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▪ Diversity of chondritic organic matter probed by ultra-high
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Primitive carbonaceous chondrites exhibit an unparalleled diversity in terms of their
organic content, in addition to a variable degree of hydrothermal alteration. Whether
this diversity results from the circulation of fluids or from a multiplicity of precursors
remains an open question of prime interest to understand the formation of carbonaceous asteroids. We applied laser desorption ionization Fourier transform ion cyclotron resonance mass spectrometry (LDI-FTICR-MS) on the macromolecular carbon
of recent CM carbonaceous chondrite falls, as well as Orgueil (CI) and Tarda (C2). We
probed the diversity of molecular fragments released under low power laser beam.
The abundance of the chemical families is correlated to the extent of aqueous alteration, which promotes a structural aromatisation. The weakly altered Paris has
retained the largest chemical heterogeneity, whilst it is lost in more altered chondrites. Orgueil and Tarda insoluble organic matter share similarities; this is consistent with Tarda and Orgueil originating from the outer belt region. Applied to returned asteroidal samples, FTICR-MS may help unravelling the origin and evolution of organic compounds during the early stages of the
solar system.
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Introduction
The CM class of carbonaceous chondrites has been a preferred target for organic matter investigations (e.g., Sephton, 2002). In CMs,
most of the carbon resides in the form of insoluble macromolecules:
insoluble organic matter (IOM). The IOM structure is constituted
by small aromatic units connected by short and branched aliphatic
chains, resulting in a high degree of cross-linking (Derenne and
Robert, 2010). Beside an unparalleled diversity, the IOM shows
heterogeneity down to the micrometre scale, as revealed by the
occurrence of D and 15N-rich hot spots (Busemann et al., 2006;
Remusat et al., 2009). The molecular diversity and isotope heterogeneities could result from the accretion of organic particles having
experienced different environments in the protosolar nebula
(Remusat et al., 2009; Orthous-Daunay et al., 2013).
As shown by the mineralogy, the CM parent body has
experienced significant aqueous alteration (Rubin et al., 2007).
Consequently, extended circulation of fluids may have blurred
the imprint of the organic precursor. It then appears fundamental to assess the effects of the asteroidal evolution on the IOM.
The comparative study of CMs exhibiting various degrees of
alteration is decisive to establish or to rebut the possibility of a
common organic precursor (Alexander et al., 2007), potentially
preserved from the effects of the accretion processes.
In the present study, we have applied laser desorption
ionisation coupled with ultra-high resolution Fourier transform

ion cyclotron resonance mass spectrometry (LDI-FTICR-MS).
FTICR-MS offers unparalleled performances in term of mass resolution, mass accuracy and dynamic range (Marshall and Chen,
2015), optimal for the analysis of highly complex molecular mixtures. This technique has been recently proven successful at
unravelling the molecular diversity of Paris IOM (Danger et al.,
2020). To investigate the influence of the hydrothermal alteration
on the molecular diversity of the IOM, our study extends to recent
CM chondrite falls: Aguas Zarcas (CM2.2), Mukundpura (CM2.0)
and down to Kolang (CM1/2), and compared to those previously
acquired on Paris (CM2.7) (Danger et al., 2020). We have also
investigated the IOM from Orgueil (CI1) and the ungrouped
Tarda (C2), to evaluate if the molecular distributions are comparable in different asteroidal bodies.

Methods
The IOM from each chondrite was isolated following an HF/HCl
leaching procedure (see Supplementary Information). Recent falls
range from Mukundpura (India, 2017), Aguas Zarcas (Costa Rica,
2019), Kolang (Indonesia, 2020) and Tarda (Morocco, 2021). The
Aguas Zarcas sample was collected before the rain. To compare
the attribution in chemical families, relative abundances are
presented as a function of the alteration index. The alteration
index was defined as 2.7 in Paris (Hewins et al., 2014), 2.2 in
Aguas Zarcas (Martin and Lee, 2020) and 2.0 in Mukundpura
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(Rudraswami et al., 2019). Kolang, described as CM1/2 (Gattaceca
et al., 2021), was assigned a 1.9 value. Tarda is classified as
ungrouped C2 (Chennaoui Aoudjehane et al., 2021), corresponding to 2.0 here, and Orgueil (CI1) to 1.0. LDI-FTICR-MS analyses
were performed on a Bruker SolariX XR equipped with a 12T
superconducting magnet. Laser ionisation parameters were tuned
according to previous works (Maillard et al., 2018; Danger et al.,
2020). Details of acquisition and molecular formula attributions
parameters are reported in the Supplementary Information.
Principal components analyses were performed on Matlab based
script (details reported in Supplementary Information).

Results
The high resolving power (2,160,000 at m/z = 200) allows the resolution of a large number of signals on each spectrum (Fig. 1). On
average, 10,000 molecular formulae were assigned for each
chondrite mass spectrum. The spectral spread or the position
of the base peak (the most intense signal) are indicative of the
molecular diversity. Altered CM2 Mukundpura, Aguas Zarcas
and Kolang exhibit similar spectral shapes, with maximum
intensities around m/z = 240 (Fig. 1). The Paris spectrum is the
widest with the largest diversity of detected compounds, and
it has distinctive patterns present at m/z > 400. With the narrowest mass spectrum, Kolang exhibits the lowest diversity. The
Orgueil spectrum shows some similarities with Paris, while its
maximum is around m/z = 310; the shape of the Tarda spectrum
appears as intermediate between Paris and Orgueil. The total
attribution of carbon groups derived from the mass spectra
shows only a remote correlation with the extent of alteration.
Detected species are lower for altered CM2 Mukundpura and
CI Orgueil (below 5500), but maximal for Tarda (C2) and altered
CM2.2 Aguas Zarcas (up to 8653, Table S-1).

Here, CMs are aligned on the same trend, regardless of
their functional chemistry (Fig. 2). The trend relates the abundance of chemical families and extent of the aqueous alteration,
from weakly (Paris) to extensively altered (Kolang). This is
indicative of a relationship between CMs, possibly sharing a
common set of precursors. Orgueil sits outside that trend, so
does Tarda, with the exception of the largest molecule
CHNOS. The O-bearing groups are relatively more abundant
in the least altered Paris (38 %), and less abundant (around 20 %)
for all altered CMs. This is compatible with the loss of carbonyl
groups during the experimental alteration of Paris IOM, resulting in an abundance comparable to Aguas Zarcas and
Mukundpura (Laurent et al., 2022). The CHN group is more
abundant in altered CMs, with Kolang being the highest, despite
showing the lowest diversity from its mass spectrum (Fig. 1).
Although the nitrogen content has shown to slightly decrease
with higher alteration in CM2s (Vinogradoff et al., 2017), nitrogen in chondritic IOM is very stable, with only 15 % released
from the IOM at 800 °C pyrolysis (Okumura and Mimura,
2011). It is possible that only a small portion of nitrogen was ionised under the laser here.
In terms of heteroatom classes, all IOMs are dominated by
attributions with nitrogen containing groups (as N1 or N2) followed by light hydrocarbon CH and nitrogen oxide species, either
N2O1 or N1O1 (Fig. 3). The difference between IOM resides here
in the relative abundance of these heteroatom classes, the abundance of N1 for instance being higher in the more altered CM
chondrites. Then, beside the various abundances and a seeming
relationship with the alteration, the differences between IOM heteroatom classes are rather minute. To sort out such a large dataset
where important variables are not readily apparent, exploratory
statistical methods can be of use. A principal component analysis

Figure 1 FTICR mass spectra obtained for CMs Paris, Aguas Zarcas and Mukundpura, as well as Tarda (C2) and Orgueil (CI). Zooms show the
detected species in the range m/z = 293.0–293.2 (coloured formulae are used for commonly detected species).
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Figure 2 Molecular analysis derived from FTICR mass spectra as a function of respective alteration indexes for CM Paris, Aguas Zarcas and
Mukundpura, as well as C2 Tarda and CI Orgueil. For each meteorite, the total attribution is reported in Table S-1.

Figure 4 Principal components analysis of mass spectra of the CM,
CI and C2 IOMs. Variability between meteorites results mainly from
the aromaticity, or the H/C (at 84 %) and from the O/C (4 %), all
determined from the mass spectra analysis.

Figure 3 Relative abundances of the main heteroatom classes for
CM Paris, Aguas Zarcas and Mukundpura (top), as well as C2 Tarda
(middle) and CI Orgueil (bottom). Data are provided in Table S-2.

(PCA) is a non-supervised statistical analysis with the aim of
reducing the dimensionality of a complex data set.
We performed the PCA analysis on all IOMs and four different regions were identified (Fig. 4). The four regions are separated
by a PC1 component explaining >83 % of the differences and
related to the saturation (H/C), while PC2 is related to the relative
oxygen content. Altered CM2s are grouped together, with the

most and least altered found to be located in their own quadrant.
While being described as a CM1/2, Kolang occupies its own quadrant, with little similarities to Aguas Zarcas and Mukundpura.
Tarda and Orgueil share the same quadrant, emphasising that
Tarda differs from the CM2 subtype (Hewins et al., 2021). By rastering the ionisation laser on the solid sample between each scan,
FTICR should probe the sample’s spatial heterogeneity. In that
respect, the most altered CM exhibits a remarkable homogeneity
that may result from fluid circulation, as invoked in the homogenisation of the functional group content in Murchison and Orgueil
(Le Guillou et al., 2014). Conversely, it indicates that Paris IOM has
preserved a certain chemical heterogeneity from the sources of
IOM precursors.
From the PCA analysis, molecular variability of each quadrant can be isolated and presented as a function of the number of
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π bonds and rings, namely the double-bond equivalent, DBE
(Figs. S-2, S-3). In the case of ions containing only one nitrogen
(CxHyN1) atom, Paris presents the largest diversity of aromatic
species, with the largest number of species following the
PAHs diagonal axis (Fig. S-3). Conversely, altered CMs have
their N-rich species in the aliphatic region. Despite its pervasive
alteration, Orgueil exhibits highly aromatic N-rich species and
larger molecules than Paris.

Aqueous Alteration vs. Asteroidal
Source; Influence on the Organic Matter
Diversity
Linking carbonaceous chondrites to their parent asteroid remains a
challenging task. In the case of a carbonaceous chondrite common
organic precursor, Kolang should be related to Orgueil, both being
highly altered. Our analysis point towards a common organic precursor for CM chondrites, proposed to originate from Ch and Cgh
asteroids (see Vernazza et al., 2016). The diversity between CMs
rather derives from the extent of asteroidal alteration, affecting
both the composition (Fig. 2) and the heterogeneity (Fig. 3) of
the analysed organic fraction. The presence of an additional precursor in some CMs was potentially revealed by FTICR as well.
Aguas Zarcas is highly brecciated with a C1/2 lithology
(Kerraouch et al., 2021) and departs from the CM trend for oxygen-bearing species CHO and CHNO, and in the case of CHS
(Fig. 2). Tarda appears more as a CI-like type here, as attested
by the similarities to Orgueil, in terms of mass spectrum shape
(Fig. 1) and PCA analysis (Fig. 3). Tarda has been proposed to
derive from D-type asteroids with higher ice proportion than Ctype asteroids (Marrocchi et al., 2021) while CIs have shown
resemblance to the Cb-asteroid Ryugu samples recovered during
the Hayabusa2 mission (Watanabe et al., 2017). In both cases, the
parent bodies originate from distant regions, possibly outside the
CO2 and H2O snowlines in the case of the Ryugu parent asteroid
(Nakamura et al., 2022), whilst CI Orgueil possesses a volatile content of cometary origin (Gounelle and Zolenski, 2014).
Overall, FTICR-MS offers a new perspective on the study
of the chondritic organic matter by allowing the simultaneous
investigation of asteroidal alteration processes, as well as the
remaining signature of the precursor sources. It may represent a
prime tool to study samples from Hayabusa2 and OSIRIS-REx
(Lauretta et al., 2017) missions, and the primitive organic molecules potentially preserved within asteroidal bodies.
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