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In the nascent solar system, primitive organic matter was a major
contributor of volatile elements to planetary bodies, and could
have played a key role in the development of the biosphere.
However, the origin of primitive organics is poorly understood.
Most scenarios advocate cold synthesis in the interstellar medium
or in the outer solar system. Here, we report the synthesis of solid
organics under ionizing conditions in a plasma setup from gas
mixtures (H2(O)−CO−N2−noble gases) reminiscent of the protoso-
lar nebula composition. Ionization of the gas phase was achieved
at temperatures up to 1,000 K. Synthesized solid compounds share
chemical and structural features with chondritic organics, and no-
ble gases trapped during the experiments reproduce the elemental
and isotopic fractionations observed in primitive organics. These
results strongly suggest that both the formation of chondritic
refractory organics and the trapping of noble gases took place si-
multaneously in the ionized areas of the protoplanetary disk, via
photon- and/or electron-driven reactions and processing. Thus, syn-
thesis of primitive organics might not have required a cold environ-
ment and could have occurred anywhere the disk is ionized,
including in its warm regions. This scenario also supports N2 photo-
dissociation as the cause of the large nitrogen isotopic range in the
solar system.
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The solar system formed from the gravitational collapse of a
dense core within a molecular cloud that led to the ignition of

a central star surrounded by a protoplanetary disk. Protoplan-
etary disks are evolving and dynamic systems, in which complex
chemistry results in the formation and aggregation of solids.
Among them, organic molecules are of great astrobiological in-
terest because they may represent the first building blocks of
prebiotic molecules. Moreover, they are the main carriers of
volatile elements (i.e., H, C, N, and noble gases) that formed the
atmospheres of the inner planets. Organic matter is ubiquitous
in primitive solar system bodies [e.g., chondrites, especially the
carbonaceous ones, interplanetary dust particles (IDPs), and com-
etary dust—Comet 81P/Wild 2 and ultracarbonaceous Antarctic
micrometeorites (UCAMMs) (1–3)]. Most meteoritic organics
(up to 99%) are in the form of a refractory and insoluble mac-
romolecular solid, commonly referred to as insoluble organic
matter (IOM) (e.g., ref. 4). Notably, IOM displays bulk D and
15N isotope excesses relative to solar composition, which can
reach extreme values at a microscopic scale (5, 6). These com-
positional and isotopic characteristics bear a unique record of the
processes and environmental conditions of IOM synthesis, but the
message is still cryptic.
IOM is also the main carrier of the heavy noble gases (Ar, Kr,

and Xe) as well as of a small fraction of He and Ne trapped in
chondrites. The exact host phase of these elements—nicknamed
Phase Q (7)—is not well characterized and appears to be a part
of, or at least chemically associated with, refractory organic com-
pounds (7–9). This Q component is ubiquitous in primitive chon-
drites (10, 11), in IDPs, and in Antarctic micrometeorites (12).
Thus, Q gases may represent the most important noble gas res-
ervoir outside the Sun at the time of accretion in the protosolar
solar nebula (PSN). Q gases are elementally and isotopically

fractionated relative to the solar composition [as inferred by
the analysis of solar wind composition (13–16)], in favor of heavy
elements and isotopes, by about 1%/atomic mass unit (amu) for
Xe isotopes (11). So far, only plasma experiments involving no-
ble gas ionization were able to fractionate noble gases elemen-
tally and isotopically to extents comparable to those of Q (17–
22). Both Q gases and IOM are intimately related and ubiquitous
in primitive solar system bodies, likely pointing to a common and
preaccretion origin.
Several processes for IOM synthesis have been proposed and/

or studied experimentally, reflecting the variety of astrophysical
regions where organosynthesis may occur. Most of them involve
cold scenarios (e.g., below 40 K) via UV-induced grain surface
polymerization of organic molecules in the icy mantles of dust
grains, either in the interstellar medium (ISM) or in the outer
solar nebula (e.g., refs. 23 and 24). It has been also proposed that
organosynthesis could have occurred onto the parent body of
chondrites via polymerization of interstellar formaldehyde (25, 26),
or via Fischer−Tropsch-like reactions onto metal grains at warm
temperature (e.g., 300 K or above) (27, 28). Laboratory works
reproduced partially the compositional features of chondritic/
cometary refractory organics, but generally failed to reproduce
the large D and 15N excesses (relative to the PSN composition)
observed in the inner planets, meteorites, and comets. These
experiments did not address either the elemental or isotopic
fractionations of noble gases.
In this work, we present a plasma experiment designed to

produce refractory solid organics from mixtures of C- and N-
bearing gases representative of the composition of the solar
nebula (i.e., CO, N2 with addition of noble gases). This is the first
integrative study, to our knowledge, that investigates organosyn-
thesis and noble gas issues simultaneously.

Significance

Refractory organics are the main hosts of carbon, nitrogen, and
other biogenic elements in primitive solar system material. We
have synthesized refractory organics by ionizing a gas mixture
reminiscent of the composition of the protosolar nebula, at
temperatures up to 1,000 K in a plasma. Synthesized compounds
share chemical and structural features with chondritic organics,
and trapped noble gases reproduce well the elemental and iso-
topic characteristics of meteoritic noble gases. Our study sug-
gests that organosynthesis took place in the solar system,
including in its warm regions, and was ubiquitous anywhere the
nebular gas was subject to ionization.
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Materials and Methods
Production of carbonaceous solids was undertaken in a microwave (2.45 GHz)
plasma reactor nicknamed Nebulotron (ref. 29, Fig. S1, and Tables S1 and S2)
from gas mixtures composed of CO ± N2 ± noble gases (plus traces of H2/H2O).
The Ar/C, O/C, and N/C ratios of the starting gas mixtures were close to those
inferred for the solar gas composition. However, the H/C (hydrogen mostly
coming from H2/H2O impurities from the gas tanks), Kr/C, and Xe/C ratios were
orders of magnitude different from an expected solar composition, due to
technical and/or analytical limitations (e.g., detection limit for analysis). Typical
experiments were run with a total gas flow of 6–10 standard cubic centimeters
per minute (sccm) at ∼1 mbar for 2−6 h. Carbonaceous solid particles synthesis
followed ionization and dissociation of CO/CO−N2 by electronic and heavy
particle excitation in the gas phase at ∼800–1,000 K, a temperature typical of
microwave discharges (29, 30). This process produces radicals that react to form
small organic precursors such as HCO+, HCN, NH3, and hydrocarbons. These
precursors copolymerize into larger organic molecules that eventually co-
agulate to form solid particles. The synthesized carbonaceous solids from CO ±
noble gases and CO−N2 ± noble gases experiments were recovered and ana-
lyzed by a combination of analytical techniques to address their nature and
structure and their noble gas content (see SI Materials and Methods for ex-
perimental and analytical details). Our laboratory conditions are by essence far
from the ones expected in the PSN, notably in terms of pressure and duration.
This issue is discussed in Discussion.

Results
Complex CHON Compounds. The elemental analyses and FTIR data
show that the N-poor Nebulotron samples (produced from CO +
traces of H2/H2O ± noble gases) display a chemical composition
very close to that of IOM from unheated chondrites (Table S1 and
Fig. 1A). Solids produced from CO and CO–noble gas mixtures
are N-poor samples (i.e., N/C < 0.1), whereas those prepared from
a CO–N2 ± noble gas mixture contain significant amounts of ni-
trogen (i.e., N/C > 0.5), demonstrating the very efficient in-
corporation of nitrogen into the organic solids when N2 is present
in the flowing gas mixture (Tables S1 and S2). Interestingly, hy-
drogen is also efficiently incorporated into molecular precursors of
solid compounds although low in abundance in the gas flow.
The organic and complex nature of the Nebulotron-synthesized

compounds is apparent in their FTIR spectra (Fig. 1), which
display characteristic bands of aliphatic and aromatic/oleifinic
groups, and O-rich functional groups (hydroxyl, carbonyl, and
ether groups). The N-rich Nebulotron samples synthesized
from CO–N2 experiments present additional bands identifying
N-rich functional groups (amine/amide, nitrile, and imine groups).
The C = O and C = C bands display the largest relative intensities,
suggesting an unsaturated molecular structure for the Nebulotron-
synthetized organics. The absence of the aromatic C–H stretching
band (∼3,050 cm−1) is consistent with high cross-linking and sub-
stitution of aromatics in those solids. The N-poor Nebulotron
samples display elemental ratios in the range of those of IOM from
primitive chondrites (31), and their FTIR spectra are comparable to
those of IOM (Fig. 1A). The Nebulotron N-rich samples are more
comparable to data obtained for ultracarbonaceous micrometeor-
ites (32), which are thought to be cometary in origin (Fig. 1B).

A Low Degree of Carbon Structural Organization: High-Resolution
Transmission Electron Microscopy and Raman. High-resolution trans-
mission electron microscopy (HRTEM) images (Fig. 2) and
Raman spectra (Fig. 3) indicate comparable structural features
between the Nebulotron-synthesized organics and IOM (see SI
Materials and Methods for further details). In the Nebulotron
samples, the HRTEM images (Fig. 2) show a gradual increase in
the structural organization of the carbon structure with the tem-
perature of the discharge. The degree of organization ranges from
highly disordered or “fluffy” (33), with very short fringes staked by
two or three, to lamellar and porous nanostructures with fringes
staked by more than five and longer than 10 nm.
The Raman spectra show that the Nebulotron samples and IOM

display comparable D and G carbon band variations (Figs. S2 and
S3) that confirm a low degree of carbon structural organization (34,

35). Quantitative extraction of 244-nm Raman spectral parameters
demonstrates limited heterogeneity among Nebulotron samples
(Fig. 3), except for the ID/IG ratio (Fig. 3A), and for the FWHMG,
which is larger for N-rich Nebulotron samples (Fig. 3B). The
Nebulotron CO-9 sample falls out of the trend, reflecting a higher
degree of structural organization consistent with HRTEM imaging
(Fig. 2). This particular sample was produced with a higher electric
discharge power compared with other samples, implying a higher
gas temperature [>1,000 K (30)] in the plasma setup.
Altogether, these observations show that organosynthesis from

very simple gaseous molecules at temperatures of >500 K up to
1,000 K can account for the production of complex and unsat-
urated organic compounds with carbon structural disorder com-
parable to that of chondritic IOMs.

Trapping and Elemental and Isotopic Fractionation of Heavy Noble
Gases. The present data show that ionization of noble gases leads
to their efficient trapping and generates strong elemental and
isotopic fractionations, in agreement with previous plasma studies
(17–21). The elemental and isotopic fractionations of trapped Xe-
Q and Kr-Q in meteorites relative to the solar composition (11) are
well reproduced in the Nebulotron plasma experiment (Fig. 4).
All of the Nebulotron samples produced from CO–noble gases ±

N2 mixtures present large Kr and Xe mass-dependent isotopic
fractionations, where heavy isotopes are enriched relative to the
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Fig. 1. FTIR baseline-corrected spectra of the carbonaceous solids synthe-
sized from CO ± noble gas (A) or from CO + N2 ± noble gas (B) mixtures in
the Nebulotron. Shown for comparison: IOMs isolated from Orgueil, Cold
Bokkeveld, and PCA91008 (62) (A), tholins from the PAMPRE setup [plasma
setup designed to simulate Titan’s atmospheric chemistry - sample PAMPRE-
5%, produced from a mixture composed of 5% CH4 in N2 (63) (B)], and or-
ganics from the UCAMM particle DC65 (64) (B). The main absorption bands
are highlighted. All spectra are normalized to the intensity at 1,600 cm−1

(C = C), to compare the relative intensities of the other bands. Sample Neb-
CO28 was heated at 80 °C under vacuum [Neb-CO28#, (A)] in order to remove
water adsorbed onto the sample surfaces. Qualitatively, no significant difference
is observed between IR spectra of this particular sample and the other ones.
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lighter ones by 1.3 ± 0.7%/amu and 1.0 ± 0.4%/amu, re-
spectively (Fig. 4 B and C). Xe atoms are efficiently trapped in the
Nebulotron-synthesized solids as attested by (i) the abundance
of xenon (2.0 × 10−12 mol/g to 2.4 × 10−9 mol/g) and (ii) the
trapping yields (e.g., the amounts of atoms trapped in solids rel-
ative to those flowing in the reaction zone; Table S2). It is worth
noting that without ionization, the trapping efficiency of Xe atoms
in organics is very low and does not induce detectable isotopic
fractionation (20, 22). Both Ar and Kr trapped in the synthesized
solids are depleted by at least one order of magnitude relative to
Xe and to the starting gas mixture composition, similarly to Q
noble gases (Fig. 4A). Ionization has been advocated for ac-
counting for the extremely high noble gas content of Phase Q (20)
and for the depletion of light noble gases relative to Xe (36).
This characterization points to the synthesized compounds be-

ing similar to chondritic organics in respect to chemical, structural,
and noble gas features. A qualitative and quantitative comparison
between the Nebulotron solids and chondritic refractory organics
is discussed in SI Materials and Methods.

Discussion
Noble Gases and Nitrogen Isotopes: Tracers of Organic Synthesis in
Ionized Areas of the Solar Nebula. The origin of the refractory
organic compounds found in chondrites is actively debated. Cold

scenarios propose UV-induced photopolymerization of organic
molecules in the icy mantles of dust grains, either in the ISM (23)
or in the solar nebula (24). Low temperature conditions are
consistent with models calling for ion–molecule reactions at the
origin of the D and 15N enrichments of chondritic IOMs (37, 38).
However, theoretical studies suggest that ion–molecule reactions
are unable to produce the extreme 15N enrichments of several
thousands of permils observed in some IOM hotspots, or under
specific conditions only (38, 39). Other scenarios favor an origin
of organics within the inner solar system via high-temperature
condensation reactions, such as Fischer–Tropsch-like reactions
(27, 28) or condensation reactions assisted by electric discharge,
such as in the present experiment (40–42). More recently, a
postaccretion scenario was proposed, via interstellar formalde-
hyde polymerization onto the parent body (25, 26). The simi-
larity between the organic solids synthesized in the Nebulotron
and chondritic IOM suggests that ionization is a sine qua non
condition to obtain significant trapping and isotope fractionation
of noble gases. However, Fischer–Tropsch-like reactions and
formaldehyde polymerization do not induce ionization of the re-
actants, and therefore cannot fractionate noble gas or nitrogen
isotopes significantly. Trapping of neutral noble gases into
ices (e.g., akin to ISM dark clouds or midplane regions in the
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Fig. 2. High-resolution transmission electron microscopy. (A) Two Nebulotron solids (CO-28 and CO-9) presenting different degrees of structural organization.
(B) Chondritic IOMs. Adapted from ref. 33. Nebulotron samples CO-28 and CO-9 were produced at discharge power of 30 W and 60 W, respectively.
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outer solar nebula) do not induce significant isotope fraction-
ation (43).
However, our experiments do not reproduce the 15N enrich-

ments observed in IOM, of ∼500–750‰ for bulk IOM [up to
1,100‰ for CR-type chondrites (31) and up to 5,800‰ in IOM
hotspots in the Bells CM2-type chondrite (6)—all data relative to
the PSN nitrogen isotopic composition (44)]. Indeed, we have
shown in a previous study that nitrogen trapped in organics pro-
duced during plasma organosynthesis is moderately depleted in
15N by about 15–25‰ (29), consistent with kinetic isotope frac-
tionation. Therefore, electron-driven reactions cannot account for
solar system 15N enrichments. The only experiment done so far
leading to strong 15N enrichments involves the illumination of
N2+H2 gas mixtures by synchrotron-generated UV photons in the
range 80–98 nm. Extreme 15N enrichments of ∼2,200‰ on
average, up to 13,400‰ at 90 nm, were obtained in forming the
photoproduct NH3 (45). Such enrichments were interpreted as the
result of self-shielding and mutual shielding of N2 during photo-
dissociation, associated with quantum perturbations that may
explain the extreme 15N excursion at 90 nm (45, 46). None of
these processes can take place in an electron-dominated environ-
ment because (i) ionization by electrons is volume-correlated, thus
precluding self-shielding or mutual shielding, and (ii) contrary to
photons, plasma electrons have a continuum spectrum of energy
(30) that prohibits quantum effects. The noble gases are not affected
by this limitation because their elemental and isotopic fractionations
are not related to molecular dissociation as N2 is.
The 15N enrichments of solar system objects and reservoirs,

together with noble gas fractionation, permit precise identification
of the mode of ionization. Besides UV photon irradiation [re-
quested to generate 15N-rich compounds (45)], other modes of
ionization (e.g., electrons, radioactivity) could have contributed to
noble gas fractionation, while not affecting nitrogen isotopes.
Thus, variations of the N isotope composition in the solar
system, together with near-constant noble gas fractionation,
could be the result of heterogeneities in the respective modes
of ionization. This possibility is consistent with D/H vs. 15N/14N
variations (47). While some of the solar system objects and reser-
voirs present H and N isotope correlations that suggest a common

ion–molecule reaction origin, in other cases including meteoritic
organics, excesses of 15N and of D are uncorrelated, pointing to
different isotope fractionation mechanisms. The 15N enrich-
ments of solids in the inner solar system might have been very
rapid, possibly 150 kya or less after the start of solar system
condensation (48). The D enrichments could have then post-
dated the formation of organic precursors (5). Other processes
could have resulted in the decoupling of D and 15N enrichments,
such as H2 self-shielding at the very surface of the disk (49) or
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15N- and noble gas-rich organics is possible in the most ionized areas of the
disk, via photon and/or electron–gas interactions. The source of 15N enrich-
ment is the UV photodissociation of N2 in the PDR region only. Dispersion of
organics within the disk is possible thanks to turbulence and settlement. Or-
ganics may interact with ices in the cold and shielded middle part of the disk.
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irradiation by electrons in the kiloelectronvolt energy range
(50). These processes do not require low temperature, in agree-
ment with our nebular scenario for the production of high-
temperature noble gas-bearing organics.

Ionization in the Solar Nebula and Organosynthesis. In protoplanetary
disks, ionization sources are multiple, resulting in the common
occurrence of plasma environments, i.e., partially ionized regions
(51). Beyond 1 astronomical unit (AU), ionization is mainly
controlled by irradiation sources, such as X-ray and UV photons
from the central star and/or from the interstellar radiation field
(52). In the very inner part of the disk, temperatures are high
enough (>103 K) for thermal ionization to occur. However, it is
unlikely that synthesized organics, if any, could survive there.
Radioactive decay may also contribute, but to a lesser extent (51).
Depending on disk parameters, the electron fraction, is expected
to be in the range 10−12 (in dead zones) to 0.1 (in the most irra-
diated surface region close to the star), generating a stratified
ionization structure of the disk (53). Hence, weakly to almost fully
ionized plasmas constituted presumably the main fraction of the
PSN. In these ionized regions, electrons generated by direct cos-
mic rays and by X-ray and UV photons are likely to be supra-
thermal. The exact energy spectrum of electrons is not known, but
it has been suggested that the mean energy of the secondary
electrons may be around 20 eV or higher (54, 55), well above the
dissociation and ionization thresholds of H2, CO, N2, and noble
gases. Therefore, these electrons may drive chemical reactions
such as the ones occurring in laboratory plasmas and could be
responsible for the synthesis of organic compounds.
While electron ionization is able to generate organosynthesis and

noble gas isotopic fractionation, photon-driven reactions appear
necessary to obtain large enrichments in 15N. Such modes of
ionization are consistent with the so-called photon-dominated
region (PDR) and the warm molecular layer (WML) in disk
models. The PDR, at the very surface of the disk, is necessarily the
place where N2 self-shielding occurs in the disk, because extreme
UV photons may rapidly be absorbed by gas molecules and dust in
the underlying layers. This region is almost fully ionized because of
strong irradiation (53, 56) and is expected to be a place of syn-
thesis by photochemistry, but also of destruction of organic mol-
ecules (57). As a consequence, the organic molecules that form in
the PDR may have a short lifetime, but, in any case, the carrier of
15N enrichments must survive to a certain extent. The WML, al-
though partly shielded from photon irradiation, is largely ionized
too and is likely to be a place where organosynthesis and noble gas
fractionation occur. Vertical transport, predicted to occur in a
turbulent disk, may also help to conserve a part of the newly
formed organics and the noble gas and nitrogen isotopic signatures
by moving to deeper, colder, and more shielded parts of the disk
(24). As a matter of fact, the PDR and the WML temperatures,

within 50 AU of the central star, are expected to be >2,000 K and
100–1,000 K, respectively, and much lower beyond 50 AU (53, 56).
Such “high” temperatures are generally not considered for orga-
nosynthesis in disk models, but our experiment demonstrates that
temperatures up to 1,000 K promote, with satisfactory yields, the
formation of compounds that present organic complexity that is
required to account for IOM precursors. Simple organic molecules
such as HCN, C2H2, CO2, H2O, and OH have been observed
within 3 AU in the protoplanetary disk of AA Tauri (58), sup-
porting also the hypothesis of an active organic chemistry in the hot
and ionized inner part of the disk.
The densities invoked for protoplanetary disks in such active

regions (∼108 cm−3) are orders of magnitude lower than those used
in laboratory plasmas at ∼1 mbar (1015–1016 cm−3), likely resulting
in much less efficient synthesis of organic compounds. Nonetheless,
the time during which those processes operate would be much
longer in the disk than in a laboratory, likely counterbalancing
the lower gas density.
It has been observed that organic matter in chondrites, IDPs,

and ultracarbonaceous micrometeorites is often intimately as-
sociated with crystalline and amorphous silicates (2, 59, 60). This
suggests that gas–grain catalysis may have enhanced the synthesis
of organic material in the solar nebula where inorganic dust
grains were abundant, i.e., mainly in the inner part of the nebula.
Such a process may be compatible with the organosynthesis route
we suggest here. Interestingly, direct adsorption of organic ma-
terial onto mineral surfaces as been advocated as an efficient way
of producing more complex organic molecules of astrobiological
interest, such as amino acids (61), and consequently may have
strong implications on organic delivery to early Earth.
The present experimental study provides a challenging but

nonetheless plausible scenario predicting that precursors of
chondritic IOM, Q gases, and the 15N enrichments originated in
a common environment from the interaction of photons and/or
electrons with gas species, i.e., close to the surface of the disk
(Fig. 5). Heterogeneities in the composition of refractory or-
ganics and radial variations of 15N/14N ratios among solar system
objects and reservoirs with heliocentric distance could reflect
heterogeneities in ionization processes. UV photon ionization
and processing may have dominated in the outer solar system,
whereas electron-dominated reactions may have been prevalent
in hotter regions of the inner solar system.
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