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Abstract: Polycyclic aromatic hydrocarbons (PAHSs) are a class of molecules constituting up to
20% of elemental carbon in our Galaxy. They are potentially produced within circumstellar
environments (=1000K), by shock wave breakdown or chemical re-processing of carbon-rich
grains in nebular or asteroidal settings, or by reactions within the cold (~10K) interstellar
medium. We measured isotopic properties of PAHs extracted from Ryugu asteroid and
Murchison meteorite, finding doubly-'*C substituted compositions of naphthalene, fluoranthene,
and pyrene to be 10-65%o0 higher than the expected stochastic distribution. This exceeds isotopic
fractionations associated with high-temperature chemical processes, but is consistent with
formation of PAH formation in the interstellar medium. Ryugu phenanthrene and anthracene
have approximately stochastic doubly-"3C-substituted compositions, suggesting formation
dominated by components made by higher-temperature chemistry.

One-Sentence Summary: Large fraction of polycyclic aromatic hydrocarbons in Ryugu and
Murchison derives from cold interstellar molecular clouds

Main Text

Polycyclic aromatic hydrocarbons (PAHS) are ubiquitous, with abundances ~107 times
the abundance of hydrogen (1), and constituting up to 20% of the elemental carbon budget of our
Galaxy (1-3) and other galaxies (e.g., (4)). PAHs may serve as building blocks for the aromatic
carbon-rich grains abundant within interstellar environments (5) and higher molecular weight
insoluble organic material (IOM) that comprises most of the carbon within meteorites (6).
However, we do not currently understand the dominant processes that produce these forms of
reduced carbon in extraterrestrial settings (Fig. 1; (7)).

Smaller aromatic organics (i.e., PAHs of a few rings) can form through radical growth
reactions in the gas phase (e.g., hydrogen-abstraction-carbon-addition reaction mechanism or
“HACA”; (7)) in hot circumstellar environments (>1000K around C-rich Asymptotic Giant
Branch (AGB) stars; Fig. 1). C-rich grains and IOM potentially may be constructed via similar
processes. These high-temperature mechanisms are thought to be relatively inefficient and a
complete model for synthesis in the outflows of AGB stars is lacking (7).

Alternatively, PAHs could form in the cold interstellar medium (ISM; ~10K) through
barrierless reactions (Fig. 1, (7—12)). Laboratory experiments have characterized relevant
chemical mechanisms, but empirical evidence for PAH formation in the ISM is limited; to date,
only (13) and (14) have identified nitriles inferred to be derived from PAHs—benzo-nitrile and
cyanonaphthalenes, respectively—within molecular clouds.

Finally, PAHs can be formed from the destruction of carbon-rich grains by shock wave
breakdown, cosmic rays or UV photolysis (15), but can also be destroyed by these same
processes (Fig. 1). The time scales for the destruction of PAHs by these mechanisms (16, 17) are
shorter than the time scales of PAH ejection from circumstellar envelopes of AGB stars (9, 18),
making it unlikely that circumstellar synthesis dominates the formation of extraterrestrial PAHSs;
evidence for interstellar formation of extraterrestrial PAHs may resolve this paradox in the
Galaxy’s carbon budget.

The study of soluble PAHs and 10M within carbonaceous chondrite meteorites (CCs) and
samples returned by collection missions to asteroids presents an opportunity to further elucidate
how these compounds are formed. Here, compound-specific isotope analyses of PAHs extracted
from Ryugu samples, and comparison with similar measurements of PAHs from a primitive CC,
offer an unprecedented opportunity to constrain the synthesis mechanisms of extraterrestrial
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PAHSs in a sample that has never experienced unsupervised exposure to the terrestrial
environment.

Isotope analysis

Rare-isotope distributions constrain the source, substrates, and chemical mechanisms
responsible for forming organic molecules (19, 20). The molecular-average ratios of *C/**C and
D/H of meteoritic organics (reported as §*Cyvppg and 8Dvswmow, respectively; (21)) are often
outside the ranges of ratios measured in terrestrial organics — observations often cited as
evidence of the inheritance of atoms from ISM precursors (22, 23). More specifically, **C
enrichment of some extraterrestrial organics, such as aldehydes and amino acids (24), are
interpreted as products of precursors deriving from a very **C-enriched CO pool. In contrast,
PAHSs are thought to be formed from the more-*3C-deplete, reduced interstellar C pool (7),
leading to products with lower carbon isotope values than those formed from CO and without
this diagnostic heavy “interstellar fingerprint.” However, heterogeneities in the carbon isotopic
composition of interstellar C make these arguments uncertain and multiple distinct processes can
contribute to similar molecular-average §"*C and 8D values, which can lead to non-unique
interpretations of their origins.

Multiple-substitutions (“clumping”) of heavy isotopes within molecules reflect
temperature-dependent chemical reactions and physical processes (19), further constraining
molecular origins. For given molecular-average &'°C values of extraterrestrial PAHs, a small
proportion of each molecule is doubly-"*C substituted (‘2x**C’). Abundances of clumped **C
isotopologues are reported as differences, or A2x*3C values, between of doubly-*C-substituted
to unsubstituted isotopologues of a sample and that same ratio expected in that sample if it
possessed a ratio equal to the stochastic probability of a double substitution based on its
molecular-average *C abundance.

Variations in 2x*3C clumping can be temperature-dependent because heavy isotopic
substitution lowers the molecular vibrational energy of, and therefore stabilizes, the C-C bond,
thus making isotopologue clumping increasingly favorable at lower temperatures. Acetylene is
an ideal model to understand 2x*3C clumping, as it is commonly invoked as the precursor to the
formation of interstellar aromatic reduced carbon (25) including PAHSs (26, 27), where
hydrocarbon frames could be built via ion-neutral reactions between C+ and CH, in the gas
phase of molecular clouds (28, 29). The equilibrium exchange reaction between single and
double-*C substitution in acetylene —

2% BC2CH, = BC,H, + *C,H, (Eqn.1)

(Fig. 2D; Fig. S5&6; (21); similar arguments would apply for other small C2 and C3 precursors
of PAHs) — is driven to the right at all temperatures, resulting in enrichments in A2x*C of 10s
of per-mille (%) at temperatures of 10-50K typical of the ISM (10) and negligible A2x*3C values
at circumstellar temperatures or temperatures typical of aqueous alteration in meteorite parent
bodies (Fig. 2D, 3A&B; Fig. S6). We note that chemical kinetic isotope effects produced by
irreversible reactions typically have amplitudes of clumped isotope A indices similar to those of
equilibrium isotope effects (20), but could be positive or negative. We expect that PAHs formed
in the cold ISM should have A2x*3C values substantially different from zero (and necessarily
positive if formed by reversible reactions), while PAHs formed in hot circumstellar envelopes
(21000 K for AGB stars) should have A2x™*C approaching zero.
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PAHs from Ryugu, Murchison and combusted plant biomass

The Hayabusa2 mission collected 5.4 g of sample from two locations on near-Earth
carbonaceous asteroid (1623173) Ryugu (30), which has been demonstrated to be
compositionally similar to Ivuna (Cl)-type meteorites (31). The soluble organic molecules team
prepared solvent extracts of Ryugu samples A0106 and C0107 (aggregates of sub-mm grains
collected from the first and second touchdowns, respectively; Fig S1; (24, 32)). Endogenous,
complex soluble aromatic organics were identified in analyses of the dichloromethane (DCM)
extract at NASA Goddard Space Flight Center. Among these, 2-, 3- and 4-ring PAHs
naphthalene, phenanthrene, anthracene, fluoranthene, and pyrene were identified (Fig. 1&Sl), but
their abundances were below the necessary amounts for isotopic analysis via traditional GC-
combustion isotopic ratio mass spectrometry (IRMS; 8.6-32.4 nmol/g; (24, 32)).

We analyzed PAHs within DCM extracts of Ryugu samples A0106 and C0107 using gas
chromatography (GC)-Orbitrap mass spectrometry (33). We measured the 8*3C values of these
five PAHs extracted from Hayabusa2 sample A0106; §*C, 8D and A2x**C values of these five
PAHSs from C0107; and &*3C and A2x*3C values of fluoranthene and pyrene from another
carbonaceous chondrite—Murchison ((33); Table 1; Fig 2; Fig. S3A&B). The §"*C values of
Ryugu PAHs measured here are generally higher than the §"3C values of terrestrial PAHs and in
some cases consistent within error with past measurements of 8'°C values of meteorite-extracted
PAHSs (Fig. S4). 8'*C values of fluoranthene and pyrene from Murchison were consistent with
past measurements of the same compounds by traditional GC-isotope-ratio-mass-spectrometry
(e.g., (34)). PAHSs were not observed in quantities above background within the serpentine blank
prepared in parallel with the Ryugu samples (Table S1).

We also measured §*3C and A2x**C values of combusted plant biomass to constrain
double-*3C substitutions in PAHs formed by high temperature soot-forming chemistries. We did
not measure 8D and A2x™C values of PAHs from A0106 and 8D values from Murchison or
combustion-produced PAHSs (21).

Cold PAH formation

The elevated A2x™C values of 9-51%, for naphthalene, fluoranthene and pyrene from
Ryugu and fluoranthene from Murchison exceed the predicted stochastic values (p-values <
0.005; (21)). The magnitude of the observed A2x**C anomalies is unusual; a previous study of
common physical and chemical fractionations at Earth-surface conditions demonstrated subtle
variations (~1%o) in the 2x**C-compositions of ethane (35); while additional measurements of
this relatively new isotopic property must be done to fully constrain compositions of terrestrial
organics, variations of ~1%o are expected for most easily envisioned chemical, biological and
physical processes.

The large positive A2x**C anomalies we observe in most Ryugu and Murchison PAHs
are consistent with the hypothesis that some percentage of these compounds were synthesized
within cold (<50 K) environments (Fig. 3A&B) via a process that preferentially formed excesses
of *C-'3C bonds but progressed with high yield, such that the overall **C abundances of the
products approached those of the reactant pool. This latter conclusion is supported by our result
that the clumped-"3C composition is independent of molecular-average "*C values (which are
similar within error for even and odd ring number PAHSs in Ryugu, and between fluoranthene
and pyrene in Murchison).
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The highest A2x™C value we observe, 51+13%, for Murchison fluoranthene, is close to
the acetylene equilibrium value at ~10K, suggesting that most of the fluoranthene in this sample
was synthesized in the ISM (10). Further, this suggests that the low-temperature reactions
preferentially forming 2x*3C clumps not only occur in the initial formation of C-C bonds, but
also in the assembly of high-molecular-weight aromatic compounds from those smaller
substrates (i.e., as otherwise assembly of larger structures would dilute the initial signature of
smaller precursors). This A2x™*C value is higher than those of the 2- and 4-ring PAHs from
Ryugu, whose positive but lower A2x™C values are consistent with any of following three
scenarios: first, Ryugu 2- and 4-ring PAHs may have formed at higher temperatures than
Murchison’s fluoranthene (20-50K). Second, Ryugu 2- and 4-ring PAHs might be mixtures of
two or more end-member sources, with 20-50% formed in cold interstellar environments and the
rest formed or reprocessed at higher temperatures within circumstellar, nebular or asteroidal
environments. Finally, they could have formed at low ISM temperatures from 2- or 3-carbon
precursors with large positive A2x**C values, and then converted into larger, aromatic molecules
through reactions that diluted the initial A2x"*C signature.

Hot PAH formation

Synthesis of PAHSs at high-temperature is not expected to produce A2x**C values
distinguishable from zero by the analytical methods used in this study (21). Indeed, we observed
no statistically significant deviations from the expected stochastic distributions of doubly-**C-
substituted species in PAHs extracted from combusted plant biomass (p-values > 0.04; Figure 2;
Table S3; (21)), supporting our expectation that PAHs formed at high temperatures are not
associated with 10°s-of-per-mille clumped isotope anomalies.

Three extraterrestrial PAH samples examined in this study have A2x"3C values that are
near-stochastic (p-values > 0.15; (21)): phenanthrene and anthracene from Ryugu and pyrene
from Murchison. High-temperature processes capable of de-novo formation of 3-ring PAHs from
Ryugu and pyrene from Murchison include: condensation in the outflows of C-rich AGB stars
through either “bottom-up” synthesis (e.g., hydrogen-abstraction-carbon-addition (“HACA”)
mechanism) or “top-down” catagenetic breakdown of larger carbonaceous grains. A
computational study of HACA formation of PAHSs predicted the formation of 3-ring PAHs
phenanthrene and anthracene in excess (as compared to other ring sizes of PAHSs), potentially
linked to the conversion of acenaphthalene to the phenanthryl radical (36). Thus, PAHs formed
via HACA could dominate the 3-ring species while contributing less to the quantity of other
PAH species. A complete understanding of the formation of 3-ring PAHSs in extraterrestrial
environments is still lacking but has been recently advanced by both experimental and theoretical
studies (e.g., (37)).

In Ryugu, molecular-average 8D values of the 3-ring PAHs were systematically lower
compared to those of the 2- and 4-ring PAHs. We expect that the formation of aromatic
compounds by HACA chemistry in stellar envelopes would produce compounds with high §*3C
and low 3D values following the burning of deuterium within the star’s core (Fig. 3A; (38)),
which is consistent with data observed for Ryugu phenanthrene and anthracene. Paired
compound-specific A2x*3C and 8D data for Murchison PAHs would be required to provide
additional insights for that specimen.

Contributions from PAHs formed in the parent body
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Isotopic compositions of PAHs may reflect variable dilution, and/or destruction and
replacement, of an original population formed in the ISM (and, as shown here, possibly having
high A2x™*C) by a secondary population of PAHs that were generated in the parent body from
existing carbon sources at moderate temperature, but still having near-stochastic A2x™C.
Potential PAH-forming reactions associated with secondary processing in a nebulary or parent
body environment include FTT synthesis from CO, reactive dissolved inorganic carbon (DIC), or
other substrates (along with subsequent reactions among hydrocarbon products, i.e.,
aromatization), or the catagenetic breakdown of larger macromolecular carbon (which is
aromatic and highly abundant in carbonaceous chondrites). While aromatization of FTT
synthesis products is unlikely to occur at temperatures experienced by Ryugu’s parent body (no
higher than 200°C; (39)), previous pyrolysis experiments on meteoritic IOM have demonstrated
the formation of 2-, 3-, and 4-ring PAHs observed in A0106 and C0107 at plausible parent body
temperatures (40). If the proportions of PAHs generated by secondary processes differ from
those generated via primary ISM synthesis, then mixing of the former with the latter could lead
to mixtures in which some compounds (i.e., those made in relatively great abundance in parent
body processes) have near-stochastic clumped isotope compositions while other co-existing
PAH’s (those that were formed in greater relative abundances in the ISM) retain large positive
A2x"C anomalies.

This hypothesis is independently supported by PAH 8D values and their correlation with
A2x"3C values, along with molecular properties and host-rock histories of the Ryugu asteroid and
Murchison meteorite (Figs. 2D and 3A). PAHSs formed in the parent body are expected to have
low dDvsmow Values, like the values measured for phenanthrene and anthracene from Ryugu
(Fig. 3A; (41)). Hydrogen of PAHSs that were formed by primary interstellar processes can also
exchange and equilibrate with parent body water (42), which is deuterium-depleted (6Dvsmow ~
-440%o based on prior studies of CCs, including Murchison; (43)). The exact 3D value of Ryugu
parent body water has yet to be characterized. Carbon-rich grains in Ryugu samples have been
demonstrated to be heterogeneous in their 8D values, ranging from very low values (-1000; i.e.,
no D detected) to hotspots of 10,000%. (39), suggesting that parent body alteration processes did
not pervasively equilibrate or homogenize hydrogen isotopic distributions in Ryugu samples.
However, some exchange of D between PAHs and parent body water is possible, particularly
given Ryugu’s characterization as being petrologically similar to a CI-type chondrite (31). It is
not obvious whether the carbon isotopes of PAHs can exchange, directly or indirectly, between
PAHs and the co-existing reactive carbon source under parent body conditions. However,
formation of new PAH’s from parent body substrates (water, dissolved inorganic carbon, or
DIC) would drive the 8*3C values of the combined mixture of PAHs towards the composition of
dissolved inorganic carbon in primitive bodies (Murchison carbonate has 8*C of +20 to 80%;
Fig. 3A).

Formation of PAHSs via synthesis in the parent body also offers a potential interpretation
for the differences between the A2x*3C values of fluoranthene and pyrene from Murchison.
Although CM2 carbonaceous chondrites are broadly less aqueously altered than Cl-type
chondrites, Murchison has a known history of aqueous alteration and organic matter reprocessing
(44), which can be variable even for different chips of the same specimen (45). Our data
demonstrates that the metastable isomer—fluoranthene (46)— preserves a large A2x™*C value of
51%o consistent with preferential B3C-clumping at cold interstellar temperatures, while the more
stable isomer—pyrene (46)—has A2x**C values near the stochastic distribution. Any formation
of PAHSs under parent body conditions would be expected to more closely approach
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thermodynamic, including isotopic, equilibrium that favors more stable isomers (47)—pyrene, in
this case—which upon mixing with pre-existing PAHs formed via other pathways, would dilute
and potentially erase any original interstellar anomalies in intramolecular isotopic structure (i.e.,
2x"3C clumping).

Final thoughts

The diversity in isotopic signatures of PAH’s from Ryugu and Murchison are consistent
with them being a mixture of at least two end member components (21, 48): one that was
synthesized in cold interstellar environments, and a second that was relatively rich in 3-ring
species and synthesized or reprocessed in high-temperature settings. This work is one of the first
to measure multiply-substituted isotopic forms of reduced carbon from cosmochemical settings,
and the first to do so on a returned sample. Our conclusion—a large fraction of extraterrestrial
PAHSs are formed by interstellar processes—is justified by first-order understanding of chemical
isotope effects, the isotopic compositions of components of meteorite samples, and prior studies
of interstellar and circumstellar chemistry. Our measurements provide insights into PAH
formation processes, offering quantitative support for a central question within astrochemistry:
how does extraterrestrial aromatic carbon form?
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Table 1. Abundance and isotope ratio measurements. 8**C, 8D and A2x*3c values of PAHs extracted from Ryugu samples A0106

and C0107, and Murchison, alongside constraints from terrestrial standards. n = number of replicate analyses. ¢ = 1 standard error
propagated in quadrature (21).

Terrestrial A0106 C0107 Terrestrial C0107 8D
Compound 8°C 8°C | standard 8D Terrestrial Murchison | Murchison
A0106 c0107 standard value C0107 s
(Standard 13 value value value standard 1312~ | CO107 Apyz | 8°Cvalue
abundance abundance &7°C value . i (n, o; 13~/12 2x°ClI°C X Aoy1ac
source and Lot (ppm) (ppm) (n, o (n, c; (n,o; VSMOW 2x°Cl~C (5, %0) (n, o;
#) PP PP vpgécé/) VPDB, | VPDB, | VSMOW, %) (. o) (n.0) o VPDB, %) | (o, %0)
» 00 %o0) %o0) %o0) o0
0.0050
-23.8 275 -20.3 -67.3 7.2 0.0048
Naphthalene 020 0.06 2,05) | (2,246) | 3,49) | (3 04) (4,36.0) | (7,00060) | ()(If)?) 35(12) - -
0.0097
-24.4 -14.9 -12.6 -115.0 -458.9 0.0095
Phenanthrene 0.33 0.04 2, 0.6) 269 | 3,42 | (3 11) 4,31.0) | (7,0.0046) (. “4®) - -
0.0066)
0.0097
24.1 -10.5 -16.7 -98.9 -581.3 0.0095
Anthracene 015 0.04 2, 0.5) 2,05 | 3,45 | (6 03) (4.412) | (7,0.0083) | | 0(3;38) 3(10) - -
0.0125
-24.2 27.1 7.1 -102.0 -137.0 0.0122 9.9 (3,
Fluoranthene 1.33 0.30 2, 0.4) 2.98) | (3.25) | (612 (4.189) | (7,00025) | (gém) 95 1.0) 51(13)
0.0124
-25.2 -29.6 -23.6 -66.8 -68.0 0.0122 -11.3 (3,
Pyrene 6.19 1.13 2,0.5) 213 | 321 | (612 (4.153) | (7,0.0029) | 0(3'39) 11(4) 11) 1(13)
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Figure 1. Extraterrestrial PAH formation. PAHs can form in environments ranging from the
cold interstellar medium (ISM; ~10-20K) to the hot outflows of carbon-rich stars (~900-1100K).
See (7) for a comprehensive review of PAH formation processes. Hexabenzocoronene is shown
here as a model of the high degree of aromaticity observed in insoluble organic matter (IOM)
found within carbonaceous chondrites.
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Figure 2. Doubly-**C-substituted compositions. 2**C/**C ratios of (A) 2-ring (naphthalene,
black square), (B) 3-ring (phenanthrene, black cross, and anthracene, black circle), and (C) 4-
ring (fluoranthene, black triangle, and pyrene, black open crossed square) PAHs from Ryugu
sample C0107, Murchison meteorite (purple triangle and open crossed square) and residues of
C3 plant biomass (green symbols; (21, 50)), along with the isotope ratios of terrestrial standards
(unfilled grey symbols). Stochastic distributions are plotted as dotted grey lines. Departures from
stochasticity (A2x*3C values) are represented with labeled vertical arrows. A2x**C values and
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stochastic distributions are calculated and reported as departures from the standard reference
frame, i.e., by renormalizing all data such that the standard data conform to a stochastic model
for the proportions of isotopologues in the standard.

(D) Density-functional and Urey-Bigeleisen-Meyer theory model of the equilibrium fractionation
between the singly- and doubly-"*C substituted forms of acetylene (21). All error bars in panels
A-C represent 1o (Table 1; Table S3).
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Figure 3. Interstellar PAH formation. (A) Distinct processes of synthesizing extraterrestrial
PAHSs have characteristic 8D, §"C and A2x**C values. (B) Higher 8D and A2x™*C values of
naphthalene, pyrene, and fluoranthene from Ryugu suggest 10s-of-percent of these compounds
formed via ISM synthesis, while phenanthrene and anthracene are low in 3D composition and
have approximately stochastic A2x™*C values suggesting synthesis either surrounding AGB stars
or via FTT chemistry, potentially influenced by mixing with PAHs formed from parent body
aqueous alteration.
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Materials and Methods

Ryugu sample collection and preparation

The Hayabusa2 mission collected 5.4 total grams of sample from two locations on near-
Earth carbonaceous asteroid (1623173) Ryugu and returned them to Earth under carefully
controlled conditions (30, 51)). The first sample (Chamber A) was collected 2019 February 21
from the surface and the second (Chamber C) 2019 July 11 from the near-subsurface plume
created by the Small Carry-on Impactor. These samples are the most un-weathered examples of
carbon-rich extraterrestrial material studied to date (31).

Samples were allocated by JAXA for soluble organic analysis, which included a
sequential solvent extraction of 17.15 mg A0106, 17.36 mg of C0107, 17.56 mg Orgueil Cl-type
meteorite, and 16.21 mg of serpentine from hexane to dichloromethane (DCM) to methanol to
water (Figure S1A; (24)). The serpentine was prepared as a blank alongside the Ryugu samples
to ensure no contamination by the compounds of interest was introduced during the preparatory
chemistry (Table S1). We note that there was not enough remaining extract from Orgueil
following GSFC analyses to analyze that sample using the GC-Orbitrap methods described in
this study.

200 pL of each solvent extracted fraction (total of 600 pL) was sent to NASA Goddard
Space Flight Center (GSFC) where untargeted GCXGC-ToF-MS and GC-QMS analyses were
performed (32). These analyses identified endogenous organics within each solvent extract,
which were compared with abundances of organics within extracts of Orgueil and serpentine
blank (32). The residual 5.5 pL and 23.6 pL of the extracts of A0106 and C0107, respectively,
were shipped to Caltech in January 2022, where they were stored in a -20°C freezer upon arrival
until the time of measurement in April 2022.

Fire product samples and sample preparation

Dry material (a mix of leaves, duff, bark, twigs, and branches) from gingko (Ginkgo
biloba), cycad (Cycas spp) and marri (Eucalyptus diversi) were combusted at 142°C, 594°C and
905°C, respectively, within a ventilated tent with an air blower to maintain sufficient O, as
described in prior studies (50, 52). Volatile organic compounds released from combusted plants
are reported in (52). Burn residues were collected and stored in glass jars, and then organics were
extracted via Soxhlet extraction with a 9:1 azeotrope of dichloromethane (DCM) and methanol
(MeOH). The remaining extracts following measurements in (50) were fully dried (estimated to
have 100-1000s pmol per PAH remaining per vial of sample) and sent to Caltech from Curtin
University. Dried vials were stored in the same -20°C freezer as the Hayabusa2 sample extracts
upon arrival. Combusted plant samples were resuspended in DCM prior to analysis on the GC-
Orbitrap. We used the same batch of DCM across all measurements (combusted plant matter and
standards), which we tested prior to addition for presence of any contaminant PAHSs that could
affect measurements. Plant extracts were measured on the GC-Orbitrap in September 2022,
following the same methods described below that were used to analyze the Ryugu sample
extracts in April 2022.

Standard sources and preparatory chemistry

Pure standards of naphthalene (Sigma Aldrich 84679-250 mg, Lot #BCCCD4410),
phenanthrene (Sigma Aldrich 73338-100mg, Lot# BCCC1654), anthracene (Sigma Aldrich
31581-250mg, Lot#BCCB5640), fluoranthene (Sigma Aldrich 11474-100mg, Lot#BCCD1403)
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and pyrene (Sigma Aldrich 18868, Lot#BCCB9571) of known 8*Cyppgs and 8Dvsmow values
were weighed into 2 mL GC vials (£0.01mg error on standard mass). The molecular average
8*3Cvppg Values of the five PAH standards (i.e., one for each sample compound of interest) were
characterized by Elemental Analyzer-Isotope Ratio Mass Spectrometry (EA-IRMS) at Caltech.
The mean 8"3Cyppg Vvalues of naphthalene, phenanthrene, anthracene, fluoranthene and pyrene
standards were -23.8+0.5 %o, -24.410.6 %o, -24.1+0.5%0, -24.2+0.4 %o, -25.2+0.5 %o,
respectively (Table 1). Likewise, the molecular average 6Dyvsmow Values of the PAH standards
were characterized by Temperature Conversion Elemental Analysis (TC/EA) at The University
of Wyoming Stable Isotope Facility. The mean 8Dvswow values of naphthalene, phenanthrene,
anthracene, fluoranthene and pyrene standards were -67.3+0.4 %o, -115.0+1.1 %o, -98.940.3 %o,
-102.0+1.2 %o, -66.8+1.2 %o, respectively (Table 1). 1 mL of dichloromethane (DCM;
Honeywell GC 299-4 EB279-US) was added to each of the vials, which were then sonicated at
room temperature for 10 minutes to ensure full dissolution of the PAH. Each PAH standard
solution was serially diluted and gravimetrically mixed with each other to form solutions of
known molarities of the 5 PAHs of interest. To ensure complete mixing and homogenous
concentration of the PAH standard within each vial, we pumped the solvent with a syringe ten
times (10x) each before pulling up any standard-solvent mixture for dilution or mixing.

Prior to analysis, we vortexed each sample for 20 seconds to re-suspend any compounds
stuck to the walls in solution. Following an injection of A0106, PAH standards of known
molarities were mixed together, in proportions scaled to match the concentrations present in the
sample extract. Initial concentrations of PAHSs in the standard mixture were based on the mass
spectral peak height of a standard of known composition and how that compared to the observed
peak height of the initial injection of A0106. It took a few times iterating on the amount of each
compound added to accurately sample-standard match each PAH, as concentration does not scale
linearly with mass spectral peak intensity on the Orbitrap. The relative concentrations of PAHs —
the concentration of each of the PAHs in the sample compared to one another — were comparable
for A0106 and C0107, and thus the same standard mixture was used for measurements of both
samples. A similar process was followed for mixing standards for comparison with the
combusted plant biomass samples.

Samples and standards were measured in series under closely matched experimental
conditions and amounts of each compound analyzed in experiment. Solvent blanks of DCM were
analyzed on the GC-Orbitrap mass spectrometer prior to any standard solution preparation to
ensure that there was no PAH background contribution from the solvent. Likewise, a serpentine
blank was prepared and run in series with the samples and standards to ensure that it had a
concentration of PAHs comparable to the instrumental background (Table S1).

Orbitrap mass spectrometry

Measurements were performed at Caltech on a Thermo Fisher QExactive mass
spectrometer with samples introduced via a Trace 1310 GC equipped with a TG-5SilMS
chromatographic column (30m long, 0.25 mm ID, 0.25 um film; Fig. S1). Our column choice
was based off methods reported by past studies measuring the isotopic compositions of
extraterrestrial and terrestrial PAHs via GC-IRMS (e.g., (32, 50, 53)). The samples and standards
were injected via split-splitless injector (275°C) operating in splitless mode. Helium was used as
a carrier gas at a constant flow rate of 1.4 mL/min. For our analyses, we used the following oven
ramp, which was optimized to separate the target compounds of interest: 50 to 110°C at 2°C/min,
5 minute hold at 110°C, 110 to 145°C by 2°C/min, 10 minute hold at 145°C, 145 to 170°C by
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2°C/min, 5 minute hold at 170°C, 170 to 260°C by 2°C/min, 5 minute hold at 260°C, and 260 to
295°C by 20°C/min, followed by a 20 minute hold. This oven ramp was optimized specifically to
separate the PAHs of interest from one another, but was adapted from the ramp used by Aponte
et al. in the preliminary GSFC characterization of extracted organics from the Ryugu samples
(32). A similar ramp was used to measure the fire products, however for those measurements we
used a faster ramp from 50 to 110 °C (i.e., 20°C/min) to improve the separation between

isomers. We did not observe any effect of this ramp on the peak shapes of target PAHSs.

We measured PAHs extracted from the Hayabusa2 samples in DCM using the “direct
elution method,” a recent development in Orbitrap isotope ratio mass spectrometry that
introduces the eluent directly from the GC column into the mass spectrometer without
intermediate peak trapping (33). This method allows characterization of multiple compounds
within a complex mixture in a single experiment, which is particularly useful in this experiment
because it reduces the amount of sample size needed compared to those required for peak-
trapping methods that capture and focus on a single compound in a chromatogram (Figure S1&2;
(33)). The direct elution method also improves chromatographic peak shapes and compound
separation by bypassing valves and plumbing within our GC system (54) by connecting the GC
column directly to the Orbitrap transfer line via a VValco union.

For the Hayabusa2 samples considered here, where the currently available samples are
small and concentrations of organics are low (picomole to sub-picomole of each PAH of interest
per 1 uL of sample), the direct elution method is capable of achieving measurements of isotopic
properties of interest with per-mille-level precision, which is sufficient for our purposes of
characterizing the large isotopic contrasts between terrestrial and many forms of extraterrestrial
organics, and differences in multiply-substituted chemical isotope effects between high and very
low temperature conditions.

Orbitraps can perform measurements at high resolutions required to separate **C and D
isotopologues simultaneously (33); thus a single measurement can provide useful information to
constrain several isotopic properties (i.e., §°C, 8D and 2**C/*2C). Moreover, naphthalene,
phenanthrene, anthracene, fluoranthene and pyrene are all relatively stable aromatic compounds
that do not readily fragment when introduced into the EI ion source (Figure S2). Therefore, their
mass spectra on the GC-Orbitrap are dominated by the molecular ions, including the singly- and
doubly-substituted isotopologues of the molecular ions, which makes them excellent candidates
for measurement via the direct elution method (33).

The direct elution measurements were performed via GC-Orbitrap as follows: GC
effluent was transferred directly into the ion source via a heated transfer line (260°C) where
analytes were ionized via electron impact (EIl; Thermo Scientific Extractabrite, 70eV; Fig. 1A,
B). Each compound generated a characteristic mass spectra upon ionization (Fig. S2). The ions
were extracted from the source, subjected to collisional cooling during transfer through the bent
flatpole, underwent mass-window selection by the Advanced Quadrupole Selector™ (AQS), and
were then passed through the automatic gain control (AGC) gate prior to storage in the C-trap —
a potential-energy well generated by radio frequency and direct current potentials (Fig. S1). lons
accumulated in the C-trap until the total charge reached a user-defined threshold (the “AGC
target”), then were introduced into the Orbitrap mass analyzer as a discrete packet. Within the
mass analyzer, ions orbit between a central spindle-shaped electrode and two enclosing outer bell
shaped electrodes, moving harmonically at frequencies proportional to m/z (55). The raw data
product of this oscillation—the “transient”—is converted via fast Fourier transform into a data
product that can be processed for isotope ratio analysis (see Data processing).
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We refer to each injection of a sample or standard as an “acquisition;” each acquisition is
comprised of “scans,” and each scan is comprised of ion intensities and m/z ratios averaged by
the Orbitrap over a short time interval (200 ms for 120k resolution, with longer-length scans for
higher user-defined resolutions). It is critical that every acquisition used for isotope ratio analysis
operates under “AGC control,” i.e., under conditions where the Automatic Gain Control (AGC)
limits the number of ions into the Orbitrap in each scan and this number stays relatively constant
from one scan to another. The AGC target is computed as the total ion current times the injection
time (TIC*IT) over the course of a single acquisition. Ideally, the TIC*IT value does not vary
much from scan to scan.

AGC stability was particularly important for this study, as sample amount was limited
and abundances of each PAH within each sample were low. It was clear when the instrument
was not performing measurements under AGC control because the IT would reach the user-
defined maximum threshold (3000 ms); in these cases, we either increased the amount of sample
introduced for the experiment or adjusted experimental parameters, described further below.

Pure PAH standard mixtures were used for method development. Measurements of the
standards had several goals: identify the elution time frame of the compounds of interest, identify
the characteristic mass spectra for each PAH, optimize the oven ramp to ensure baseline
separation of near co-eluting compounds, and perform sensitivity tests to determine how many
ions were observed under certain experimental conditions for a known PAH concentration (i.e.,
25, 5, 1, and 0.1pmol per 1 uL of solvent, calculated based on the molarity of the first standard
solution).

After the oven ramp was optimized, we performed experiments using standard mixtures
as follows: a standard solution of the 5 PAHS, each present in concentrations of Spmol per 1 pL,
was injected. We were able to anticipate approximate concentrations of PAHSs in the Ryugu
DCM extracts based on results published in (32), and prepared standard mixtures accordingly.
Once we had optimized the method using these standard mixtures, we compared the mass
spectral peak intensities of each PAH within this standard to the mass spectral intensities of the 5
PAH peaks in one direct injection of A0106; our first injection was 2 pL of the sample, without
any mass jumps or differences in AGC target or resolution for each compound. We used this first
injection to calculate the absolute and relative amounts of each PAH in the sample, and then
mixed relative concentrations of PAH standards together that were scaled appropriately with the
absolute and relative concentrations of PAHs within the sample. Following direct injection of the
newly mixed standard scaled to the concentrations of PAHs in A0106, we adjusted the amounts
as necessary until the relative abundances matched those measured in A0106 (within a factor of
1.5x). This scaled standard mixture was used as a comparative standard for all subsequent
injections and analyses of the Ryugu samples, which were measured in series and with care to
ensure close sample-standard matching of concentration and experimental conditions. The
relative abundances of PAHs in extracts of A0106 and C0107 were the same (although the
absolute abundances in extracts of C0107 were about half those in A0106), so the same standard
mixture was used as a reference for measurements of both samples.

Our first sample injection (2 uL of A0106) was done using an 8Da wide mass window
(Fig. S2A), 2*10° AGC target, and 120k resolution for compound identification and
quantification of concentration relative to measured standards, as described above in “Standard
sources and preparatory chemistry.” The initial injection was also very important for identifying
any potential co-eluents within the mass window of interest for the compounds, as co-eluents
that produce mass spectral fragments within the mass window of interest can have detrimental
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effects on the accurate measurement of isotope ratios (56). The chromatographic peaks of the
PAH:s in the sample (PAH concentrations were 0.05-1pmol per 2.5uL injection, corresponding to
mass spectral peak intensities (“NL scores”) of 2*10* to 1*10°, a reflection of the great chemical
complexity of the organic extracts from the Hayabusa2 samples; (32)) were a small fraction of
the total ion current for other co-eluting species in the mass spectrometric mass window 50-250
Da.

To address the number of co-eluting compounds, we devised a method whereby we
defined several narrower mass windows (either 8 or 2 Da wide; see below), each centered on the
expected mass of the ions of interest for one of the PAHSs of interest, and the performed ‘jumps,’
changing the mass range of the quadrupole MS used for ion pre-selection in sync with the elution
time of each compound; time periods of elution were constrained by observation of the mixture
of PAH standards prior to analysis of the samples. We observed that the jump method technique
enabled us to improve the shot noise limit (Eqn. S4) on the measurement of the isotopic
composition of our standards by a factor of 2. The chosen PAHs were particularly good
candidates for this method, as the two 3- and 4-ring PAHSs are isomers of one another, so they
elute close together in time and have un-substituted (and substituted) molecular ions of the same
mass, allowing one mass window jump to be suitable for observing both compounds. This close
elution of the isomers made full baseline separation of the near-co-eluting PAHSs of critical
importance.

Abundance measurements

We determined the abundance of each PAH within each sample by comparing the
measured intensity of the height of the base peak of the molecular ion for that species with the
height of the same peak measured for analysis of a standard of known amount. This calibration
assumes a linear relationship between sample size and peak intensity and a negligible
background for the peaks used for this purpose. These simplifying assumptions were justified by
the close matching of concentrations of each compound in samples and standards, and by the
negligibly small sizes of relevant peaks in procedural blanks run with pure DCM solvent (Table
1; Table S1).

We report abundances of the same order as abundances reported by Aponte et al. for the
same compounds in extracts of both Ryugu and Orgueil samples (Fig. S3A; (24, 32)). Ryugu and
Orgueil PAH abundances were one to two orders of magnitude lower than those reported for
Murchison and other CM2 chondrites (Fig. S3A). We normalized abundances PAHs from
Hayabusa?2 to pyrene, and these ratios are comparable to those in other CCs, though on the lower
end of the range for naphthalene, phenanthrene and anthracene (Fig. S3B). Pyrene is generally
the most abundant PAH within extraterrestrial samples. We were interested in investigating
whether relative abundances of distinct PAHSs could be linked to any specific characterized
properties of the samples. We did not observe any such relationships, though it would be
interesting to consider in a future study measuring additional isotopic properties of PAHs from
different carbonaceous chondrite samples.

PAHSs abundances and distribution patterns vary among different petrologic types,
meteorite samples of the same type, and different specimens of the same meteorite (Fig. S3B;
57). These differences are not traceable to different extraction procedures (e.g., 58, 59).
Differences in abundance most likely reflects sample heterogeneity and not distinguishing
differences among meteorite classes, parent bodies or other larger-scale groupings, but could also
reflect analysis by different techniques (i.e., GC-MS versus GC-Orbitrap, etc.). Thus, the
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differences in absolute and relative abundances of PAHSs between the Hayabusa2 samples and
those found in CC’s potentially reflect differences that arise from removal or redistribution of
PAHs over small spatial scales. These possibly were controlled by PAH volatility and solubility
during hydrothermal aqueous alteration on the parent body (24), geo-chromatographic separation
(57, 60), or, in the case of meteorite samples, organic synthesis or decomposition of PAHs
during passage through the Earth’s atmosphere (61-63).

There were differences in both absolute and relative abundance between PAHs between
our study and Aponte et al’s. In particular, the concentration of naphthalene was much lower in
our samples which may be related to volatilization of naphthalene between the measurements at
GSFC and Caltech. During analyses at Caltech, we attempted to mitigate solvent loss as much as
possible by immediately recapping the vial each time it was punctured by the syringe for
analysis.

Additional uncertainties in our calculation of the PAH abundances could arise from each
step of standard preparation and quantification. The initial volume present in the vial was
estimated by the number of replicates possible with the given volume before there was no
solvent left in the vial; however, we acknowledge that some small amount of solvent may have
volatilized (but is difficult to quantify to include in this error estimation). We estimated the error
on the microbalance weighing of standards to be 0.15 pg for each 1000 pg of standard weighed
out. Each dilution had quantification errors of about 5% relative, which was determined by
replicating the dilution of the same solution and observing the intensity of that diluted standard
on the GC-Orbitrap. We propagated this error by 3x as each standard solution was diluted three
times to arrive at the concentrations present within the standard mixture scaled to the absolute
and relative concentrations of A0106. Finally, the variation in the intensity of the mass spectral
peaks on the Orbitrap varied by ~20% relative for replicate injections (which incorporated both
variation in the injection volume itself, heterogeneity in the concentration of the compound
within the final standard mixture, and instrument variation). These three sources of error
propagated together generated a combined 25% relative error on the concentration calculations
of each PAH, which accounts for most of the differences between our reported values and those
of Aponte et al. Concentrations reported by Aponte et al. were also computed gravimetrically,
although the estimated error on each measurement is unknown.

Isotope ratio measurements

Acquisitions measured with 8 Da mass windows (2.5 uL solvent injections) for each
compound were used for 8*3C measurements (i.e., ratios of singly substituted to unsubstituted
isotopologues) and abundance calculations (Fig. S2B). Acquisitions with 2 Da mass windows
(4.5 pL solvent injections) were used for measuring the ratios of the D and 2x**C-substituted
mass spectral peaks to the **C-substituted mass spectral peak (Fig. S2C). The 8 Da mass window
measurement were used to convert these ratios into the base peak (unsubstituted mass spectral
fragment) reference frame. The combination of these two measurements were used to calculate
ratios of D/H and 2x™3C/*2C, as explained below). We took care to ensure that all isotope ratio
measurements were performed under conditions where the intensities of contaminant peaks
totaled to less than 20% of the intensity of the base peak of the target PAH (Fig. S2B&C), a
threshold that has been demonstrated to be effective for performing accurate isotope ratio
measurements for compounds that are part of complex mixtures and not perfectly purified by
preparatory chromatography (56).
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For each jump, we also varied the AGC targets and mass resolution for the specific
observation windows, based on sensitivity tests using standards with the same mass spectral
intensities we observed in a measurement of the sample. To maximize sensitivity, we chose the
highest AGC target and the lowest resolution possible for each mass window jump, where the
full elution of the chromatographic peak of interest could be observed under AGC control. For
instance, for the 8Da window measurement of the lower abundance compounds (naphthalene,
phenanthrene and anthracene), we used a lower AGC target (2*10%) to ensure that we were able
to perform the measurement of the lower abundance compound under AGC control, whereas we
used a 1*10° AGC target for the fluoranthene and pyrene window because those compounds
were more abundant within the sample. Likewise, we performed all of the 2 Da mass window
measurements of the C0107 sample with an AGC target of 2*10* and a resolution of 180k to
ensure full separation of the *3C and D mass spectral peaks. Fire product measurements with 8Da
mass windows were performed with 1*10°> AGC target and 120k resolution. Smaller mass
window measurements of fire products were performed with mass windows of 2Da, 2*10* AGC
target and with resolutions of 120k. We note that the 120k resolution setting for combusted plant
samples was not high enough to measure the 8D values of those PAHs. The complete list of
experiments, with their experimental parameters are included in the full data table compilation
(Table S2).

Molecular-averaged carbon isotope values (5**Cvppst1c?) for naphthalene,
phenanthrene, anthracene, fluoranthene and pyrene from A0106 were -27.5+24.6%e, -
14.9+6.9%e, -10.5+0.5%o, -27.1+9.8%o0, and -29.6+1.3%o, respectively (Table 1; Fig. S4A).
Carbon isotope values (§"3C vppg +10) for naphthalene, phenanthrene, anthracene, fluoranthene
and pyrene from C0107 were -20.3+4.9%o, -12.614.2%o, -16.7+4.5%o, -17.1+£2.5%o., and -
23.6+2.1%o, respectively (Table 1; Fig. S4A). We had access to only a small quantity of extract
from sample A0106 and were neither able to replicate measurements to our desired level, nor
measure isotopic properties other than molecular-averaged 5"*C values. For this reason, we focus
our interpretations on data for sample C0107.

Deuterium isotope values (6Dysmowz1c) for naphthalene, phenanthrene, anthracene,
fluoranthene and pyrene from C0107 were -7.2+36.0%o, -458.9+31.0%o, -581.3+41.2%o, -
137.0+18.9%o, and -68.0+15.3%o., respectively (Table 1; Fig. S4B). These values are lower than
the measured bulk 6D ysmow Vvalues of both A0106 and C0107, which were 252+13%o and
269+13%o, respectively (24).

8"Cvpos and 8Dvsmow values for Ryugu PAHSs fell within the range measured for
several meteorite samples (Fig. S4A). For Hayabusa2 samples, fluoranthene is ~10%. enriched in
13C relative to pyrene, and similar to the difference previously observed in CCs (34, 64-68).

We measured PAHSs produced by combustion experiments of C3 plants at known
temperatures (140-905°C) using the same methods used for measuring the isotopic compositions
of the Ryugu PAHs. Combustion-produced PAHs were measured at ~10pmol abundances per
injection. We measured the 8*3Cyppg Vvalues for plant-derived PAHs, which agreed with values
previously measured by traditional continuous-flow IRMS methods for compound-specific
isotope analyses (CSIA), within 2 standard deviations (c) (Table S3; (50)).

! Reported o values represent propagated standard errors (21).
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Data processing for isotope ratio computation

We adapted the data analysis method outlined in Zeichner et al., 2022 to process the data
from our measurements. In short, data from each acquisition are converted to selected-mass
chromatograms (intensity versus time for a specific m/z), which can then be converted into ion
counts and used to compute isotope ratios. These data are extracted and converted using a
program called FT Statistic, which is a proprietary software produced by Thermo Fisher to
process Orbitrap data. This software extracts acquisition statistics from .RAW files such as
intensity and peak noise, and converts it into a .csv file. We then process the data using an in-
house Python processing script (69), which is located on the Caltech data repository and
described below. Statistics and plots for our experiments were generated with a combination of
Excel and RStudio (70). Raw data and excel spreadsheets of processed data are available online
(49).

Prior to any analysis using the Python script, we manually observed the files output by
FT Statistic to choose time frames of elution for each of the chromatographic peaks. These time
frames were consistent for each PAH and across acquisitions. In some cases, variations in the
mass spectral peak intensities of each PAH led to different lengths of time that the compound
was observed under AGC control; we chose a consistent and conservative time frame (i.e., the
shortest window encompassing the time frame under AGC control for a given PAH across all
replicate sample/standard acquisitions) as the period over which to integrate each peak for
isotope analysis.

The Fourier transform of the transient data reports signal intensities (NL scores), which
can be converted into ion counts as follows:

S Cy

Ry

where N, is the number of observed ions, S is the reported signal intensity (NL score) for the
molecular or fragment ion in question, N is the noise associated with that signal, R is the formal
resolution setting (defined for m/z 200) used, Ry is a reference formal mass resolution, Cy is the
number of charges corresponding to the noise at reference resolution Ry (4.4; a constant
established by prior experiments; see Eiler et al., 2017), z is the charge per ion for the fragment
of interest, and u is the number of microscans. We chose scans where the NL score was >5% of
the maximum NL score of the chromatographic peak; NL scores from these scans were
converted into ions, substituted and base peak ion counts were respectively summed, and then
divided to calculate the isotope ratio of interest.

Due to the low abundance of ions observed within each mass window jump, the
backgrounds for all compounds for both the 8 Da and 2 Da mass window experiments were
never observed under AGC control, which thus made it impossible to apply a quantitative
background correction to our isotope measurements. We report the observed intensities of the
background versus the maximum intensity of the eluting peak in Table S1; in all cases, the
background never exceeded intensities ~10°. Anthracene had the highest background relative to
its peak height (Table S1), which we attribute to the near co-elution with phenanthrene, although
we were careful to confirm baseline separate all five PAHSs of interest from one another when
PAHs standards were injected at concentrations of 5pmol per 1 uL. Future studies that are able to
observe the background under AGC control could average the background NL score for the five
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scans prior to the elution of the peak timing, and then subtract that NL score from the NL score
of the compound of interest prior to conversion to counts, as described in (33).

Some of our measurements were performed with imperfect sample-standard intensity
matching, or introduced such that the maximum NL scores of compounds varied between
acquisitions. As such, because there was variation in the precision of measurements between
acquisitions, we chose to weight the acquisitions by the number of ions observed in each
acquisition. In particular, we had to apply some additional corrections to the data processing of
A0106 singly-3C substituted composition measurements; there was limited sample (5.5 pL) and
because it was used for initial sample characterization and to iteratively mix and scale standards
appropriately, the two A0106 injections were not measured using the same method and with a
direct comparison to a standard with matching concentrations of PAHSs. Further adjustments to
A0106 data is detailed in Measurements and standard corrections for acquisitions of A0106. All
data for C0107 measurements were processed as described below. In these cases, we did not
apply any drift or scale correction to our data prior to computing error weighted means.

We computed error-weighted means of the sample-standard isotope ratio difference for
multiple acquisitions of each compound of interest. We chose to weight each sample and
standard isotope ratio by its error so that we could appropriately weight measurements with
varied sample and standard intensities that were introduced in the process of sample-standard
matching, or observing the same property with different mass window sizes (i.e., >**C/**C
measurements performed with both the 2 Da and 8 Da mass windows). Error weighted means of
the measured sample and standard isotope ratios were weighted by the shot noise limit (SNL;
approximately equal to standard error (SE) of each acquisition (which is proportional to the
number of analyte ions observed for each acquisition) as follows:

n
f= 25 o (Eqn. S2)
L i=0g,2
where x; is the isotope ratio of each acquisition (n) and o; is the SNL of each acquisition. The
sample-standard difference was then computed by taking a ratio of the two error-weighted
means, which are the values reported in Table 1 and Table S3. Reported sigma values represent 1

standard error (SE, ), but were also error-weighted as follows:
1

a?(h) = s T (Egn. S3).
i=04;2
The shot noise limit (SNL; a proxy of and ~ relative standard error (RSE) of each acquisition, as
well as a representation of the number of ions observed of each compound for each acquisition;

Eqgn S1) was used as the weight for both the calculation of & and (), and was calculated as

follows:
OSNL __ 1 1
R \Izcio + X Cio (Eqn54)’

where % is the shot noise limit on the relative standard error for a single acquisition, which is

calculated based on : C;,and Y. ¢;,, — the sums of all the counts for the substituted and
unsubstituted molecular of interest, respectively. Errors reported in sample-standard differences
were propagated from the individual errors calculated for sample and standard, respectively,
added in quadrature. Isotope ratios for fire product PAHs and associated standard errors were
computed without weights, as we had enough sample to perform replicate measurements to equal
levels of precision.

Our measured sample-standard difference isotope ratios were converted to international
reference frame scales as follows:
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R ample
Rref = —S pl £ R(TC)EA (Eqn 85),

Rstandard

where Ry IS the isotope ratio of the PAH on the international reference frame scale (i.e., VPDB
or VSMOW), Rsample IS the measured isotope ratio of PAH from the Ryugu extract or the burned
plant biomass, Rsiandard 1S the isotope ratio of the PAH standard measured under close sample-
standard matching conditions, and Rrc)ea is the isotope ratio of the standard on the international
reference scale constrained by EA or TC/EA. Isotope ratio measurements performed with 8 Da
mass window jumps are already reported relative to the unsubstituted molecular ion reference
frame and could be converted directly into the known international reference frame, but isotope
ratios performed with 2Da mass windows are measured relative to base peak within that window,
i.e., the singly-"*C substituted mass spectral peak. To convert 2Da window measurements into
the base peak reference frame, we multiplied the sample-standard difference D/**C and >**c/**C
ratios by the singly-substituted sample-standard difference **C/**C isotope ratio (already

weighted at this point by their respective %), and then again by the measured isotope ratio of

the standard that had been calibrated on the international reference frame scale. As with all our
other measurements, errors for each ratio included in computation were added in quadrature;
error-weighted sigma values were used for average isotope ratio measurements acquired via GC-
Orbitrap measurements, while standard deviations were used for EA and TC/EA measurements.
Following conversion to international reference scales, singly-substituted **C and D isotope
ratios were reported in delta notation.

Delta notation presents the isotope ratio measured in a property of a sample relative to the
same property measured in a standard of known isotopic composition:

5 = (2eme _ 1) 41000 (Eqn S6),

Rstandard

where R values are the error weighted mean isotope ratios of the sample and the standard. R
values are often denoted with a superscript to indicate the relevant element and isotopic
substitution (i.e., °R is the ratio of *3C to *2C within a sample). Delta values are reported in units
of per-mile (%o). We report singly- *3C and *H (D) substituted isotopic compositions, as well as
doubly-**C substituted isotopic compositions as delta values. All §**C and 8D values have been
converted onto the VPDB and VSMOW scales respectively, which are indicated as subscripts.

To compute doubly-substituted *C isotope ratios for Ryugu sample analyses, we took
measurements from both 8 Da and 2 Da mass window acquisitions. We converted 2 Da mass
window acquisitions into the unsubstituted mass spectral peak reference frame as described
above, and then computed an error weighted mean of the acquisitions from the two different
types of measurements. Fire product doubly-substituted *C isotope ratios were based only on
2Da mass window measurements, converted into the base peak reference frame as described
above.
Doubly-C substituted isotopic compositions are reported in two ways: 1) As raw, measured
2x'3C/™C ratios and 2) as A2x*3C values. A2x*3C values are reported in units of %o and
represent the difference between the measured proportion of 2**C isotopologues in the sample
and the proportion it would have had with stochastic distribution of isotopes among all possible
isotopologues.

This conversion first calculates the expected **3C/**C ratios for the sample and standard
based on their respective §*3C values and the assumption that both have a stochastic proportion
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of all isotopologues. For example, the stochastic distribution of double-*C-substitutions among
isotopologues of pyrene or fluoranthene, which each have 16 carbons, would be equal to:

[13c]2 [12C]14

[12C]16
where [**C] and [*2C] are the fractional abundance of **C and **C within a sample with a given
B3R value ([**C] = ®R/(1+'*R). The same calculations can be performed for naphthalene and
phenanthrene/anthracene by assuming a double substitution into a molecular structure with 10
and 14 carbons, respectively.

To compute A”*3C values, measured 2x*3C/**C ratios were converted into the calculated

reference frame, via a conversion factor, o

13c212C14p _ (Equation S7),

measured

a= (Equation S8)

trueR

where MR s the measured 2x*3C/*2C ratios, and "*°R was the calculated value within the
expected stochastic reference frame. Once the ratios were converted into this stochastic reference
frame, we divided the converted, measured value by the calculated stochastic 2x**C ratio for the
sample’s measured 8*3C value. This quotient was then converted into a A***C values by
subtracting one and multiplying the residual by 1000 to derive a difference in per-mille.

For the purposes of visualizing the data in Figure 2, a similar procedure to above was
followed, but all measured isotopologue 2x**C/**C ratios were converted into the measured
Hayabusa 2 sample reference frame by scaling measured values by a calculated alpha value
(following Equation S8), where the “true value” in this case was the 2x**C/**C ratios as
measured during the Hayabusa2 measurement session. Comparing measurements of the isotopic
composition of the same standards measured across measurement sessions allowed for easy
conversion between the reference frame of one to another.

Importantly, our calculation of A***C values and our interpretations of their significance
depend on the assumption that the standards used for this work have approximately stochastic
proportions of isotopologues (and hence error bars are not presented for the standards plotted in
Figure 2 as they are stochastic by definition). This simplifying assumption is justified by three
arguments: 1) The chemical isotope effects associated with the high temperature reactions used
to synthesize commercial PAHs are predicted to lead to negligibly small anomalies of multiply
substituted isotopologues (A*C values within ~1 %o of zero). This expectation arises from the
well-known dependences of equilibrium and conventional chemical Kinetic isotope effects on
temperature and the reduced masses of molecular vibrations; 2) measured AZ*3C anomalies in
natural and synthetic ethanes are negligibly small at the levels of precision relevant to this study
(35), confirming our expectations that chemical isotope effects associated with breaking and
forming bonds in hydrocarbons at temperatures of ~300+ K lead to A3C variations that are
small by the standards of the data discussed in this study; and 3) our assumption that our
commercial PAH reference standards have stochastic proportions of 2**C isotopologues leads to
the result that the 3-ring PAHSs from the Hayabusa2 samples also have stochastic proportions,
despite having distinct 8*3C values. This result could be fortuitous, but suggests that our
reference frame is capable of recognizing differences between samples that are approximately
stochastic (phenanthrene and anthracene) and those that depart substantially from a stochastic C
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isotope distribution (naphthalene, pyrene and fluoranthene). Our finding that PAHSs extracted
from burned biomass combusted at 100s of degrees Celsius do not exhibit A>**C values that
deviate significantly from stochastic distribution at the levels of precision within this study help
to support our conclusions on the novelty of positive clumped *C anomalies and their
relationship to interstellar synthesis processes (see “Tests of statistical significance”).

Propagating error to correct for differences in injection volume

In two cases — naphthalene and phenanthrene — we found in replicate measurements of
standards of different volumes, the error between the A2x**C values for 1uL and 5uL injections
was larger than 1o analytical error of replicate measurements of C0107 with a 2Da mass
window. In these two cases, we added the error reported for naphthalene and phenanthrene
A2x"C values in Table S5 in quadrature with the experimental error; this is the error reported for
those two measurements in Table 1. The error did not change our analyses.

Measurements and standard corrections for acquisitions of A0106

We were not able to measure 3D of A0106 PAHSs because we did not have enough
sample to perform a 2 Da mass window experiment. Likewise, we do not report **3C/**C ratios
because the isotope ratio measurements of the standard bracketing the two acquisitions of the
sample did not demonstrate reproducible measurements within the 2*SE acceptable for
inclusion. Errors on A0106 measurements of 8*3C values were consistently higher because we
were only able to perform two (2) acquisitions with the limited amount of sample, and the first
was a direct elution measurement without mass window jump. Each acquisition was performed
under distinct conditions (i.e., AGC target, with imperfections in sample-standard concentration
matching due to iterating on the creation of the appropriate standard mixture). In particular,
differences in the isotope ratio of the naphthalene standard varied for the concentration of
naphthalene introduced into the instrument, which we hypothesize may be related to naphthalene
being very volatile. Thus, it was necessary in these cases that were performed with fewer
replicate acquisitions, larger backgrounds, and without close sample-standard matching to
introduce additional corrections to the data processing procedure. For A0106 sample-standard
isotope ratio comparison, we computed isotope ratios of each sample-standard comparison
directly (i.e., naphthalene, phenanthrene and anthracene measurements for separate acquisitions
of A0106). In some cases, A0106 was measured in series with a standard that was not well
matched in concentration. In those cases, we multiplied the standard isotope ratio that was poorly
matched with the sample (>2 orders of magnitude different) with a standard isotope ratio
performed later that was well-matched with the standard. Errors for all ratios incorporated in this
conversation were propagated in quadrature, which led in some cases (particularly, the §*3C
value for naphthalene in A0106) to be much larger than for measurements where sample-
standard comparisons were performed more directly.

Tests of statistical significance

We performed tests of statistical significance on each of our measured A2x**C values for
PAHSs in both Ryugu sample C0107 and combusted plant samples to evaluate whether our
measured values deviated significantly from predicted stochastic distribution (A2x**C = 0). We
formally tested null hypotheses Hy against alternative two-sided hypotheses H, where the mean
of each measurement was significantly different from x =0. p-values were reported based on
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Welch’s one-sample, one-sided t-tests using the “t.test” function in the R statistical software
(www..r-project.org).

As reported in the Main Text, naphthalene, fluoranthene and pyrene values were found to
be significantly different from x =0 (where Ho > H, and p-values were 1.159e-05, 0.003, and
0.001, respectively). Phenanthrene and anthracene values were not significantly different from u
=0 (where Ho = H, and p-values were 0.16, and 0.45, respectively). A2x*3C values of PAHs
extracted from combusted plant samples are not significantly different from zero (p-values >
0.04; Table S3).

Reanalysis of Murchison 5*C and 42x*3C values from Zeichner et al., 2022

Murchison data were initially presented in the methods paper developing the direct
elution method used herein (33). Murchison preparatory chemistry details can be found in (33).
Since the time of publication, we have done additional studies using the GC-Orbitrap to measure
low abundance samples and have discovered that it is imperative all scans incorporated in
isotope analysis are performed under “AGC control,” as mentioned above in “Orbitrap mass
spectrometry.” This was not the case for the data processed and presented in (33), so we
reprocessed and represented the data here.

Murchison measurements were performed between December 2, 2016 and December 6,
2016 on the same instrument that was used for measurements of Ryugu and combusted plant
biomass samples. 1-10pmol of each compound were measured per replicate injection, resulting
in intensities (“NL scores”) on the instrument of 5*10°to 2*10 per analysis.

The Murchison data was processed in the same way as the Ryugu data described above,
with one difference: due to shifting elution times, each peak was integrated for a separate time
window, where the length of the time frame integrated was kept consistent across all sample-
standard comparisons (i.e., 30 seconds, even if the absolute start and end times varied; Table S2).
Samples and standards were respectively averaged, and the quotient was taken to compute the
3R value of the Murchison PAH:s.

Murchison pyrene and fluoranthene 8*C values were converted onto the VVPDB scale by
multiplying the values by the *R value of the terrestrial standards measured in comparison. The
8"3Cvppe Values of the fluoranthene and pyrene standards were measured in triplicate at Caltech
by Elemental Analyzer (i.e., the same instrumentation as described above to constrain the §'*C of
the terrestrial standards used to constrain the Ryugu values), and were -25.69+0.46 and -
25.68+0.66%o0, respectively. Additional studies will be necessary to constrain 5D values of these
compounds in Murchison, the isotopic properties of the 2 and 3 ring PAHs in Murchison, and the
isotopic compositions of PAHs of other carbonaceous chondrites for comparison.

Isotopic fractionation from mixing and other synthesis mechanisms

Mixing between two or more compound populations differing markedly in MA §*3C
values could create positive A2x"*C anomalies. This is important to consider because large
ranges in 8**Cvpps have been observed in prior studies of carbonaceous grains recovered from
CCs (-950 to +36,000%o; (71)), which is evidence that these meteorites are mixed aggregates of
pre-solar and early-solar-system materials differing in their stellar nucleosynthetic sources and
post-formation processing. Mixing of two different formation processes with distinct isotopic
signatures could create positive A2x™C values because predicted **C-clumping scales
approximately with the square of the **C/*2C ratio, whereas mixing processes are approximately
linear in plots of A2x*3C vs. §"°C (19). However, mixing would also be expected to lead to large
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ranges in 5"°C values and correlations between §*C and A2x™*C values, which we do not
observe within the PAHs measured here (Table 1, Fig. 2). Instead, we favor a hypothesis where
anomalies in multiple-*C substitutions were generated by chemical or physical processes that
controlled the state of isotopic ordering.

We acknowledge that excesses in A2x**C values of naphthalene, pyrene and fluoranthene
from Hayabusa2 samples and fluoranthene from Murchison could be explained by a yet
unrecognized isotopic fractionation associated with high temperature synthesis or reprocessing.
Isotopic fractionation produced by shock wave chemistry in extraterrestrial environments is not
thoroughly understood, but laboratory shock wave experiments producing diamond from
graphite do not provide evidence for carbon isotope fractionations (72). Within the context of
current research, we have not found evidence that any of these processes would explain the
anomalous 2x™*C-clumping observed in this samples measured in this study.

Density functional theory (DFT) model of acetylene equilibrium fractionation

Heavy isotope substitution slows fundamental modes of molecular vibration, reducing
molecular vibrational energy and thus overall molecular free energy. This effect scales with
reduced masses of molecular motions such that it is typically energetically favorable for
molecules to assemble heavy rare isotopes (e.g., *C) into bonds with one another, rather than
distributing them randomly across all possible atomic sites. In other words, it is energetically
preferable for two molecules with C-C bonds to form one *2C-**C and one *C-**C molecule
versus two *3C-'2C molecules. This isotopic clumping is reduced at higher temperatures due to
the increasing importance of configurational entropy on overall free energy as temperature rises.
Clumping is therefore expected to be indistinguishable from a stochastic distribution at
temperatures greater than 300K. In cold environments, at temperatures below 100K, enrichments
of double-heavy-isotope substitutions relative to a random distribution can exceed 10’s of per-
mille. Thus, the large positive A2x*3C values of naphthalene, pyrene and fluoranthene may
reflect chemical isotope effects in cold molecular clouds.

Acetylene (C;H>) is an abundant organic molecule in extraterrestrial environments, and is
thought to be the precursor of organic molecules synthesized in many extraterrestrial
environments. The distribution of *3C in acetylene molecules versus free carbons, and in
particular the doubly-substituted **C composition of acetylene can be represented by the
equilibrium reaction (Eqgn 1):

2% 3CYCH, = BCH, + C,H,

where two free carbon-13 atoms substitute in for the two carbon-12 atoms within acetylene.

The distribution of isotopes in molecules within natural systems at equilibrium follows
nonrandom probabilities, which provide a record of their sources, and synthesis histories (19).
Symmetrically nonequivalent isotopic variations of a molecule create variations in all of its
chemical and physical properties (e.g., vibrational energy, polarizability). This relationship can
be described though the equilibrium partition function between isotopically substituted and
unsubstituted molecules Q’ and Q, in the Bigeleisen-Mayer model (BM model) as follows (73,
74):

3r -U;! -U;
o _ |(m\z [ v e 2 o l-e2
3 - l(m) l [m] l_[ [vi X e_TUi X 1_e—zzji/ (Eqn59),
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where m is the mass of the unsubstituted isotope exchanged, m’ is the mass of the substituted
isotope exchanged, r is the # of atoms of the element of interest in the molecule, o and o’ are the
symmetry numbers of the unsubstituted and substituted molecules, v and v’ are the frequency of
the bond vibration in the unsubstituted and substituted versions of the molecule, and Ui and Ui’
are the energies for each vibrational fundamental mode i of the unsubstituted and substituted
molecules. Ui can be computed as follows:

h'l]l'

UL' = m (EanlO)

where h is Planck’s constant, kg is the Boltzmann constant, and T is temperature (K). v’/ v can be
approximated by computing the square root of the ratio of the reduced masses:

Y _ |E onsia
U_ ’ul(qn )

Here, we used Density Functional Theory (DFT) to predict the optimal structure of
acetylene molecule and calculate the fundamental vibrational modes of unsubstituted, singly-**C
substituted and doubly-"3C substituted acetylene in vacuo. These computations were performed
with the B3LYP exchange correlation functional (75) and aug-cc-pVTZ basis set(76) using
ENTOS Qcore simulation package (77). The aug-cc-pVTZ basis set has been previously found to
be sufficiently large for convergence of equilibrium energy and structures of small organic
compounds (78). The vibrational frequencies are then converted to reduced partition function
ratios (RPFRs) using the BM model (Egn. S9) with harmonic approximation. From these RPFRs,

we can compute 1000*In(sqrt(% / %)), which is approximately the fractionation between the
stochastic and the actual doubly-substituted **C composition for a §'*C value at a given
temperature (Fig. 2D). Notably, the fractionation is negligible at high temperatures, and can
reach up to tens of per-mile at low temperatures (~10K).

Prior studies have raised concerns over the applicability of harmonic approximation and
hence the validity of BM model at low temperature gas-phase conditions. Zhang and Liu
suggested a series of corrections on BM model including (but not limited to) vibrational
anharmonicity, rovibronic coupling, molecular rotations, centrifugal distortion diagonal Born-
Oppenheimer correction (DBO) (79), which they demonstrated by computing the hydrogen
isotope effects on several molecules with distinct geometries. The most important for our
purposes seems to be DBO which relies on the premise that the Born-Oppenheimer
approximation, inherent to the DFT calculations, breaks down due to correlation between nuclear
and electronic motions at low temperatures. Such an approximation may have an effect on
hydrogen, but (79) argues that the effect of such effects on heavier nuclides like C and O would
be much smaller and most likely would not affect change our modelling results beyond analytical
error. Here we set the DBO is equal to zero, as is the case for systems where reactants and
products have identical wavefunctions (80).

The DFT model of isotopic clumping in acetylene yields an isotope effect that likely
represents the maximum that could be recorded by a reversible chemical process in a molecule
containing C-C bonds, both because it involves two heavy isotopes sharing a bond as nearest-
neighbors, and because of the high order of the C-C bond in acetylene. Multiple substitutions
separated by more bonds, and lower-order bonds between any given two elements tend to have
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weaker clumping effects (81). If the PAHs were not exclusively derived from the addition of the
2-carbon units, then isotopic substitution could deviate from results from simple this model. This
model is still appropriate for evaluating the amplitudes of clumped isotope anomalies that could
arise through common chemical processes even if the reactants and products involved in PAH
formation formed through irreversible reactions exhibiting kinetic isotope effects rather than the
modeled equilibrium isotope reaction depicted in Egn. 1 and Fig. 2D. Chemical kinetic isotope
effects generally have amplitudes similar to equilibrium isotope effects (20), and so this model
usefully demonstrates the order-of-magnitude of 2x*C vibrational clumped isotope effects and
their variations with temperature.
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Table S1. Background and blanks. Serpentine blank and background quantification relative to
intensity of sample peaks of interest for 8 Da windows direct elution measurements.

A0106 C0107 Serpentine
Mass Compound A0106 background co107 background blank
. (NL score of (NL score of
window base peak) (NL score of base peak) (NL score of | (NL score of
P base peak) P base peak) base peak)
123.5-132.5 | Naphthalene 5.29E5 4.49E3 2.60E5 3.75E3 3E3
173.5-182.5
Anthracene 6.26E4 2.67E4 2.59E4 1.47E4 5.49E2
195.6to | Fluoranthene | 9.67E5 4.27E3 3.83E5 3.11E3 3.5E2
206.5 Pyrene 3.30E6 7.62E3 1.25E6 5.22E3 3.45E2
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Table S2. Experimental parameters for measurements of Ryugu samples, Murchison measurements and fire products. Each
experiment lists the experimental parameters in the following order: mass window (MW, Da), time frame for peak integration (TF;
minutes), AGC target (AGC), resolution (Res). Standards were measured in series with samples, under the exact same experimental
conditions and data processing parameters. Dashes indicate that compound was not observed in a meaningful amount above baseline
for that sample to measure.
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Sample —
Mass
Analysis window
month (Injection Naphthalene Phenanthrene Anthracene Fluoranthene Pyrene
and year volumes,
sample/std
)
MW TF AGC | Res MW TF | AGC | Res | Mw TE | AGC | Res | Mw TF AGC | Res | Mw TE AGC | Res
AOL06 — o1
. 8Da 124- | 207- . ' " 174- | e2.1- , | 120 | 198 81.95- | 1*10 198- s
April2022 | oo h | T3 | 225 | 2100 | 120k | 174182 o 210 | 120k | 3E5 | g | 20t | Y 200 o520 2% | 120k | DV | 85387 | 1710° | 120k
L) :
C0107 =
, 8Da 124- | 205- - ) 612 | pira 174- | 624- | ., 4 | 120 | 198- 81.95- | 1*10 198- ! 1
April2022 | o o0 | Ta o | 27100 | 120k | 174182 | G52 | 2110* | 120k | LTS o I T s P o500 % | 120k | T | 85387 | 1+10° | 120K
L)
1288 178 202.
C0107 -2 61.1
, 5 205- . 178.85- . 85 | 62.2- . | 180 | 202.85- 2410 85 "
April 2022 Da 11 | oo | 210t | 180k | TS 3| 20° | 180k | o> | S22 | pvot | N0 | 225 | 82.83.05 10| 180k | o | 8525:87 | 210° | 180Kk
(4.5uL/1uL) o 61.8 o o
Marri ash — .
Sept 2022 8Da — — — — | 178182 33‘322 1410° | 120k | — — - | = 12%%' 55.8557.5 | T30 | 120k 12%86' 52605?- 14105 | 120k
(L.1ul/1uL) : :
) 202.
Marri ash —
Sept 2022 2Da — — — | = | B BT a0t | 220k | — — | = | = | &Y | seoess | ZI0 | 120k | o | eo261 | 2:10° | 120
(L.1pL/1pL) : : : -
Cycads ash .
Sept2022 | -8Da - — — | — | waas2 | 7| 10° | 220k | — — — | = | % | seoss | T30 | 20k | D% | co261 | 1710° | 120k
(Lul/L.5uL) :
202.
Cycads ash "
Sept2022 | -2Da — — — | = | B BT 20t | 220k | — — — | — | 25 | seess | ZU0 | 120k | o | 60261 | 20° | 120K
(Lul/L.5uL) : : : .
Gingko ash .
Sept2022 |  -8Da - — — | — | waase | 0| 10t | 220k | 30E 1SS L aaes | 20| D | seess | MO | 120k | D% | e0261 | 1020° | 120k
(2ul/1pL) : :
) 202.
Gingko ash
1785- | 36.7 . 1785- | 37.6- s | 120 | 2025 2410 5 .
Sept 2022 —2Da — — — — SR A I S T T S IR S T s | 56.9:58 30| 120k | Lo | 60261 | 2:0° | 120K
(2uL/1pL) 5
32.98-
33.36 o
(Murch 2), i
32.88- (Murch 2),
33.26 a3
Murchison — (Murch 3), y
Dec 2016 8Da — — — — — — — — — — — | = 12%86' 3285 | 230 | 180k 12%86' (Mff)h 8 | 24105 | 180k
(3uL/2uL) 33.23 34 37'_
(Murch 4), 34 8
32.86- 8 (Std
33.24(Std #2033
3), 32.82- &
33.2 (Std 4)
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Table S3. Data from combusted plant samples. §"*Cyppg and A2x*C of phenanthrene, anthracene, fluoranthene and pyrene
measured from C3 plants burned at different temperatures. §*Cvpos values measured by the Orbitrap are compared to §*Cyppg values
measured by conventional compound specific isotope analysis methods and reported in (50). Reported  are 1SE. Reported p-values
(p-val) are results from one-sided t-tests evaluating significant differences between measured A2x**C values and the null hypothesis of

A2x"C =0.
phenanthrene anthracene fluoranthene pyrene
813C 613C 813C 813C
value value value value
T (VPDB, A2x*C  p- | (VPDB, A2x**C  p- | (VPDB, A2x"*°C  p- | (VPDB, A2x®C  p-
(© %o0) 6 (o;%0) val %o0) 6  (0;%0) val %o0) 6 (o;%0) val %o) 6 (o;%0) val
this -3.5 -2.6 -9.4 10.8
study -281 2.1 (7.7) 058 | -241 1.6 (7.9) 046 | -242 1.6 (7.5) 0.12 | -304 2.6 (8.3) 0.59
Karp
gingko ash | 142 | 2020 -27.7 0.2 - - - - - - -274 0.1 - - -276 0.1 - -
this -3.6 2.9 7.2
study -31.8 27 (85 0.22 - - - - 293 27 (73) 028| -31.7 27 (7.4) 068
Karp
cycads ash | 594 | 2020 -26.8 0.1 - - - - - - -28.1 0.1 - - -26.8 0.1 - -
this -12.5 -0.2 -3.1
study 213 25 (7.7)  0.04 - - - - 273 25 (71) 039| -331 26 (7.2) 043
Karp
marri ash 905 | 2020 -27.0 0.7 - - - - - - -27.3 0.9 - - -27.2 0.6 - -
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Table S4. Measurements of the §*C and A2x*C of fluoranthene and pyrene from Murchison. Results based on re-processing of
data published in (33). §'*C values from (34) are presented in the table alongside for comparison.

Standard §"°C value (n,

Murchison §*3C value
(n, o; VPDB, %o),

Murchison A,,iac (o, %o0),

Murchison §*°C value
(n, o; VPDB, %o),

o; VPDB, %) this study this study G|Imourfgg4P|II|nger,
Fluoranthene -25.69 (3, 0.46) -9.9 (3, 1.0) 51 (13) -5.9 (1.1)
Pyrene -25.63 (3, 0.66) -11.3 (3, 1.1) 1(13) -13.1 (1.3)
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Table S5. Sensitivity tests for injection volume. Average isotope ratio and relative standard error (RSE = standard
deviation/average, a proxy for error in %o units) for PAHs introduced as 1 and 5uL injections.

Compound Injection Volume (pL) Mass Property measured R value Average RSE
Pyrene 5 202 13C/UnSub 0.169929
Pyrene 1 202 13C/UnSub 0.170139 0.170034 0.0006
Pyrene 5 202 2x13C/UnSub 0.012681
Pyrene 1 202 2x13C/UnSub 0.012793 0.012737 0.0044
Fluoranthene 5 202 13C/UnSub 0.169789
Fluoranthene 1 202 13C/UnSub 0.170018 0.169904 0.0007
Fluoranthene 5 202 2x13C/UnSub 0.012612
Fluoranthene 1 202 2x13C/UnSub 0.012706 0.012659 0.0037
Naphthalene 5 128 13C/UnSub 0.107597
Naphthalene 1 128 13C/UnSub 0.109210 0.108404 0.0074
Naphthalene 5 128 2x13C/UnSub 0.004860
Naphthalene 1 128 2x13C/UnSub 0.005022 0.004941 0.0164
Anthracene 5 178 13C/UnSub 0.151578
Anthracene 1 178 13C/UnSub 0.151142 0.151360 0.0014
Anthracene 5 178 2x13C/UnSub 0.010145
Anthracene 1 178 2x13C/UnSub 0.010104 0.010124 0.0020
Phenanthrene 5 178 13C/UnSub 0.151314
Phenanthrene 1 178 13C/UnSub 0.153305 0.152310 0.0065
Phenanthrene 5 178 2x13C/UnSub 0.009989
Phenanthrene 1uL - jump method 178 2x13C/UnSub 0.010128 0.010058 0.0069
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Figure S1. Methods. (A) Analytical scheme for Ryugu samples by the soluble organic matter
team (24). DCM extracts of A0106 and C0107 were used in this study. (B) Ryugu extracts, PAH
standards, and serpentine blanks were measured on the GC-Orbitrap at Caltech via direct elution
method. (inset) Sample chromatogram from an injection of A0106, without mass jump. The
majority of analyses were performed with the mass window jump method, where the Advanced
Quadrupole System (AQS) is used to vary the mass window of interest throughout the run to
perform focused measurements on each PAH of interest.
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A Direct elution of A106, without mass window jumps
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Figure S2. Chromatography. Direct elution method was used to measure 2, 3, and 4 ring PAHs
from DCM extracts of Ryugu samples A0106 and C0107. (A) Initial measurement was
performed without mass window jumping; subsequent measurements were performed with
focused (B) 8 Da and (C) 2 Da windows. For each mass window, both the chromatogram and the
mass spectrum for one of the Ryugu sample measurements is shown, annotated with the
molecular structure of the PAH of the eluting peak.
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Figure S3. Absolute and relative abundances. (A) Log absolute abundances of 2, 3, and 4 ring
PAHSs in units of ppm (ug/g) extracted from Ryugu samples A0106 and C0107 measured in this
study (filled cyan squares and circles) and (32) (unfilled black squares and circles), compared to
prior quantifications of abundances of PAHSs in extracts of other meteorite samples (grey
symbols). (B) Relative abundances of 2, 3, and 4 ring PAHs normalized to the abundance of
pyrene, for extracts of measured in this study (filled cyan squares and circles) and (32) (unfilled
black squares and circles) and other meteorite samples (grey symbols). Abundance
measurements come from the following references: (34, 58-60, 64, 65, 82—89).
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Figure S4. 8*C and 8D values. Measured (A) §"C values (A0106 = unfilled cyan squares,
C0107 =filled cyan circles, Murchison = purple plus signs) and (B) 6D values of Ryugu PAHs
(filled cyan circles) via direct elution measurement on the GC-Orbitrap, compared with prior
measurements of PAHs extracted from meteorites (grey symbols). Compiled prior measurements
are from the following studies: (34, 64-68, 89, 90).
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Mode no. Vibrational frequency, v (cm™)

Unsubstituted  Single 3C Double 3C

—

665.40 660.32 655.33

2 665.44 660.42 655.37 M

Anti-symmetric C-H bending ‘[

Symmetric C-H bending

768.43 767.34  766.15 [ I
4 768.49 76740  766.21 M I

w

Symmetric C-C stretching

5 206473 203236  1999.03 b“‘

Anti symmetric C-H stretching - -~
6 3408.25 3402.62 3398.16 M
Symmetric C-H stretching SUR— —

7 3512.97 3500.56 3487.20 M

Figure S5. Vibrational modes. The fundamental vibrational modes of acetylene along with their
corresponding motions calculated using B3LYP/aug-cc-pVTZ level of DFT. Modes 1,2 and 3,4
are doubly degenerate.
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