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We report a huge organic diversity in the Tissint Mars meteorite and the sampling of several mineralogical li-
thologies, which revealed that the organic molecules were nonuniformly distributed in functionality and abun-
dance. The range of organics in Tissint meteorite were abundant Cs_; aliphatic branched carboxylic acids and
aldehydes, olefins, and polyaromatics with and without heteroatoms in a homologous oxidation structural con-
tinuum. Organomagnesium compounds were extremely abundant in olivine macrocrystals and in the melt
veins, reflecting specific organo-synsthesis processes in close interaction with the magnesium silicates and tem-
perature stresses, as previously observed. The diverse chemistry and abundance in complex molecules reveal
heterogeneity in organic speciation within the minerals grown in the martian mantle and crust that may have

evolved over geological time.

INTRODUCTION

Mars and Earth share critical aspects of their gross planetary evolu-
tion, and while life evolved on Earth, the issue of probable past and
current martian life is the subject of intense research by landed and
orbital assets at Mars. Water and organic molecules, the key prereq-
uisites for habitability and evolution of life, have been detected on
Mars, and habitable zones in the deep martian subsurface potential-
ly suitable for microbial life have been proposed (1—4). The presence
of transient methane, refractory organic molecules, and halogenat-
ed/sulfur-functionalized aliphatic/aromatic compounds on Mars
has also been found (1, 4-6). Discussion as to the origin of these
molecules is still ongoing.

Combustion analysis of the cryoconserved Antarctic martian
meteorite (EETA 79001) already indicated the presence of noncar-
bonate Mars endogenous carbonaceous compounds 30 years ago
(7). The Antarctic meteorite ALH 84001 attracted special interest
and controversy in the late 1990s because morphologies detected
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by electron microscopy were attributed to microfossils (8), an inter-
pretation criticized later (9). Analytical techniques, such as pyroly-
sis—gas chromatography-mass spectrometry (Py-GC-MS),
confirmed the presence of high-molecular weight organic matter
in Nakhla and ALH 84001 martian meteorites but which could
not be distinguished from contamination (10), and graphite was de-
scribed with transmission electron microscopy and Raman in ALH
84001 (11). Most recently, complex refractory organic material as-
sociated with mineral assemblages was shown to be formed by
mineral carbonation and serpentinization reactions within water-
rock interactions (12). Additional abiotic reduced carbon phases,
including endogenous polycyclic aromatic hydrocarbons (PAHs)
in other martian meteorites, were associated with high-temperature
mineral inclusions, as observed by Raman spectroscopy and laser
desorption MS (13). The provenance, formation, and implications
of carbonaceous phases in martian meteorites were reviewed (14),
and a recent hypothesis was proposed for organic synthesis through
electrochemical reduction of CO, (15). Recent *C and %0 mea-
surements obtained on Mars by the Sample Analysis at Mars
(SAM) instrument on Curiosity rover have revealed the presence
of carbon in multiple phases (2), supplementing earlier in situ
mass spectrometric detection of complex organic matter preserved
in the 3-billion-year-old mudstone at Gale crater (I, 16). The carbon
derivatives previously identified on Mars itself and in martian me-
teorites were primarily known end-member—type repetitive materi-
als, such as carbon allotropes, carbonates, and organic minerals.
Raman spectroscopy, nanoscale secondary ion MS (NanoSIMS),
and energy-dispersive x-ray (EDX) analysis, in conjunction with
high-resolution imaging methods, provided assessment of macro-
molecular carbon phases and colocation with mineral phases (15,
17) but could not discriminate components with molecular resolu-
tion, leaving open the challenge of understanding the evolution of
molecular complexity and planetary habitability on Mars.
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Martian meteorites are primary igneous rocks subdivided into
Shergottites (basaltic rocks), Nakhlites (cumulate clinopyroxenites),
and Chassignites (dunites); ALH 84001 is an ancient cumulate or-
thopyroxenite, whereas most recently, NWA 7034 and its many
pairings are regolith breccias (14, 18). Their ejection ages are clus-
tered, and trace element abundances as well as Sr-Nd isotope sys-
tematics suggest long-term evolution of mantle and crustal sources
across martian geologic history, including differentiation of a
martian magma ocean (19) and volcanism (20, 21). To date, only
five observed martian meteorite falls were recorded since 1815,
with an average fall every 50 years, covering a wide range in petro-
logical types and ejection ages from the planetary body. The Tissint
meteorite is the most recent martian meteorite observed fall (18 July
2011 near the city of Tissint in Morocco) and comprises an olivine-
phyritic shergottite of highly composite nature, with similarities to
Antarctic meteorite EETA 79001 and with a crystallization age of
665 + 74 million years (Ma), a preatmospheric radius of 22 + 2
cm, and a cosmic ray exposure age of 0.9 + 0.2 Ma (22). Tissint
was described as bearing highly magnesian olivine macrocrysts in
a fine matrix (23). More than 17 kg were recovered from this fall,
with minor compositional variance between the recovered dozens
of fragments; recovery starting days after the impact provided
access to very fresh, contaminant-free material for organic analysis
(24). Tissint meteorite comprises all high-pressure phases [seven
minerals and two mineral glasses (25)] in unusually large sizes, in-
dicating that shock metamorphism reached up to ~25 GPa and
2000°C and was widely dispersed in this sample. NanoSIMS,
time-of-flight—SIMS, electron microscopy, and EDX previously
demonstrated heterogeneous distribution of carbonaceous compo-
nents in Tissint (14, 26), which fill open fractures and are enclosed
in shock melt veins, corroborating the complex history of their for-
mation. A colocalization of carbon phases with magnesium silicates
could also be observed in the samples analyzed here using electron
microscopy and EDX (fig. S1), and these results corroborate recent
studies with Allan Hills 84001, showing the colocation of reactive

mineral and organic phases (12). Simultaneous thermal and mass
spectrometric evolved gas [thermogravimetry—differential scanning
calorimetry—mass spectrometric evolved gas analysis (TG-DSC-
MSEGA)] measurements of Tissint revealed the very low mass
loss from the sample up to 1000°C (Am 1.52%). In the temperature
interval up to 600°C, CO, [mass/charge ratio (m/z) 44] could be
formed from the intramolecular redox reaction of organics, and
other masses could result from the pyrolytic decomposition of
some organics [m/z — 15 (CH3+), 39 (C;Hs+), and 41 (C5Hs+)].
Above 600°C up to the end of the measurement, the formation of
carbon dioxide and sulfur dioxide can also be detected, where the
former could result from the decomposition of some carbonates,
while the latter from the degradation of sulfates present in the
sample (fig. S2). These results are in line with the latest results ob-
served by the Mars Science Laboratory tunable laser spectrometer of
the SAM, showing the production of CO,, CH,, CO, carbonyl
sulfide, and CS, when pyrolyzing the samples from Gale crater on
Mars and the Tissint sample (27) and with earlier results from the
SAM instrument evolved gas analyzer that detected directly evolved
water, H,, SO,, H,S, NO, CO,, CO, O,, and HCI (28).

RESULTS

Least contaminated Tissint martian meteorite exhibits
exceptional organic molecular diversity

We have investigated methanolic extracts from crushed specimens
of the Tissint meteorite with electrospray ionization (ESI) and at-
mospheric photoionization (APPI) Fourier transform ion cyclotron
resonance MS (FTICR-MS) and with proton-detected nuclear mag-
netic resonance (*"H NMR) spectroscopy, under analogous condi-
tions to those described for meteorite soluble organic matter
(SOM) (29, 30). The extracts of fragments crushed in methanol, a
polar protic solvent, comprise the most diverse complement of
organic molecules available from soft extraction, which is intended
to preserve the original speciation of organic molecules (30).
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Fig. 1. FTICR-MS exact mass data converted in elementary composition and visualized in van Krevelen-type diagrams. (A) Electrospray (ESI) and (B to D) APPI
FTMS—derived van Krevelen diagrams and mass-edited H/C ratios of CHNOS compounds in Tissint meteorite. Dot color in (A) to (C) refers to CHO (blue), CHNO (orange),

CHOS (green), and CHNOS (red).
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FTICR-MS analysis enables highly resolved (R > 10° at m/z 200) and
accurate chemical mass analysis [<0.2 parts per million (ppm) mass
accuracy] of ESI- and APPI-generated ions over a wide mass range
from m/z 100 to 1000 (fig. S3). The Tissint methanolic extract
showed a molecular atlas of more than 20,000 resolved mass
signals in total, of which the monoisotopic masses were assigned
to defined molecular compositions with the elements C, H, N, O,
S, and Mg. The data visualization in van Krevelen diagram
showed a typical meteoritic profile with abundance and chemical
pattern reflecting a functional continuum of chemical homologous
series in hydration, alkylations, hydroxylation, and carboxylations,
as shown previously with various meteorites (Fig. 1). These obser-
vations of complex organic matter correlate with in situ observa-
tions of martian organic phases in Tissint by scanning
transmission x-ray microscopy analyses, as shown in (15) and con-
firmed as martian in origin by hydrogen isotope analyses. We re-
cently reported, with more than 60 chondrites and achondrites,
that the SOM of meteorites is highly sensitive to metamorphism
(pressure and temperature) (31): Not only does the abundance of
organic species decrease along with the loss of volatile elements
(C,H, N, O, and S) compared to pristine carbonaceous chondrites,
but also, the number of nitrogen in N-bearing molecules increases,
indicating internal chemical rearrangements (32, 33). In addition,
the abundance and structural diversity of high-pressure chemical
markers dihydroxymagnesium carboxylates [RCO,Mg(OH),]
(CHOMg) progressively increased with shock metamorphism
(31). Similarly, sulfur-bearing organomagnesium compounds
[RCO,Mg(OH),SO,] (CHOSMg) were described as thermal-stress
chemical witnesses in meteorites, enabling tracking of peak temper-
atures or long-duration thermal effects (34). The close relationships
between respective CHO and CHO(S)Mg chemical spaces are thus
dependent on pressure and temperature conditions and indicative
of a coevolution of organic molecules and colocalized minerals in
Mars rocks as well.

The negative electrospray FTICR mass spectra of the Tissint
methanol extracts demonstrated the presence of more than 5000 as-
signed elementary compositions (considering the volatile elements
C, H, N, O, S, and Mg), with relative counts in the order of CHO
(38%) > CHNO (30%) > CHOS (20%) > CHNOS (11%) polar com-
pounds. Organomagnesium [CHO(S)Mg] accounted for more than
a hundred separate compounds. All of those arranged in extended,
contiguous abundant molecular series across sizable ranges of mass
(m/z ~150 to 700) and elemental ratios (fig. S4), indicating a well-
evolved endogenous organic matter of considerable chemical diver-
sity and chemosynthetic origin. CHO, CHOS, and CHNO com-
pounds occupied similar ranges of polarity and saturation in the
van Krevelen diagram (Fig. 1A), but CHO compounds showed
the highest signal intensity and abundance. In comparison to car-
bonaceous chondrites methanol extracts (e.g., Murchison CM2),
Tissint showed higher relative saturation, smaller signal intensity,
and less oxygenation on average. We also analyzed the same
extract for lower-polarity organic chemistry using APPI in negative
(—) and positive (+) ion modes (Fig. 1, B to D, and fig. S5), which
show the same ranking in abundances of the chemical families but
with lower importance of sulfur-bearing molecules. APPI enabled
the ionization of oxygen-depleted and more unsaturated molecules
(Fig. 1, B and C), with essentially one nitrogen or one sulfur hetero-
atom compared to ESI enabling the analysis of compounds rich in
oxygen, nitrogen, and sulfur (fig. S4). APPI run in negative

Schmitt-Kopplin et al., Sci. Adv. 9, eadd6439 (2023) 11 January 2023

ionization mode [APPI(—)] particularly revealed 75% of CHO-
type compounds and a subpopulation of aromatic highly oxygen-
ized small molecules (all with a H/C ratio around 1). The regular
pattern abundance observed in the van Krevelen diagram
(Fig. 1B) suggests these being a homologous series of alkyl bi(tri)-
phenyls substituted with increasing numbers of oxygen. APPI in
positive ionization mode [APPI(+)] revealed the least oxygenated
molecules involving 400 formulas of homologous series of hydro-
carbons (CH) within a wide mass range [up to 850 u, atomic mass
unit (amu)] and a wide range in saturation such as polycondensed
aromatics (e.g., acenaphthene or fluorene) and many alkanes and
olefins (with 9 to 60 carbons atoms) (Fig. 1D). The presence of pol-
yaromatic hydrocarbons in Tissint had previously been shown by in
situ techniques and attributed as martian (15).

In line with these MS results, the 'H NMR spectrum of Tissint
methanolic extract (fig. S5) demonstrated more details of a
rich diversity of SOM, with 12.2% of terminal methyl
(CCCHs, 6y ~0.7 to 1.0 ppm), 6.6% of methyl within aliphatic units
[-C—(C—CH;)—C—, 8y ~1.0 to 1.2 ppm], 46.6% methylene and
branched aliphatic units (C,H,, , 1, 0y ~1.2 to 1.5 ppm),
8.5% (CPH,, 8y ~1.5 to 1.9 ppm) and 9.8% (CaH,, Oy ~2.0
to 3.2 ppm) aliphatics proximate to carboxylic acids
(HOOC—CaH,—CpH,—), 12.7% OCH,, units (8;; ~3.4 to 4.54
ppm), 2.0% of olefins (=CH,,, 8y ~5.0 to 6.0 ppm), and 1.7%
of aromatic units (C,H, 6y ~6.0 to 8.4 ppm). Patterning of NMR
resonances indicated projection of fundamental aliphatic patterns
C,H,, + 1 (n ~3 to 7) of considerable diversity, with few proximate
oxygen atoms. Considering the rather abundant OCH,, units [12.7%
compared with 7.8% in Murchison methanolic extract (29)], the
overall distribution of NMR resonances already suggested spatial
separation of OCH,, from CCH,, units. The occurrence of extended
aliphatic systems C,H,,, , ; in the presence of abundant OCH,, units
implies some degree of convergence of OCH,, units, e.g., in the form
of polyethers (—CHO—CHO— units). These have been observed in
hydrothermally treated samples of Sutter’s Mill meteorite (35), and
hydrothermal alteration of organic molecules is perfectly conceiv-
able under past and current martian mantle and crustal conditions
as well as through impact ejection processes (36, 37). The clustering
of OCH,, groups among themselves and that a majority of those
were not connected to aliphatic units were confirmed by a two-di-
mensional (2D) 'H, 'H total correlation spectroscopy (TOCSY)
NMR spectrum (fig. S6).

DISCUSSION
Specific organic molecular diversity colocalized with
mineral phases in Tissint meteorite
The Tissint meteorite is an Al-poor ferroan basaltic rock, rich in
MgO and other compatible elements (Ni, Cr, and Co), similar to
other depleted olivine-phyric shergottites, especially EETA 79001,
with a total carbon/nitrogen abundance of 173/12.7 ppm of
carbon/nitrogen [8'3C: —26.6% (—12.8...—33.1%); §'°N: —4.5%
(=12.0...4+17.3%)] (23, 26). Tissint shows a rich internal mineral di-
versity that can be dissected in four major fractions (Fig. 2A):

1) Glazy black fusion crust formed during the transfer of the me-
teoroid through the terrestrial atmosphere;

2) Fine-grained interstitial main matrix composed of pyroxene-
maskelynite (shocked plagioclase glass) with minor chromite
(Fe,Mg)Cr,0,, ilmenite FeTiO;, pyrrhotite Fe;_,S, and phosphates;
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CHOS. Clearly visible is the higher abundance of oxygen-poor molecules in the olivine and the glassy part accompanied by compounds bearing up to four sulfur atoms.

3) Shock melt veins and pockets forming black vitrified material
generated from shear melting during shock, colocalized with sulfur,
probably as fine-grained sulfides (26);

4) Zoned olivinic macrocrystals up to 2 mm in length (23,
25, 38).

Spectral imaging of Tissint shown in this study (fig. S7) and that
already in previous studies (1, 13, 14, 26) had revealed several forms
of abiotic carbonaceous matter with distinct Raman characteristics
indicative of diverse composition and a high-temperature refractory
component similar to that seen in Sheepbed mudstone. Most
organic matter filled the fine veins (~10 um, down to <1 um) in ol-
ivines and pyroxene and the inclusions in pyroxenes and maskelyn-
ite, a common shock feature in Shergottites. Field-emission
scanning electron microscopy (SEM) revealed submicron-sized

Schmitt-Kopplin et al., Sci. Adv. 9, eadd6439 (2023) 11 January 2023

grains and few aggregates with size up to 6 pm entrained in shock
melt veins. Disaggregated pieces of the Tissint meteorite were
placed under a microscope, and four different fractions were char-
acterized, namely, (i) main matrix, (ii) crust, (iii) black vitrified ma-
terial, and (iv) olivine macrocrysts. FTICR mass spectra of the
methanolic extracts from all crushed fractions showed a remarkable
disparity in the relative abundance and chemical diversity of its as-
signed molecular compositions of CHNOS and CHO(S)Mg com-
pounds. In addition, polythionates ([S,,O¢Na]™ ions with n = 3 to
9) and S6 sulfur ions were detected in ESI(—) spectra only in the
main matrix and in much lesser amounts in the crust samples
(fig. S8).

Each of the four fractions showed a very specific composition in
the soluble organic signatures that may be directly connected to
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their mineral rearrangements during formation, (shock) melt, and
cooling. More than a thousand signals could be attributed to orga-
nomagnesium compositions from ESI(—) FTICR-MS analysis. The
number of assigned molecular formula decreased in the order of
olivine macrocrystals (1677) > main matrix (1478) > crust (1098)
> the black vitrified material (717), with changing contributions
of the various chemical homologous series in elemental composi-
tions (CHO, CHNO, CHOS, CHNOS, CHOMg, and CHOSMg)
(Fig. 2B). The olivine macrocrystals and the black vitrified material
showed the highest counts of CHO and sulfur-containing molecules
(CHOS), consistent with the observation of sulfur being confined in
the shock melt veins, probably as fine-grained sulfides (26). Fur-
thermore, these organic compounds showed less oxygenation
than their precursors in the main matrix and a lower amount of pol-
ythiols in the veins, suggesting that both were possibly chemically
reduced to the corresponding observed organo- and metal sulfides
(Fig. 2C) during the shock melt. The crust and the main core matrix
(constituting more than 80% of the original meteoritic material) are
similar in their composition containing a predominance of CHO-
bearing molecules (75%) and having substantial higher oxygenation
than their corresponding CHO in the vitrified and olivine fractions.
The organomagnesium compounds (CHOMg and CHOSMg) were
shown to be stabilized carbon phases at high pressures and temper-
atures, respectively, in meteorites (34, 39) and are most abundant in
the shock-melted parts, the olivine macrocrystals and, to a lesser
extent, in the crust (Fig. 3). The crust is derived mainly from the
surface melting of the main matrix, and thus, these showed
similar molecular profiles. The highest chemical abundance and di-
versity were observed in the olivine macrocrystals. In the olivine and

in the strongly heated regions (shock melt veins and crust), an in-
crease in organomagnesium is observed in strong correlation to a
decrease in CHO compounds, attesting to their possible genetic
linkage as illustrated in their close compositional profiles visualized
in the compositional network in Fig. 3B and fig. S9.

APPI combined with ESI in FTICR-MS revealed a huge diversity
in oxygen-poor carbon chemistry, such as alkylated polyaromatic
hydrocarbons, alkanes, and olefins (Fig. 1D), which probably
could be realized directly through abiotic synthesis mechanisms,
such as Fisher-Tropsch—type or electrochemical reduction of CO,.
Their oxidation in various further steps including shock processing
or continuing mineral interactions would facilitate the observed
CHNOS molecular profile in oxygenation and thus in solubility
of organic matter within the SOM versus insoluble organic matter
continuum.

Various origins for pristine carbon—based molecules in Tissint
and Mars meteorite include igneous synthesis, primary or second-
ary hydrothermal synthesis, and electrochemical synthesis, and ex-
ogenous sources (chondritic delivery) may have infiltrated into
shock-induced fractures of the Tissint parent rock (1, 13-15, 26).
Latest studies reported on organic synthesis associated with serpen-
tinization and carbonation on early Mars (12) reveal the close rela-
tion of organic diversity and magnesium silicate coevolution.
During cooling of the meteorite’s parental melt, the olivine (mag-
nesium silicates) is the first mineral to crystalize. Olivines and py-
roxenes contain pockets (irregularities) and active crystal surfaces
that, on interaction with a fluid, can conduct abiotic synthesis reac-
tions. This can lead to the most complex heteroatom-rich and poly-
unsaturated molecules observed here, possibly also facilitated by the
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Fig. 3. Organomagnesium signatures in the different Tissint mineral fractions. (A) Molecular diversity in the methanol extracted fraction, derived from ESI(—) FTICR-
MS spectra. Van Krevelen diagrams showing the relationships between m/z, O/C, and H/C corresponding to the annotated masses from the spectra. Dot color refers to
CHO (blue), CHOMg (pink), CHOS (dark green), and CHOSMg (light green); dot size refers to the intensity in the spectra. Pie plots in each diagram refer to portions of each
chemical compound class and the total amount of compounds. (B) Network of CHO and CHOMg compounds connected by mass differences. For this network, the mass
differences of Hy, H,0, H,0,Mg, CH,, and O were used. The same network in different colors below shows the chemical evolution while m/z increases. Light colors (left)
represent low masses (100 to 300 m/z), while dark colors (right) represent high masses (>500 m/z).
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numerous heterocyclic coordination motifs available for unsaturat-
ed nitrogen and sulfur (CHN and CHS). The propensity of these
heteroatoms to coordinate with metal species may also play a role.
The fine-grained matrix, mainly composed of diaplectic feldspathic
glass (maskelynite) and lower amount of pyroxenes, is poor in mag-
nesium and, consequently, showed the least abundant and diverse
suite of CHOMg compounds. We have observed selective enrich-
ment of organomagnesium compounds in the olivine microcrystal
phase; this may reflect an organic-rock (magnesium silicate) inter-
action after sequestration of the carbon phases into the meteorite’s
parental melt or selective formation of these molecules from the
Mg-rich olivines during secondary aqueous processes prior high-
temperature/shock events. Our results on diverse oxygenated
carbon phases agree with earlier in situ analysis of melt inclusions
in olivine from 13 martian meteorites, including Tissint and
DAGA476, in which reduced organic carbon was observed in the
form of graphite and PAHs (13). Other early experiments on
olivine described the presence of complex hydrocarbons and nitro-
gen-containing compounds in solvent extracts and similar mole-
cules that were released upon heating to 550°C (40, 41).
Heterogeneous carbon distributions within single glass inclusion
were also described in olivine from CV3 organic chondrites (42).
The proportions of carbon in the oxidized group of olivine
glasses (Bali, Allende, and Kaba) were threefold enriched relative
to the reduced ones (e.g., Vigarano). The oxygenated carbon
phases we observed in the Tissint olivine probably originate from
multiparallel processes: (i) differential solubility of carbon in
olivine dependent on pressure and temperature (as related to spe-
cific geological conditions at the ejecta site on Mars) and (ii) redox
processes that affect the mineral and organic phases simultaneously
in their conditions, adaptations, and evolution. Reduced carbon
phases (e.g., graphite) with increasing carbon oxidation states
from methane, alkanes, and olefinic hydrocarbons to polyaromatic
hydrocarbon and graphite (as analyzed with APPI) are thermosta-
ble, can survive the melts, and could undergo further chemical
redox reaction during cooling to reach the observed redox homeo-
stasis. The oxidation of reduced carbon might occur in conjunction
with the reduction of, for example, redox-active transition mineral
ions and coordinating ligands under given kinetic and thermody-
namic constraints. We found far fewer oxidized organic carbon oc-
currences in the olivine and the shock melts than in the main matrix
of Tissint (Figs. 2B and 3A) along with a series of polythiols (S; to
So) that occurred only in the main matrix and crust (fig. S8). This
complex interplay between minerals and organic species may
involve the reduction of iron and nickel in the presence of sulfur-
containing compounds and sulfides to form iron/nickel sulfides.
Demonstrating this idea, penthlandite [Fe(Ni,Fe)8S8] was indeed
found closely associated with graphitic carbon in olivine inclusions
of Allende (43) and associated with pyrite within Tissint (15). The
presence of metal sulfide on Mars is well described along with their
weathering at the oxidizing interphase with the atmosphere (44).
Redox reactions with iron may also occur in interactions at interfac-
es with the olivine matrix itself, which is composed of Fe/Mg sili-
cates (fayalite/forsterite). The prevalent association of organic
material in inclusions of the Tissint meteorite is aromatic, aliphatic,
and carbonyl/carboxyl organic material with magnetite and pyrrho-
tite in inclusions within maskelynite (15), and these incredible di-
versity and molecular speciation of the organic material were not
previously reported.

Schmitt-Kopplin et al., Sci. Adv. 9, eadd6439 (2023) 11 January 2023

We demonstrated the presence of a remarkably diverse suite of
pristine reduced to oxidized carbon compounds in the Tissint Mars
meteorite. Such a comprehensive description of organic diversity
was never described previously from Mars meteorites or from any
lander in situ on Mars. The organomagnesium CHO(S)Mg com-
pounds were proximate to olivines, suggesting their formation
close to the genesis of the magnesium silicate minerals. The
origin of these complex organomagnesium compounds was previ-
ously related to high-temperature— and pressure-driven events in
parent bodies and asteroids and may closely be aligned with the pro-
gression from the fluids/melts toward the microcrystals while
cooling, reaching an organo-mineral redox homeostasis. The dis-
tinct footprint of soluble organic endogenous compounds in Tis-
sint’s lithology may also reflect site-specific geochemical processes
on Mars and demonstrates an interconnection of the carbon cycle
on Mars with sulfur cycles and mineral evolution. Furthermore, this
knowledge of organomagnesium being present specifically in mag-
nesium silicates corroborates ideally with the most recent results
showing the colocalization of carbon with carbonate-bearing oliv-
ines (45) and, recently, the organic synthesis associated with serpen-
tinization processes (12) involving the hydrolysis and
transformation of primary ferromagnesian minerals, such as oliv-
ines and pyroxenes. This reflects the complex organic carbon signa-
tures observed by the SAM instrument on Mars (27, 28), bringing
another hypothesis on the origin of organic matter on Mars.

Together, the differential CHONSMg-compositional footprints
in the soluble organic phase of Tissint shed light into carbon se-
questration mechanisms happening close to mineral history on a
geological level already in deep mantle. Understanding in detail
the correlation between the specific carbon and sulfur chemical di-
versity/complexity and its convergence with the mineral evolution/
aqueous alteration becomes of major importance. This knowledge
on carbon immobilization may also be important, especially for ter-
restrial systems where the abiotic carbon synthesis and sequestra-
tion in the deep zones are discussed with deep microbiomes to
play an important role in a (global) carbon cycle and may explain
a part of the yet-unknown carbon reservoirs.

MATERIALS AND METHODS

ESI-FTICR-MS experiments

Sample extraction and analysis followed standard operation proce-
dures described earlier (30). Fragments of fresh interior samples (10
mg) were first washed by stirring for a few seconds within the ex-
traction solvent (methanol, liquid chromatography—MS grade,
Fluka) before crushing in 250 pl of solvent poured into the corre-
sponding agate mortar. This procedure was shown to limit the
number of peaks resulting from terrestrial and human contamina-
tion, for example, fatty acids arising from sample handling. The
mixture (suspension) was transferred into an Eppendorf vial and
underwent ultrasonic cleaning for <10 min and then was centri-
fuged. The supernatant liquid was removed with a microsyringe,
ready for flow injection into the ESI source. A solvent methanolic
blank was measured accordingly to be able to detect indigenous me-
teoritic (metal)organic matter in each sample.

The experimental study was performed on a high-field FTICR
mass spectrometer from Bruker Daltonics with a 12-T magnet
from Magnex. A time domain transient with 4 MWords was ob-
tained and Fourier-transformed into a frequency domain spectrum.
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The frequency domain was afterward converted to a mass spectrum
by the SolariX Control program of Bruker Daltonics. The ion exci-
tations were generated in broadband mode (frequency sweep radial
ion excitation), and 3000 scans were accumulated for each mass
spectrum in a mass range of m/z 147 to 1000. Ions were accumulat-
ed for 300 ms before ICR ion detection. The pressure in the quad-
rupole/hexapole and ICR vacuum chamber was 3 x 107 and 6 x
107'° mbar, respectively. For collision-induced dissociation—
tandem MS, ions were accumulated for 3 s.

The ESI source (Apollo II, Bruker Daltonics) was used in nega-
tive ionization mode. The methanolic solutions were injected di-
rectly into the ionization source by means of a microliter pump at
a flow rate of 120 pl hour™!. A source heating temperature of 200°C
was maintained, and no nozzle-skimmer fragmentation was per-
formed in the ionization source. The instrument was previously ex-
ternally calibrated by using arginine-negative cluster ions (5 mg
liter ! of arginine in methanol).

FTICR mass spectra with m/z from 95 to 1000 amu were calibrat-
ed externally and internally to preclude alignment errors. Subse-
quently, the mass spectra were exported to peak lists at a signal-
to-noise ratio > 3. Elemental formulas were calculated combinatori-
cally within a mass accuracy window of 0.2 ppm for each peak in
batch mode by an in-house software tool and validated via the
senior-rule approach/cyclomatic number, assuming valence 2 for
S and valence 4 (coordination number) for Mg.

FTICR-MS analysis enables highly resolved (R > 10° at m/z 200)
and accurate chemical mass analysis of electrospray-generated ions
within a 200—parts per billion error window over a wide mass range
from m/z 100 to 1000. The weight of the ions is measured with a
precision lower than the mass of an electron (Am/z = 0.0003),
and the specific signals can be differentiated with the same mass
precision because of the ultrahigh resolution. These exact masses
of the ions can routinely be converted into unique compositional
formula bearing the light elements C—, H—, N—, O—, S—, and
Mg (or any other element in target), also taking account of their
natural isotopic abundance.

The SOM extracts generated thousands of individual signals that
were converted into elementary compositions (formula); these are
all represented in van Krevelen—type diagrams (H/C versus O/C) or
related (H/C versus m/z), in which each formula is represented by a
dot (the size of the dot is proportional to its abundance) as a pro-
jection of the relative oxygenation degree (O/C) and saturation
degree (H/C) for various classes of compound types [CHO (blue),
CHNO (orange), CHOS (dark green), CHNOS (red), CHOMg
(pink), and CHOSMg (light green)]. Tissint was freshly collected
after the fall and saved under clean conditions.

NMR analysis

The analysis followed that described previously with Murchison in
(30). To resume, all experiments in this study were performed using
a Bruker DMX 500 spectrometer at 283 K (CD3;0D) with a 5-mm z
gradient '"H/'">C/'>N TXI cryogenic probe using 90° excitation
pulses (90° 3'HP '/, 10 s, 90° 3'*CP !/, 10 ps). 1D 'H NMR was
recorded using the first increment of the presaturation-nuclear
Overhauser effect spectroscopy sequence (solvent suppression
with presaturation and spinlock, 1-ms mixing time, 5-s acquisition
time, 15-s relaxation delay, up to several hundred scans, and 1-Hz
exponential line broadening). Absolute value correlation spectro-
scopy (COSY) and sensitivity-enhanced phase-sensitive TOCSY
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NMR spectra used spectral widths of 6009 Hz with acquisition
times of 681 ms (relaxation delay, 819 ms for COSY and 2819 ms
for TOCSY) and a dipsi2-mixing time of 70 ms; the number of scans
was up to 512, and the number of increments was up to 1024. Sen-
sitivity-enhanced 'H, 1°C heteronuclear single-quantum coherence
(HSQC) of methanolic extract used an acquisition time of 150 ms at
a spectral width of 5482 Hz; '3*C-90° decoupling pulse, globally op-
timized alternating phase GARP (70 ps); 1J8CHP '/, 150 Hz, 1.35-s
relaxation delay; F1 (**C), SW '/, 22; 014 Hz (175 ppm); number of
scans (F2)/F1 increments (**C frequency) (512/406). Gradient (1-
ms length and 450-us recovery) and sensitivity-enhanced sequences
were used for HSQC and TOCSY but not COSY spectra. References
used were CD;0D (3.30/49 ppm), CD;CN (1.93 ppm), and CD,Cl,
(5.35 ppm). Homonuclear 2D NMR spectra were computed into an
8; 192 x 1; 024 matrix with exponential line broadening of 2.5 Hz in
F2 and a shifted sine bell (11/2.5) in F1.

SEM-EDS Tissint

The matrix and an olivine macrocrystal of the Tissint meteorite
were subjected to SEM and elemental analysis by EDX spectrometry
(EDS). For the olivine sample, the mineral was broken to study the
inner part. For both samples, the surface morphology of the uncoat-
ed sample was investigated using a Phenom ProX scanning electron
microscope in backscattered electron mode. This instrument is
equipped with an EDX spectrometer for analyzing the surface ele-
ments with a constant 15-kV accelerating voltage.

TG-DSC-MSEGA measurement conditions

Thermal measurements were performed on a Setaram LabsysEvo
(Lyon, France) TG-DSC system, in flowing (90 ml/min) helium
gas (99.9999% purity) atmosphere. The sample was weighed directly
into a 100-ul AL,O; crucible (the reference cell was empty) and was
heated from 25° to 1000°C with a heating rate of 20°C/min. The ob-
tained data were baseline-corrected and further processed with the
thermoanalyzer’s processing software (Calisto Processing, version
2.092). The thermal analyzer (both the temperature scale and calo-
rimetric sensitivity) was calibrated by a multipoint calibration
method, in which seven different certified reference materials
were used to cover the thermal analyzer’s entire operating temper-
ature range. In paralle] with the thermal measurements, the analysis
of evolved gases/volatiles was performed on a Pfeiffer Vacuum
Omni Star MSEGA system, which was connected to the abovemen-
tioned thermal analyzer. The gas splitter was thermostated to 220°C,
while the transfer line to the mass spectrometer was thermostated to
200°C. The temperature of the mass spectrometer gas inlet was pro-
grammed to 120°C. The measurements were done in SEM bargraph
cycles acquisition mode, where the m/z interval of 11 to 160 was
continuously scanned with a speed of 20 ms/amu. The spectrometer
was operated in electron impact mode.

Simultaneous TG-MSEGA analyses demonstrated the extremely
low mass loss during the measurement. From room temperature up
to 1000°C, only 0.06% of mass is lost in a narrow temperature range
(340° to 460°C). Considering the MSEGA measurement results, it
can be seen (fig. S3) from the start of the measurements that a slight
decrease in the intensity of m/z — 44 signal is visible. The reason for
this decrease is desorption and flushing of the carbon dioxide,
which entered the furnace and gas transfer line during the sample
loading into the TGA. Between 340° and 460°C, peaks are observ-
able on m/z— 31, 39, 41, 44, and 56 discrete ion current curves, with
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formation peak maxima at 400°C. The appearance of carbon
dioxide in this temperature interval could be the result of catalytic
oxidation, while the other four masses are the result of pyrolytic
degradation of organics present in the meteorite matrix. The m/z
— 31 could be CH;0" or CH,OH", which could form from
methoxy derivatives, while the m/z — 39 (C;H;"), 41 (C;Hs*), and
56 (C4Hg") could form from the pyrolytic decomposition of some
hydrocarbons. The slight mass increase (Am + 0.0066%) between
500° and 680°C could be from the oxidation of the iron or, at
such a low mass variation, could also be a small drift of the
microbalance.

The mass decrease/loss continues above 700°C but at a much
lower rate than at lower temperatures. This is mainly caused by
the decomposition of some carbonates (see the peak on CO,'s mo-
lecular ion curve at 800°C) and sulfates or sulfites (observe the peaks
on SO,’s molecular ion curve m/z64 at 770°C and the further rise of
the curve above 860°C). The increasing tendency of the discrete ion
chromatograms of the other masses (m/z— 15, 39, and 41) could be
either due to some drift or they may really continue to form at
higher temperatures, too.

Supplementary Materials
This PDF file includes:
Figs. S1 to S9
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