (1998) and Matrajt et al. (2004). These amino
acids have been proved to be endogenous.

2.5 Origin and Formation of Organics in Chondrites
and Dust

The origin of IOM in chondrites remains a debated issue. In the 1970s, formation in
the protosolar disk through Fischer-Tropsch reactions was the favoured mechanism
of production due to the similarities with laboratory analogs (Hayatsu et al. 1977)
and to the general context of a fully gaseous solar nebula with a full reset of
interstellar conditions (e.g., Grossman and Larimer 1974). This view was severely
challenged with the discovery of large D-enrichments that pointed to a cold chem-
istry, presumably in the ISM (Robert and Epstein 1982). Fischer-Tropsch reactions
were not able to provide the large H isotopic fractionations and phyllosilicates that
were advocated to catalyse those reactions were formed in the parent body and not in
the protosolar disk (Alexander et al. 1998). Concurrently, the spectral match of the
aliphatic peak at 3.4 μm in the infrared spectra of Orgueil IOM and the diffuse ISM
(collected towards the Galactic center) supported an interstellar origin (Ehrenfreund
et al. 1991). This view was challenged around the mid-2000s. The 3.4 μm feature of
diffuse ISM has since been assigned to hydrogenated amorphous carbon that is not
similar to IOM (Pendleton and Allamandola 2002; Dartois et al. 2004, 2007). The
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cometary grains brought back by the Stardust mission confirmed observations made
by the satellite ISO in the 1990s, i.e., crystalline minerals formed in the inner hot
region of the protosolar disk are present in comets (Crovisier et al. 1997; Zolensky
et al. 2006b). To date, estimating the abundance of amorphous versus crystalline
minerals in comets remains difficult and the proportions of presolar versus protosolar
materials is unclear.

The interpretation of the elevated D/H ratio in IOM in terms of ISM heritage has
also been challenged. A debate has emerged about whether the conditions in the
protosolar disk were favourable to ion-molecule reactions (Henning and Semenov
2013). The selective deuteration of molecular groups of IOM has, for instance, been
interpreted by ion-molecule reactions in cold regions of the protosolar disk (Remusat
et al. 2006, 2009; Delpoux et al. 2011), but other studies argue that the penetration of
Galactic Cosmic Rays within a protoplanetary disk is shielded against by stellar
winds (Cleeves et al. 2014). Recent publications have also experimentally demon-
strated that radiolytic processes can produce moderate deuterium enrichment in
organic solids, but these processes seem to be inhibited at low temperature and
cannot account for the high values reported for hot spots (Laurent et al. 2014, 2015).
On the other hand, the main carbon reservoirs in diffuse ISM are polycyclic aromatic
hydrocarbons (PAHs) and hydrogenated amorphous carbons (HACs), which both
formed in hot circumstellar environments. Therefore, they are not expected to bear
deuterium enrichments. In conclusion, deuteration does not appear to be a clear and
unambiguous tracer of IOM origin.

The distinction between solar versus interstellar is also somewhat simplistic and
artificial. The evolution of diffuse ISM towards planets is actually a continuous
succession of varying environments with overlaps of conditions between subsequent
stages. PAHs and HACs are not recovered directly in meteorites. They may have
been transformed to various extents either in molecular clouds through the action of
GCRs or possibly in the inner hot region of the protosolar disk (Alexander et al.
2010; Quirico et al. 2014). To date, the respective effects of ion irradiation and
thermal processing on these solids have not been clearly established (Bernstein et al.
2003; Brunetto et al. 2009) and require more observational and experimental
investigations. Note that an alternate view proposes the formation of IOM from
chondrites and IDPs through thermal processes within the parent body through the
carbonization of H2CO precursors in aqueous conditions (Cody et al. 2011;
Kebukawa et al. 2013). This scenario is however inconsistent with the lack of liquid
water in comets in the case of IDPs and it does not satisfactorily account for the IOM
isotopic heterogeneity.

Organics in IDPs and AMMs are much less known, as outlined above, but
comparison with chondritic organic matter sheds light on their origin. First, they
share a number of similarities: (1) functional groups such as aliphatic, carboxyl,
ketone and aromatic groups; (2) a disordered polyaromatic structure (with a weakly
dispersive G-band position); (3) large and heterogeneous D- and 15N-enrichments
and (4) soluble and insoluble components. These similarities support the view that
organics in meteorites and dusts were synthesized under fairly similar conditions. In
this respect, solving the puzzle of the origin of chondritic organics might help
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resolve that of organics in dusts as well. However, this interpretation may not hold
for the N-rich UCAMMs that might have been formed at the surface of TNOs or
cometary nuclei in the Oort belt (Dartois et al. 2013).

In the near future, several complementary approaches should provide new clues
and push the debate forward. Firstly, new techniques can simultaneously character-
ize the SOM and IOM at the sub-micrometer scale within their petrologic context,
for instance XANES microscopy combining measurements at the C, N and O
K-edge. The development of ultra-spectroscopy (infrared and Raman spectrometers
coupled to an Atomic Force Microscope) should even provide insights into the
composition at a spatial scale <10 nm (Dominguez et al. 2014). The development
of protocols for characterizing SOM from micrometer-sized particles with High
Resolution Mass Spectrometry and isolation of IOM from chondritic (small) clasts
and IDPs and AMMs should soon provide very valuable data. Lastly, the ALMA and
JWST instruments will provide insights into the composition of protoplanetary disks
with an unprecedented angular resolution. This will provide important information
on the chemical and isotopic heterogeneity in protoplanetary disks and thus on the
extent to which an ISM-like chemistry can be induced.

2.6 Dust and Meteorites at the Surface of Mars

2.6.1 Flux of Exogenous Matter on Mars

The amount of extraterrestrial input to the surface of Mars has been constrained by
several studies. In particular, Flynn and McKay (1990) concluded that fine-grained
meteoritic material (60–1200 μm) is a major contributor to the exogenous input on
Mars. They advocated the return of Mars soil samples in which the sampling of
micrometeorites might reveal a complementary picture to micrometeorites on Earth.
Most particles larger than 100 μm are melted on entry into the Earth’s atmosphere,
but given the lower density and lower gravity of the Martian atmosphere, 90% of
these particles would survive Martian atmospheric entry without significant melting.
For particles of 1000 μm diameter, the estimated 30% survival percentage is much
higher than that on Earth. Flynn and McKay (1990) estimated the planet-wide
meteoritic mass influx on Mars to be between 2700 and 59,000 t/year; the large
range being related to the uncertainty in the terrestrial flux. With a production rate of
Martian soil of 1 m per billion years, they estimated the concentration of microme-
teorites ranging from 2% to 29% by mass (Flynn and McKay 1990).

In a complementary study, Bland and Smith (2000) focused on meteorite accu-
mulation on Mars. Entry speed (from 5 to 30 km s�1, mean value of 10.2 km s�1),
initial mass at the top of the atmosphere of Mars (10–130 g) and ablation rate are
some of the main input parameters. Based on experimental studies, it is assumed that
1.6 km s�1 is the upper limit of survivability for stony meteorites impacting Mars. To
estimate the impact rate of meteorites on Mars, a scaling factor of 2.6 compared to
the present flux of meteoroids reaching Earth (based on crater statistics and reflecting

2 Organic Matter in Interplanetary Dusts and Meteorites 39



for example the closer proximity of Mars to the asteroid belt) was considered. Bland
and Smith (2000) then computed the proportions of meteoroids of a given entry mass
surviving impact on Mars. They showed that a narrow range of small masses
(10–50 g) should survive. Bland and Smith (2000) further calculated (in what they
deemed a conservative estimation) a flux of 44–176 meteorites in the mass range
10–50 g at the surface of Mars, per 106 km2 per year. Chemical and physical
weathering operating on Mars is rather limited: oxidation would indeed occur on a
timescale of 109 years, rather than 105 to 106 years as observed on Earth and based
on analyses of meteorites from Antarctica. This absence of significant chemical
alteration is confirmed by the remote study of iron meteorites found on Mars, in
which iron oxides do not dominate (Schröder et al. 2008; Ashley et al. 2011). Bland
and Smith (2000) thus concluded that meteorite accumulation on Mars could
possibly be quite significant.

Finally, Davis (1993) demonstrated that the number of large impacts (>10 kg)
should be similar to that on the Moon, with ~100 events per year.

This non-negligible contribution of meteoritic material to the surface of Mars is in
agreement with analytical data. For example, based on X-Ray fluorescence data,
Boslough (1988) suggested that the soils analysed by Viking are consistent with a
mixture of 60% basaltic rock fragments and 40% meteoritic material. More recently,
elemental analysis of siderophile elements (Ni, Ir) in the Martian meteorite NWA
7533 were explained by admixing up to 5% of meteoritic material in Martian regolith
(Humayun et al. 2013). The composition of the Moon is also informative. Without
an atmosphere, there is no deceleration to free-fall velocity of the impacting material.
As a consequence, only a few projectiles survive as un-melted fragments on the
Moon. This is consistent with only a few rare millimeter-diameter fragments of
meteorites recovered in lunar soil samples (e.g., Rubin 1997). Nevertheless, extra-
terrestrial matter contributes to the lunar regolith as indicated, for example, by the
abundance of iridium in lunar soils (Anders et al. 1973).

To conclude, there might be a substantial input and preservation of extraterrestrial
matter in Martian soils. Considering that this implies the presence of significant
exogenous organic matter, several questions are raised concerning the preservation
of organics once on Mars given the absence of clear detection of relatively abundant
organics by the various rovers on Mars.

2.6.2 Exogenous Organics on Mars: Detection
and Preservation

Mars’ proximity to the asteroid belt may lead to sampling of different proportions of
asteroidal material when compared with Earth. Moreover, meteorites arriving at the
surface of Mars impact at a higher speed: their survival will thus depend on sample
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consistency and cohesive strength and whether the timescales of weathering are
longer than on Earth. If this is the case, meteorites on Mars may reveal a slightly
different history (older) to Earth (Flynn and McKay 1990). However, in the absence
of reliable constraints, we here consider similar compositions for the material
accreted by Mars and Earth.

In what follows, we discuss only meteoritic organics and do not consider carbo-
naceous molecules that could derive from Martian reservoirs (e.g., lithospheric
magmatic carbon, weathering of carbonates in the hydrosphere, etc.). Since the
meteoritic mass accreted by Mars is largely dominated by the flux of dust (see
Sect. 2.6), we will neglect the flux of meteorites (Bland and Smith 2000) and large
objects (Davis 1993) for the evaluation of exogenous organic matter. Taking into
account (1) the present flux of dust at Mars (Flynn and McKay 1990), (2) the fraction
of particles not heated above the pyrolysis temperature of carbonaceous matter
(Flynn 1996) and (3) and assuming an average carbon content of 10 wt.% in IDPs
(Thomas et al. 1993), the accretion rate of unaltered meteoritic carbon by Mars is
estimated to be 2.4 � 105 kg/year (Flynn 1996).

Assessing past habitability and detecting potential preserved biosignatures are
some of the major scientific goals of current and future missions on/to Mars. Models
of dust flux on Mars clearly indicate that there is a non-negligible input of organic-
containing extraterrestrial matter. Thus the detection, up to now, of only of a few
organic molecules at low abundance is quite puzzling. This can either be interpreted
as being due to (1) measurement biases and/or a low instrumental sensitivity or
(2) the absence of organics in the analysed soil samples, explained for example by
environmental conditions not in favour of the preservation of organics.

Our current knowledge concerning the organic compounds that are present in
Martian soils has been derived only from molecular analysis from three experiments
on board Martian landers: (1) Gas Chromatograph and Mass Spectrometer (GC-MS)
experiments on board the Viking Lander (Biemann et al. 1977) and (2) on board
MSL with the SAM instrument (Mahaffy et al. 2012) and (3) the Thermal and
Evolved Gas Analyser (TEGA) on board Phoenix (Ming et al. 2009). These instru-
ments require pyrolysis of the samples as a first step for analysis. In the case of Mars,
clear difficulties were revealed in comparison with experiments conducted in labo-
ratories on Earth, in particular for the interpretation of the data as the heating
procedures induce an oxidation of the organics by the soils (Navarro-González
et al. 2006; Steininger et al. 2012; Freissinet et al. 2015). The presence of perchlo-
rates at the Martian surface (Hecht et al. 2009; Glavin et al. 2013) does not
necessarily preclude the detection of organics by gas chromatography, but it clearly
complicates data interpretation (e.g., Freissinet et al. 2015; Millan et al. 2016), for
instance by the formation of new organic molecules through the decomposition of
perchlorates (e.g., chlorohydrocarbons; Millan et al. 2016; Steininger et al. 2012) or
by the combustion of organics through the release of O2. Moreover, according to
Benner et al. (2000), upon pyrolysis, meteoritic organic compounds are most likely
to be converted to carboxylic acid derivatives under Martian conditions and these
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would be generated with variable yields, in addition to the generation of non-volatile
components, carbon dioxide, carbon monoxide and water. All but the non-volatile
material would be detectable by GC-MS, but since they are also components of the
Martian atmosphere, data interpretation is more difficult (Benner et al. 2000). The
identification of chlorinated organic compounds required numerous laboratory ana-
logue studies, but it has finally been concluded that they originate from Martian
organic carbon (as opposed to terrestrial contamination by the instrument)
(Freissinet et al. 2015). Viking data have been reconsidered and may reflect a few
ppm of organic material in Martian soils (Navarro-González et al. 2006, 2010;
Navarro-González and McKay 2011), although even this is debated (Biemann and
Bada 2011).

In addition to analytical issues, the environmental conditions on Mars may induce
some modification of the exogenous organic input through photochemical (UV
irradiation by sunlight and by galactic and solar energetic particles) and oxidation
processes, which are characterized by distinct kinetics and scales of interaction. In
particular, oxidation may be effective from a few meters to possibly hundreds of
meters in depth (Davila et al. 2008), whereas UV radiation can interact only with the
surface (a few mm) of the regolith. Solar energetic particles and galactic cosmic rays
have much higher energy than UV photons, but with a much lower flux. These
energetic particles may degrade organics on a timescale of hundreds of millions of
years (e.g., Kminek and Bada 2006), but UV photons act much more rapidly,
typically in a few days to months (e.g., Poch et al. 2014).

Experimental simulations of Martian soils processes have focused on UV irradi-
ation and oxidative processes. Although indispensable for improving our under-
standing of the on-going processes operating in Martian soils and their consequences
for organics, laboratory experiments simulate relatively simple systems for which
the results are not easily directly applicable to Martian conditions. For example,
several studies have focused only on simple organic molecules, while the most
common organic matter in micrometeorites and IDPs a complex macromolecule.
The regeneration of Martian soils is rarely taken into account. Mineral grains that
potentially play a shielding role are present in only a few recent studies (e.g., Poch
et al. 2015). Nevertheless, even though they might not be directly applicable to
natural Martian conditions, these experiments are informative and imply that there is
modification but not total destruction of the organics (e.g., Burns and Fisher, 1993;
Stoker and Bullock 1997; Moores and Schuerger, 2012; Poch et al. 2013, 2014,
2015—a non-exhaustive list of references). The absence of detection of high abun-
dances of organic compounds in Martian soils does not necessarily imply the
absence of exogenous organics on Mars. The use of different analytical techniques
that do not requiring pyrolysis as a first step will undoubtedly shed new light on the
question of organics on Mars. This is the hope placed in the SuperCam instrument on
board the Mars2020 rover, which combines Laser Induced Breakdown Spectros-
copy, Raman spectroscopy, time-resolved fluorescence and visible and near-infrared
spectroscopy (Maurice et al. 2015).
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