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ABSTRACT

A brief overview of astrobiologically relevant organic
species detected in small solar system bodies, in partic-
ular meteorites, is provided. Such organic molecules,
however, are only a minor component of the carbon in
these objects. Many of them, like amino acids, proba-
bly the most interesting family of molecules for astro-
biology, have not yet been detected in the interstellar
medium. Most of the carbon is present as the so-called
macromolecular organic material, both in meteorites and
interplanetary dust particles. We show that material is
analogous to hydrogenated amorphous carbon, a hydro-
carbon widely studied by chemists. A form of hydro-
genated amorphous carbon is also observed in grains to-
ward the diffuse interstellar medium, and even in Seyfert
2 galaxies, although with different chemical properties.
Therefore, in our attempt to trace the evolution of car-
bonaceous matter as the local interstellar cloud collapsed
leading to the formation of the solar nebula, we focus on
the study of an ubiquitous form of carbon, namely hydro-
genated amorphous carbon.

1. INTRODUCTION

From an astrobiological point of view there is an intrigu-
ing temporal link on Early Earth between the origin of
life and meteorites. The sequence of events that led to the
emergence of self-replicating organisms is poorly known
but the late heavy bombardment of Earth by remnants
of planetary formation might have played a crucial role
[1]. It has been estimated that the mass of asteroids and
comets reaching the Earth after core formation was 0.7-
2.7 10?2 kg, and that comets represented less than 103
by mass of the impacting population. These values have
significant implications for both early solar system dy-
namics and the emergence and early evolution of life on
our planet [1]. Although it has been recently suggested
a Hadean (4.6-3.9 Ga) origin of life (probably prior to
4.1 Ga) [2], the most probable time for life’s origin is
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estimated to be between 4 Ga and 3.8 Ga years ago (mi-
croorganisms have flourished in the oceans since at least
3.8Ga [3]). The most important episode of meteoritic im-
pact cratering of the Earth appears to have occurred ap-
proximately 3.9 Ga, 500-600 million years after accretion
[4].

With the exception of lunar and martian meteorites, prac-
tically all meteorites are assumed to come from asteroids.
The asteroid belt is principally divided into two groups:
the light S type (rich in silicates) asteroids within 2.6 AU
and the dark C-types (carbonaceous) outside, comprising
20% and 75% of the belt, respectively. Obviously there
are many subdivisions of the regions [5,6]. Astrobiolog-
ically, it is important to note that: a) carbonaceous chon-
drites are the closest spectral analogs available in labora-
tory of the carbonaceous asteroids that impacted the Earth
during the Hadean eon [7]; b) most of the extraterrestrial
carbon accreted by Earth is carried by the 40,000 tons
of ~ 0.2 mm micrometeorites [8], as well micron-sized
interplanetary dust particles (IDPs), that enter the atmo-
sphere every year. Petrological and geochemical studies
carried out on micrometeorites indicate that the major-
ity are carbonaceous [9,10], and c) according to [11], the
abundance, compositional types and diversity of amino
acids, sugars and other molecules discovered in carbona-
ceous chondrites support the possibility that these mete-
orites could have seeded our planet, with extraterrestrial
organics required for the origin of life.

IDPs are either of asteroidal or cometary origin. Their
small size hinders the detection of specific organic
molecules. Comets are known to be rich in organic mat-
ter, presumably less altered than meteoritic carbon, but
cometary organics remain poorly characterized. There-
fore, the next section is dedicated to summarize the com-
position of organic carbon in meteorites.
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2. ORGANIC MATTER IN CARBONACEOUS
CHONDRITES

Carbonaceous chondrites are primitive and undifferenti-
ated meteorites that include different clans and groups
(CI, CM, CR, CB, CO, CV, CH, CK, C ungrouped)[11].
Most carbonaceous chondrites consist of spherical glass-
like chondrules [12,13], embedded in a fine-grained
groundmass. The chondrules and the CAIs (calcium-
aluminum-rich inclusions) are at present the oldest-
known material that formed in the solar nebula [14].
Among the most studied carbonaceous chondrites are
Orgueil (>12 kg), fell in France in 1864, Murray (around
12.6 kg), fell in the US in 1950, Allende (>2000 kg),
fell in Mexico in 1969, and of course Murchison (>100
kg), fell in Australia in 1969. The Murchison (CM2)
organic inventory has become an essential reference to
which other extraterrestrial organic matter may be com-
pared. A recent very interesting carbonaceous chondrite
is the Tagish Lake meteorite which fell in Canada on Jan-
uary 18, 2000 onto the frozen surface of Tagish Lake; its
organic content [15] provides unique insight to an out-
come of early solar system chemical evolution not seen
so far.

Usually, carbonaceous chondrites contain up to 3 wt% of
organic carbon [16]. The carbon in carbonaceous chon-
drites is present in several forms, with specific source re-
gions. Materials such as silicon carbide and graphite con-
densed from the atmospheres of stars that existed long
before our Sun. Cameron [17] was one of the first to
hypothesize that carbonaceous chondrites could poten-
tially harbor presolar grains. Diamonds were the first
presolar grains isolated from meteorites and today we
know that more than 3% of the total amount of carbon
present in these meteorites is in the form of carbon rich
presolar grains [18]. Families of carbon compounds in-
clude [19] alcohols, aldehydes, amides, amines, amino
acids, carbonates, carboxylic acids, heterocycles, hydro-
carbons, ketones, phosphonic acids, sulfonic acids, sug-
ars and sugar-related compounds, being the most dom-
inant form of carbon a high-molecular weight macro-
molecular material [20-22]. Although these compounds
occur within the fine-grained inorganic meteorite matrix
which displays signs of alteration by liquid water on the
parent asteroid, it has been recently identified a preferen-
tial association with clay minerals [23,24]. The discov-
ery is extremely important given the well known ability
of clays to adsorb organic molecules and catalyse mu-
tual reactions. Organic-inorganic interactions may have
played a role in the assembly of increasingly complex or-
ganic entities 4.6 billion years ago [15,25]. Thus, it is im-
portant to coordinate the studies of organic and inorganic
(mineralogy, crystal structure) compounds [26]. In broad
terms, four different synthetic routes have been proposed
to explain the formation (and characteristics) of the car-
bon compounds [19]: (1) interstellar ion-molecule reac-
tions, (2) Fischer-Tropsch-type catalytic processes, (3)
Miller-Urey-type reactions, and (4) hydrothermal trans-
formation mediated by clays.
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Probably one of the most interesting topics related with
the research of organic compounds in meteorites (with
fascinating astrobiological implications), corresponds to
the study of the extraterrestrial amino acids as building
blocks of proteins. The search for amino acids in mete-
orites began in the 1960s. Since then, around 70 amino
acids have been identified in meteorites among the 159
possible C2 to C7 isomers [11,16,27,28]. Kvenvolden et
al. [29] identified five protein and two non-protein amino
acids and four of the protein amino acids were racemic.
These same authors detected a further protein amino acid
(aspartic acid), and 10 more non-protein amino acids,
four of which were present as racemic mixtures. Later
analyses [30] verified the presence and racemic nature
of the protein amino acids and identified some leucines
[25]. However, only eight of the 20 amino acids that
life is using have so far been identified in meteorites
[11]. As it is well known, in all living organism, only
the L-enantiomers of chiral amino acids are utilized as
building blocks for proteins and enzymes. An abiolog-
ical synthesis of chiral amino acids will always yield a
‘one to one’ mixture of the D- and L-enantiomers. In-
digenous L-enantiomeric excesses is present at least in
some of the carbonaceous chondrites [24,31,32]. Mod-
est L-enantiomeric excesses of 2-9% in 2-amino-2,3-
dimethylpentanoic acid, a-methyl norvaline and isova-
line, have been reported [31]. In accordance with the
excellent paper by Cohen & Chyba (2000) [33] there
are two main ways to explain the formation of amino
acids into meteorite parent bodies. The first is through
the Strecker synthetic process [34] in liquid water on the
parent body itself. The second method is incorporation
of amino acids into the parent body through accretion
of previously synthesized molecules from the interstel-
lar medium. The latter possibility is supported by exper-
imental simulations of ice photo- and thermal process-
ing of interstellar ices, leading to the formation of amino
acids [35,36], although such processes might as well oc-
cur in the outer regions of circumstellar disks. Recently,
diamino acids (i.e. amino acids with two NHy groups)
produced in such experimental simulations [35], were
also detected in Murchison [37].

As previously defined, the variety of organic compounds
of carbonaceous chondrites constitute a valuable record
of organic chemical evolution in the universe, which
probably reflects a long cosmic history from stellar nu-
cleosynthesis through complex stages of interstellar, neb-
ular, and planetary processes that preceded life [15]. In
the last section, we approach the question on the origin of
carbon matter in small solar system bodies by studying in
some detail the chemical structure and composition of an
ubiquitous form of carbon matter, amorphous carbon.

3. AMORPHOUS CARBON IN SPACE

Amorphous carbon consists of an amorphous matrix
composed of sp?, sp, and even sp', hybridized carbon
atoms. Here a-C refers to amorphous carbon with less
than 20% hydrogen. Hydrogenated amorphous carbons
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(a-C:H) contain 20-60% hydrogen and have a low C-C
sp> content. The sp?/sp?> ratio, the hydrogen content, and
the degree of sp? clustering determine the macroscopic
properties of amorphous carbon [38].

The infrared spectrum due to the absorption of grains
toward diffuse clouds in the interstellar medium (ISM)
shows a prominent band at 3.4 pum (CH stretch in aliphat-
ics), and bands at 6.85 and 7.25 pm (CH bending modes).
These features are very well matched with the laboratory
spectrum of a-C:H made from photoprocessing of simple
aliphatic species at interstellar conditions [39,40]. Car-
bonaceous grains in the diffuse ISM are expected to be
composed of an a-C:H polymer consisting of small aro-
matic units (1-2 rings) linked by aliphatic bridges with
ratio CHy/CH3 ~ 2, and low oxygen content [39,40].

Below, we provide evidence, based on infrared and Ra-
man spectroscopy, for the presence of (hydrogenated)
amorphous carbon in the insoluble organic matter of car-
bonaceous chondrites, such as Orgueil and Murchison,
and IDPs. The results concerning IDPs were adapted
from [41].

In Raman spectroscopy, the G mode is related to the in-
plane bond-stretching motion of pairs of C sp? atoms,
both in aromatic rings and olefinic chains [38]. These au-
thors show that the D peak is a breathing mode of Ay,
symmetry involving phonons near the K zone boundary,
which becomes active in the presence of disorder. The in-
tensity of the D peak is strictly connected to the presence
of sixfold aromatic rings.

The first order Raman D and G bands of insoluble organic
matter in Orgueil and four IDPs (Y, K2, K3, and N) are
shown in Fig. 1, after subtraction of the continuum. The
lorentzian fits of the D and G bands separately, and the
sum of both lorentzians are also shown. Table 1 provides
the parameter values for the fits of Orgueil, Murchison
(from Murchison spectrum published in [42]), and the
4 IDPs. These are the D and G line positions and full
widths at half maximum (FWHM), and the intensity ratio
I(D)/I(G). The average parameter values obtained for the
spectra of 11 IDPs [43], as reported in [44], are included.
For each parameter, the maximum and minimum values
are given in parenthesis. The Raman parameters of
IDPs indicate that amorphous carbon is an important
component of their carbon fraction. Using the equation
valid for amorphous carbon

1(D)

1(G)
where C’(514 nm) =~ 0.0055 [38], the aromatic domain
size, L,, corresponding to the average IDP value of
I(D)/I(G) ~ 1 (Table 1), is 1.35 nm (5 to 6 rings in
diameter, or a total number of ~ 30 rings). For the
I(D)/I(G) values of IDPs with the highest deviation,
0.66 and 1.39 (Table 1), the corresponding L, values
are 1.1 and 1.6 nm (i.e. a total number of about 20 to
42 rings). The infrared spectra of IDPs (not shown) are
also well fit with amorphous carbon, and provide infor-
mation on the aliphatic component and the organic func-

=C'(\) - Lg? 1)
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Figure 1. First order D and G bands after baseline cor-
rection (thick trace) and lorentzian fits (thin trace) for the
Orgueil meteorite and 4 IDPs. The intensity of the spec-
tra was shifted for intercomparison.

tional groups. From infrared and Raman spectroscopy
of IDPs it is concluded that the bulk of the carbona-
ceous IDP component consists of a-C, or a-C:H for IDPs
showing a prominent 3.4 um infrared feature, with aro-
matic units of 20 to 40 rings in total, linked by aliphatic
chains with CH2/CH3 ratios between 2.8-5.5, depend-
ing on the particle (for IDPs containing a-C:H) or a car-
bon sp?-skeleton (for IDPs containing a-C). This mate-
rial presents relatively low O/C and N/C contents relative
to organic residues made from ion or photoprocessing of
interstellar ice analogs.

In general, the carbonaceous phase in IDPs show broader
D and G bands than meteorites [42]. From Table 1, the
FWHM of the D and G bands corresponding to Orgueil
and Murchison are close to the lower limit for IDPs. The
values of L, (obtained from the I(D)/I(G) values and
eq. 1) for Orgueil and Murchison, respectively 1.3 and
1.1 nm (30 and 20 rings in total), fall within the IDP
values. Previous determinations of L, in these mete-
orites range from 8-60 rings in total for Murchison [45],
15 and 10 rings for Orgueil and Murchison respectively
[46], to 4 rings for Murchison [47]. Similar to IDPs,
both Raman and infrared spectra of insoluble organic
matter in Orgueil and Murchison are consistent with that
of a-C:H, although with a lower CH5/CH3 ratio, closer
to the ISM value around 2. This conclusion is consis-
tent with earlier characterizations: Ref. [48] describes
the insoluble organic matter of Murchison as a struc-
turally complex, extensively cross-linked, and highly aro-
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Table 1. Lorentzian fit values for the D and G bands corresponding to line position, full width at half maximum (FWHM),

and intensity ratio I(D)/I(G).

Object D line position G line position D line FWHM G line FWHM I(D)/1I(G)
(cm™h) (cm™h) (cm™h) (cm™h)

Y 1350 1580 80 0.88
K2 1365 1570 256 130 0.90
K3 1365 1585 256 108 0.84
N 1365 1585 256 100 1.17
Orgueil 1360 1590 220 94 0.87
Murchison 1360 1587 124 86 0.66

11 IDPs (average)! 1362 (1345-1393)

1584 (1562-1594)

296 (141-476) 104 (72-159)  1.02 (0.66-1.39)

I Average values of Raman parameters corresponding to 11 IDPs [43], reported in [44].

matic macromolecule. The O/C and N/C values found for
Murchison are 25% and 2.9% [438].

In conclusion, amorphous carbon is abundant in the dif-
fuse ISM, comprising 5%-30% of the carbon cosmic
abundance [49]. It was also observed in lines of sight to-
ward Seyfert 2 galaxies with spectra similar to that of the
diffuse ISM [39]. As we explained above, Solar System
objects like meteorites and IDPs also contain amorphous
carbon. Nevertheless, the structure and composition of
the material varies. Below, we attempt to sketch a possi-
ble evolutional scenario of amorphous carbon in space.

a-C:H observed in the ISM is likely produced in the
ejecta of stars, given the large collisional timescales of
the ISM [40]. The fact that a-C:H with similar spectral
infrared features is observed in Seyfert 2 galaxies, with
enviromental conditions that differ from the diffuse ISM
in our Galaxy, indicate this material is very stable, and re-
sists the hard interstellar UV and proton irradiation field
[40]. Indeed, a-C:H is harder, denser, and more resistant
to chemical attack than any other solid hydrocarbon ([50]
and ref. therein). Could a-C:H in carbonaceous chon-
drites and IDPs have originated from diffuse ISM car-
bon dust? The infrared spectrum of an interstellar a-C:H
analog annealed to ~ 800 K [40], resembles the spectra
of Orgueil and Murchison, as a fraction of the aliphatic
C converted into aromatic C. However, that is not com-
patible with the observed O/C in these meteorites (see
above), since interstellar a-C:H does not seem to contain
much O and N. In the case of IDPs, the CH>/CH3 ratio
is significantly larger than that of interstellar carbon dust.
A possibility is that heteroatoms were later incorporated
onto annealed interstellar carbon grains as accretion took
place in the solar nebula. Another possibility is that the
observed a-C:H in IDPs and meteorites is the result of
thermal annealing (leading to carbonization) of the origi-
nally organic material, highly rich in O and N, formed by
UV and ion processing of ice in the solar nebula [41]. The
amino acids and other organic species found in meteorites
might be, at least partially, original products of such ice
processing in the outer regions of the disk. The latter hy-
pothesis agrees with >N/'4N and D/H ratios measured
in Solar System objects, which suggest formation tem-
peratures of 50 K for comets and 80 K for meteorites,
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i.e. higher than the typical dense cloud temperatures of
10-20 K [51].

One of the goals of the NASA Astrobiology Institute
Roadmap is “understand how life emerges from cos-
mic and planetary precursors”. Within this goal, three
specific points are faced: a) to identify the different
sources of organic compounds required for the origin of
life, b) to resolve the origins and evolution of functional
biomolecules, and c) to resolve the origins of cellularity
and protobiological systems. Two hundred years of con-
vergence between Earth and meteoritical studies, along
with the spectacular scientific and technological advance
in space sciences of the last half century, have permitted
us to start to figure out how this happened, even before
having a clear definition of what life is.
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