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Polycyclic aromatic hydrocarbons in samples
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Polycyclic aromatic hydrocarbons (PAHs) contain $20% of the carbon in the interstellar medium.
They are potentially produced in circumstellar environments (at temperatures 21000 kelvin), by
reactions within cold (~10 kelvin) interstellar clouds, or by processing of carbon-rich dust grains.

We report isotopic properties of PAHs extracted from samples of the asteroid Ryugu and the meteorite
Murchison. The doubly-'3C substituted compositions (A2x*3C values) of the PAHs naphthalene,
fluoranthene, and pyrene are 9 to 51%eo higher than values expected for a stochastic distribution of
isotopes. The A2x'3C values are higher than expected if the PAHs formed in a circumstellar

environment, but consistent with formation in the interstellar medium. By contrast, the PAHs
phenanthrene and anthracene in Ryugu samples have A2x3C values consistent with formation

by higher-temperature reactions.

olycyclic aromatic hydrocarbons (PAHs)—
organic molecules consisting of multiple
aromatic rings—are ubiquitous in the in-
terstellar medium (ISM). Based on obser-
vations of mid-infrared emission bands in
the ISM, PAHs are present in abundances ~10~7
times that of hydrogen (7). PAHs are estimated

to contain <20% of the carbon atoms in the
ISM of the Milky Way (1, 2) and other galaxies
(3). PAHs have been proposed as building blocks
of carbon-rich dust grains, which are abundant
in the ISM (4), and of higher molecular weight-
insoluble organic material (IOM) that com-
prises most of the carbon within meteorites

(5). However, it is unknown which chemical
processes produce these forms of reduced car-
bon or where they occur (Fig. 1) (6).

Small aromatic organics, such as PAHs con-
taining only a few rings, can form through
reactions of free radicals in the gas phase,
particularly the hydrogen-abstraction-carbon-
addition (HACA) reaction mechanism, which
is expected to occur in hot (>1000 K) circum-
stellar environments around carbon-rich as-
ymptotic giant branch (AGB) stars and on
Earth by combustion (Fig. 1A) (6). Carbon-
rich dust grains and IOM could potentially be
formed through similar processes. However,
the reaction rates of these high-temperature
mechanisms are too slow to account for the
amount of PAHs present within the ISM and
there is no complete model of the synthesis of
PAHs within the outflows of AGB stars (6, 7).

PAH:s could also be formed through the break-
down of carbon-rich dust grains by shock waves,
cosmic rays, or ultraviolet photolysis (8). How-
ever, these same processes destroy PAHs (Fig.
1B). This destruction occurs on time scales (9, 10)
that are shorter than those expected for pro-
duction of PAHs in circumstellar envelopes of
AGB stars (11, 12).

A third location where PAHs could form is
in cold (~10 K) molecular clouds within the
ISM, through either ion-molecule reactions
(13), or rapid barrierless reactions involving
radicals (Fig. 1C) (7). Laboratory experiments
have characterized these chemical mechanisms
but it is difficult to directly observe specific PAH
molecules within interstellar molecular clouds
using spectroscopic methods. The only species
that have been identified within molecular clouds
are nitriles derived from PAHSs: benzo-nitrile
(14) and cyanonaphthalenes (15). Therefore, it is
unlikely that circumstellar synthesis dominates
the formation of extraterrestrial PAHs, but there
is little evidence for interstellar formation either.
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Later secondary processing reactions within
a parent body—the asteroid or other Solar
System object that meteorites originate from—
could also synthesize PAHs or alter their com-
position. These reactions are often related to
aqueous alteration, the modification of solid
material by reactions with liquid water, which
is known to have occurred on parent bodies.
Potential secondary reactions include Fischer-
Trospch-type (FTT) synthesis of alkanes from
carbon monoxide (CO) (16) followed by aro-
matization; exchange with dissolved inorganic
carbon (DIC) (17) or aqueous H,; or the break-
down of IOM into smaller organic molecules
by catagenesis (I8), which thermally cracks
large organic molecules (on Earth this forms
oil and gas deposits).

Soluble PAHs have been studied in samples
of carbonaceous chondrite (CC) meteorites but
as a result of the terrestrial exposure of mete-
orite samples, it is possible that endogenous
PAHs in meteorites could be contaminated
with PAHs formed on Earth. Samples of the
near-Earth carbonaceous asteroid (162173)
Ryugu were collected by the Hayabusa2 space-
craft under controlled conditions, and so un-
derwent fewer opportunities for terrestrial
contamination. We studied the isotopic prop-
erties of PAHs in the CC meteorite Murchison
and a sample of Ryugu to investigate PAH for-
mation processes.

Principles of isotope analysis

The rare-isotope distributions of organic mol-
ecules can be used to constrain the source, sub-
strate, and chemical mechanisms responsible
for their formation (19, 20). The molecular-

average >C/™C and D/H ratios of organic mol-
ecules are conventionally reported as §”Cyppg
and dDysyow, respectively, where 6 notation is
defined in equation S7, and VPDB and VSMOW
are standard reference scales (21). Measured
isotope ratios of extraterrestrial organics are
often outside the ranges of ratios measured in
terrestrial organics. Some extraterrestrial or-
ganic molecules such as amino acids (22) are
enriched in *C and have been interpreted as
products of precursor molecules that were
themselves derived from a reservoir of CO in
the ISM that was enriched in *3C (23, 24). By
contrast, interstellar PAHs exhibit only small
13C enrichments, consistent with formation in
a range of extraterrestrial environments. Het-
erogeneities in the carbon isotope composi-
tions of interstellar, circumstellar, and parent
body carbon reservoirs prevent unique inter-
pretation of such data (Fig. 1).

Multiple substitutions of heavy isotopes with-
in molecules (hereafter referred to as clumping)
reflect temperature-dependent chemical re-
actions and physical processes (19) thus pro-
viding additional information on a given
molecule’s source and formation/degrada-
tion history. For any given molecular-average
5" Cyppy value of PAHS, a smaller proportion of
each molecule is doubly—BC substituted (denoted
2x"3C). We report the ratio 2x*C/C of clumped
3C isotopologues to the unsubstituted isoto-
pologues as well as the differences—A2x*>C—
between the measured 2x*C/C ratios and the
expected stochastic 2x'>C/"C ratios. Expected
2x'3C/™C ratios are calculated based on the ran-
dom probability of a double-"*C-substitution
given its molecular-average *>C abundance (21).

A formation process that leads to a higher (lower)
number of heavy isotope substitutions than
the stochastic expectation leads to a positive
(negative) A2x'2C value.

Variations in 2xC clumping can be
temperature-dependent because heavy iso-
topic substitution lowers the molecular vi-
brational energy (fig. S4) of the C-C bond and
therefore stabilizes it. Isotopic clumping is
therefore more energetically favored at lower
temperatures. We used acetylene as a model
compound to predict 2x*3C clumping at dif-
ferent temperatures, because it is thought to
be a precursor to the formation of interstel-
lar aromatic reduced carbon (25) including
PAHs (26, 27) (Fig. 1A). The equilibrium ex-
change reaction between single and double-
13C substitution in acetylene is:

2xBBC2CH, = ¥CyH, + 2CoHy, (1)

The products on the right-hand side of Eq. 1
are favored at all temperatures (Fig. 2) (21). We
therefore predict that PAHs formed in the cold
ISM have A2x"?C values substantially different
from zero (positive if formed by reversible re-
actions; Figs. 1C and 2). By contrast, we expect
PAHs formed in hot circumstellar envelopes
or in the parent body to have A2x'3C close to
zero (Figs. 1A and 2).

Isotopic measurements of PAH samples

The Hayabusa2 spacecraft collected 5.4 g of ma-
terial from two locations on Ryugu (28). Previ-
ous analysis of Ryugu samples has demonstrated
that Ryugu is compositionally similar to Ivuna-
type carbonaceous (CI) meteorites (29). Soluble

|
Table 1. PAH abundance and isotope ratio measurements. 5"Cyppg, 8Dysyow. 2x1°C/%2C ratios, and A2x13C values of PAHs extracted from Ryugu samples
A0106 and C0107, the Murchison (Murch) meteorite, and terrestrial standards. §"°Cypps, 3Dysmow, and A2x13C values are reported in units of %o. The number
of replicate analyses, n, is included in parentheses (21). o is the standard error propagated in quadrature (21). All uncertainties on the abundances of PAHs in Ryugu

samples are 25% (21).

Abundances
of PAHs 3Cypps = & 3Dysmow = & 2x3¢/2C o A2x5C + &
Compound in Ryugu (n) (n) (n) ()
samples/ppm
Ryugu Ryugu Terrestrial Ryugu Ryugu Murch Terrestrial Ryugu Terrestrial Ryugu  Murch Ryugu Murch
A0106 CO0107 standard A0106 CO0107 standard C0107  standard C0107 C0107
Naphthalene 020 0.06 238+ 275+ -203+ -67.3 £ -72+ 00048+ 0.0050 + 35+
05(@2) 246(12) 49(@3) 0.4 (3) 36.0 (4) 0.0060 (7) 0.0107 (7) 20 (7)
Phenanthrene 0.33 0.04 244+ -149+ -126+ 1150+ -4589+ 0.0095+ 0.0097 + -4 £
0.6 (2) 6.9(2) 42(@3) 11(3) 31.0 (4) 0.0046 (7) 0.0066 (7) 10 (7)
Anthracene 0.15 0.04 241+ -105+ -16.7+ -984+ 5813+ 0009+ 0.0097 + 3+
05(2) 05() 45(3) 0.7 (6) 412 (4) 0.0043 (7) 0.0088 (7) 10 (7)
Fluoranthene 133 0.30 242+ 271+ -171+ -99+ -1020+ -1370+ 00122+ 00125+ 00133+ 9+ 51+13
0.4 (2) 9812 25(3) 10(3) 1.1 (6) 189 (4) 0.0025 (7) 0.0050 (7) 0.008 (3) 5 (7)
Pyrene 6.19 113 252+ 296+ -236+ -113+ 668+ 680+ 00122+ 00124+ 00126+ 11+ 113
0.5 (2) 132 213 113 1.0 (6) 153 (4) 0.0023 (7) 0.0039 (7) 0.009 (7) 4 (7)
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Fig. 1. Potential pathways for extraterrestrial PAH formation. The central inset shows the molecular
structures of the five PAHs we investigated. The surrounding panels schematically illustrate potential
formation pathways for those PAHs. In (A), (C), and (D), grayscale color bars show §Cyeos, 8Dyswow.
and A2x*3C values measured or predicted in extraterrestrial materials. White is isotopically depleted and
black is isotopically enriched. Dots and arrows indicate values and ranges, respectively, of the source carbon
and hydrogen. A2x13C values are estimated predictions (21) based on model results (Fig. 2), see text.

(A) PAH formation in hot (31000 K, red) circumstellar environments by molecular mass growth reactions (6, 11).
8'3Cypos values in AGB stars are expected to range from O to hundreds of per-mille depending on the stellar
evolution (35, 36). 8Dysmow Vvalues are expected to be low or zero as a result of the fusion of D in stars (35, 36).
texpuision iS the time scale for PAH expulsion from stellar envelopes. (B) Shock waves and ultraviolet radiation
form PAHs by breaking down carbon-rich dust but also destroy them. ty eakdown iS the time scale for PAH
breakdown in the ISM. (C) PAH formation in cold (10 K, blue) interstellar environments through barrierless
reactions (6, 12). Reduced carbon in molecular clouds is depleted in °C compared with interstellar CO (47),
whereas interstellar hydrogen is typically D-enriched (33). (D) PAH formation or modification on a parent
body at moderate temperatures (100s of K, orange). Isotopic exchange can occur with carbon reservoirs
such as CO and DIC, and hydrogen reservoirs such as H,. Murchison carbonate has §*>Cyppg values of +20 to
+80%o (48) whereas the water in parent bodies of CC meteorites has been found to be D-depleted (40, 42).

organic molecules previously have been ex-
tracted (22, 30) from Ryugu samples A0106
and C0107, which are aggregates of sub-
millimeter grains collected from the first and
second touchdown sites, respectively (22, 28).
Endogenous, complex soluble aromatic organ-
ics have been identified among the compounds
extracted from these samples using the solvent
dichloromethane (DCM) (30). The molecules
identified included several PAHs: the 2-ring
naphthalene, 3-ring isomers phenanthrene and
anthracene, and 4-ring isomers fluoranthene
and pyrene. The total PAH abundances in the
Ryugu samples (8.6 to 32.4 nmol g'; Table 1
and fig. S2) were too low for isotopic analysis

Zeichner et al., Science 382, 1411-1416 (2023)

using gas-source isotope ratio mass spectrom-
etry (22, 30).

We analyzed PAHs within the same DCM ex-
tracts of Ryugu as those previous studies (22, 30)
using gas chromatography coupled with Orbi-
trap mass spectrometry (GC-Orbitrap) (31). We
measured the 8Cyppg values of the five PAHs
previously identified in Hayabusa2 sample
A0106 and the 8™Cyppg, SDvsmow and A2x*3C
values of the same five PAHs from C0107 (21).
We compared these measurements with those
of fluoranthene and pyrene extracted from the
CC meteorite Murchison (21, 31). We also mea-
sured 8Cyppp and A2x'2C values of com-
busted plant biomass as a high-temperature

22 December 2023
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Fig. 2. Predicted A2x*3C values from our model.
The black curve shows our theoretical calculations
of the A2x"3C values expected for acetylene at
different temperatures (21). Labels below the plot
indicate the relevant environments at each temper-
ature and use the same colors as Fig. 1.

comparison (21). As a control sample, we used
a serpentine blank processed in parallel with
the Ryugu samples and within this blank we
detected no PAHs above the instrumental back-
ground (table S1). Measured isotope values are
listed in Table 1 and plotted in Fig. 3.

We found elevated A2x*C values of 9 to 51%o
for naphthalene, fluoranthene, and pyrene from
Ryugu and fluoranthene from Murchison, which
significantly exceed the expected stochastic val-
ues (all P-values < 0.005) (21). The 8> Cyppg values
are the same (within analytical uncertainties)
for PAHs with even and odd numbers of rings
in Ryugu and for fluoranthene and pyrene in
Murchison. 8Dysyow values for naphthalene,
fluoranthene, and pyrene from Ryugu are 320
to 570%o higher than Ryugu’s phenanthrene
and anthracene (Table 1).

Cold PAH formation processes

The A2x™C values we measured for naphtha-
lene, fluoranthene, and pyrene from Ryugu and
fluoranthene from Murchison are larger than
previously measured A2x"C values of ethane
formed by processes at Earth-surface condi-
tions (~1%o) (32). These large positive anom-
alies are consistent with the hypothesis that
some (or all) of these PAHs were synthesized
within cold (<50 K) environments (Figs. 1C
and 3, A and C) by means of a process that
preferentially forms *C-*C bonds. The clumped-
3C composition of all PAHs we measured is
independent of molecular-average 5"°Cyppg val-
ues, which span a narrow range. This is con-
sistent with the low-temperature process that
formed these PAHs having a high yield, such
that the overall **C abundances of product PAHs
approached those of the reactants. We expect
PAHSs formed within molecular clouds to have
higher 6Dysmow values than those of PAHs
formed within other environments (Fig. 1C) (33)
for the same chemical physics reasons that cause
interstellar CO or acetylene to be enriched in
3C or ¥C-clumping, respectively.

The highest A2x'2C value we measure, 51 +
13%0 for Murchison fluoranthene, is close to
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the acetylene equilibrium value at ~10 K, which
we interpret as evidence that most of the flu-
oranthene in Murchison was synthesized in
the ISM (34). We suggest that low-temperature
reactions were responsible for both the initial
formation of C-C bonds and the subsequent
assembly of high-molecular-weight aromatic
compounds from smaller molecules, because
otherwise the assembly of larger structures
would dilute the initial clumping. The A2xC
value of 4-ring fluoranthene from Murchison
is higher than those of the 2- and 4-ring PAHs
from Ryugu, which have positive but lower
A2x'3C values. We suggest three scenarios for
Ryugu’s 2- and 4-ring PAHs: (i) They could
have formed at higher (but still low) temper-
atures than Murchison’s fluoranthene, 20 to
50 K; (ii) they might be mixtures from two or
more sources, with 20 to 50% formed in cold
interstellar environments and the remainder
formed (or reprocessed) at higher temperatures
in other environments; (iii) they could have
formed from 2- or 3-carbon precursors with
large positive A2x'2C values produced at low
ISM temperatures, which were subsequent-
ly converted into larger aromatic molecules
through reactions that diluted the initial
A2x™C signature.

Hot PAH formation processes

Three of the extraterrestrial PAHs we exam-
ined have A2x'C values that are consistent
with calculated stochastic values (P-values >
0.15) (2I): the 3-ring PAHs phenanthrene and
anthracene from Ryugu and 4-ring PAH pyrene
from Murchison. We do not expect synthesis of
PAHs at high temperatures to produce A2x™C
values that can be distinguished from zero using
our methods (21). We also measured no statis-
tically significant (P-values > 0.04) deviations
from the stochastic distributions of doubly-
3C-substituted species in the PAHs from com-
busted plant biomass (Fig. 3, B and C, and
table S3) (21).

High-temperature processes that could have
formed the 3-ring PAHs from Ryugu and
pyrene from Murchison include: (i) conden-
sation in the outflows of carbon-rich AGB stars
through bottom-up synthesis, such as the HACA
mechanism, or (ii) top-down catagenetic break-
down of larger carbonaceous dust grains. We ex-
pect that the formation of aromatic compounds
by high-temperature processes in circumstel-
lar environments would produce PAHs with
high §"“Cyppg (35) and low 8Dysmow values,
due to the nuclear fusion of deuterium low-
ering its abundance, and the subsequent con-
vective mixing of D-poor ashes from the core
of the star to the outer layers (Fig. 1A) (36).
This interpretation is consistent with our mea-
surements of Ryugu phenanthrene and an-
thracene. A previous computational study of
HACA formation of PAHs predicted an ex-
cess of the 3-ring PAHs phenanthrene and

Zeichner et al., Science 382, 1411-1416 (2023)

anthracene (compared with other PAHs with
different numbers of rings) (37). Thus, PAHs
formed by HACA could dominate the 3-ring
species in Ryugu while making a small contri-
bution to other PAH species.

Contributions from parent body processes

PAHs in Ryugu or Murchison samples that have
A2x¥C values close to zero alternatively could
have been formed or altered by secondary pro-
cesses (Fig. 1D). Previous experiments that
performed pyrolysis (reactions that simulate
catagenesis), on meteoritic IOM formed the
same 2-, 3-, and 4-ring PAHs that we found in
A0106 and C0107, at temperatures experi-
enced by Ryugu’s parent body (<200°C) (38).
FTT synthesis is a less likely explanation for
these samples because FTT products such as
alkanes are unlikely to undergo aromatiza-

We expect PAHs that formed on the parent
body or experienced secondary processing to
have low 6Dysyiow values (Fig. 1D). A previous
experiment demonstrated that organic mole-
cules formed under hydrothermal conditions
from CO have 3Dysvow values of —450 to
—580%o0 (40), which is consistent with the
values we measured for phenanthrene and
anthracene from Ryugu (Fig. 3B). Hydrogen
atoms in PAHs that were formed by primary
interstellar processes could exchange isotopes
and equilibrate with the parent body water (41).
Ryugu is known to have experienced aque-
ous alteration (29). Some CC meteorites are
known to contain water depleted in D [includ-
ing Murchison, which has 8Dygyow ~—440%0
(42)], but the dDyspow value of Ryugu parent
body water is unknown. Carbon-rich grains in
Ryugu samples have heterogeneous &Dysyow
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Fig. 3. 13C clumping measured from PAHs in the Ryugu samples. 2x*C/*C ratios are plotted as a
function of 8"Cyppg for: (A) the 2-ring PAH naphthalene (black square); (B) 3-ring PAHs phenanthrene (black
cross) and anthracene (black circle); and (C) 4-ring PAHs fluoranthene (black triangle) and pyrene (black
open crossed square). Black symbols were measured from Ryugu sample C0107; terrestrial standards
(Std) are shown with unfilled gray symbols. (C) includes measured values for Murchison (Murch) meteorite
(purple symbols). Panels B and C include residues of combusted plants (green symbols) (21, 49). Predicted
stochastic distributions are plotted as dotted gray lines (21). Departures from stochasticity (A2x*C+c
values) are indicated with labeled blue arrows (2I). All error bars are 1o and numerical values are listed in
Table 1 and table S3. (D) §Cypps, 8Dvswow, and A2x13C values measured for all five PAHs (see legend) in
the Ryugu samples. Blue and orange ovals indicate PAHs that we interpret as formed by interstellar and

circumstellar/parent body processes, respectively.
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+10,000%0 (40), indicating that parent body
processes did not fully equilibrate hydrogen
isotopic distributions in the Ryugu samples.
Formation of PAHs by means of synthesis in
the parent body could explain the differences
between the A2x™°C values of fluoranthene and
pyrene from Murchison. Murchison is known
to have experienced aqueous alteration, which
is variable even among different chips of the
same specimen (43). Our measurements show
that fluoranthene—which is the metastable
isomer of the two four-ring PAHs that we
studied (44)—has A2x"3C of 51 + 13%o, which
is consistent with preferential >C-clumping at
cold interstellar temperatures. Pyrene—the
more stable isomer (44)—has A2x'3C values
close to the stochastic distribution. Formation
of PAHs under parent body conditions would
be closer to thermodynamic equilibrium, favor-
ing production of more stable isomers (pyrene
is preferred to fluoranthene) (45). After mixing
with preexisting PAHs formed through other
pathways, the additional stable PAHs would
dilute and potentially erase any preexisting
interstellar isotopic fingerprints, such as *>C
clumping (see Supplementary Text).

Conclusions

We suggest that the diversity in 8" Cyppg,
8Dvsmow, and A2x**C values measured in PAHs
from Ryugu and Murchison is consistent with
PAHs being formed in at least two different
settings (21, 46). Most of the 2- and 4-ring PAHs
were synthesized in cold interstellar environ-
ments whereas the other PAHs we measured
(including the 3-ring PAHs) were formed by
synthesis or reprocessing within high- to
moderate-temperature settings, such as cir-
cumstellar environments or the parent body.
The non-zero **C clumping was measured in
multiple PAHs from two samples that have
different histories of alteration, collection, and
(potentially) formation. By extrapolation, we
infer that a large fraction of extraterrestrial
PAHs were formed by interstellar processes.

REFERENCES AND NOTES

1. A G.G. M. Tielens, Rev. Mod. Phys. 85, 1021-1081 (2013).

2. L. J. Allamandola, S. A. Sandford, B. Wopenka, Science 237,

56-59 (1987).

J. D. T. Smith et al., Astrophys. J. 656, 770-791 (2007).

B. T. Draine, Astrophys. J. 831, 109 (2016).

5. A.G. G. M. Tielens, Annu. Rev. Astron. Astrophys. 46, 289-337
(2008).

6. R. | Kaiser, N. Hansen, J. Phys. Chem. A 125, 3826-3840
(2021).

7. R. 1. Kaiser, D. S. N. Parker, A. M. Mebel, Annu. Rev. Phys. Chem.
66, 43-67 (2015).

~w

Zeichner et al., Science 382, 1411-1416 (2023)

8. J. E. Chiar, A. G. G. M. Tielens, A. J. Adamson, A. Ricca,
Astrophys. J. 770, 78 (2013).

9. E.R. Micelotta, A. P. Jones, A. G. G. M. Tielens, Astron.
Astrophys. 510, A36 (2010).

10. E. R. Micelotta, A. P. Jones, A. G. G. M. Tielens, Astron.
Astrophys. 510, A37 (2010).

11. M. Frenklach, E. D. Feigelson, Astrophys. J. 341, 372-384
(1989).

12. S. Doddipatla et al., Sci. Adv. 7, eabd4044 (2021).

13. 0. Martinez Jr. et al., Astrophys. J. 686, 1486-1492 (2008).

14. B. A. McGuire et al., Science 359, 202-205 (2018).

15. B. A. McGuire et al., Science 371, 1265-1269 (2021).

16. M. Zolotov, E. Shock, J. Geophys. Res. 104 (E6), 14033-14049
(1999).

17. H. V. Graham, J. E. Elsila, J. P. Dworkin, S. A. Sandford,
J. C. Aponte, Life 12, 1368 (2022).

18. K. Pehr et al., Astrobiology 21, 1049-1075 (2021).

19. J. M. Eiler, Annu. Rev. Earth Planet. Sci. 41, 411-441 (2013).

20. J. Bigeleisen, M. Wolfsberg, Adv. Chem. Phys. 1, 15-76 (1957).

21. Materials and methods are available as supplementary
materials.

22. H. Naraoka et al., Science 379, eabn9033 (2023).

23. D. P. Glavin et al., in Primitive Meteorites and Asteroids,
N. Abreu, Ed. (Elsevier, 2018), pp. 205-271.

24. J. E. Elsila, S. B. Charnley, A. S. Burton, D. P. Glavin,
J. P. Dworkin, Meteorit. Planet. Sci. 47, 1517-1536 (2012).

25. F. Lahuis, E. F. Van Dishoeck, Astron. Astrophys. 355, 699-712
(2000).

26. M. J. Abplanalp, R. |. Kaiser, Astrophys. J. 889, 3

(2020).

A. M. Mebel, A. Landera, R. . Kaiser, J. Phys. Chem. A 121,

901-926 (2017).

28. S. Tachibana et al., Science 375, 1011-1016 (2022).

29. T. Yokoyama et al., Science 379, eabn7850 (2023).

30. J. C. Aponte et al., Earth Planets Space 75, 28 (2023).

31. S. S. Zeichner et al., Int. J. Mass Spectrom. 477, 116848

(2022).

M. Clog et al., Geochim. Cosmochim. Acta 223, 229-244

(2018).

33. S. A. Sandford, Planet. Space Sci. 50, 1145-1154 (2002).

34. K. |. Oberg, Chem. Rev. 116, 9631-9663 (2016).

35. C. Abia et al., Publ. Astron. Soc. Aust. 20, 314-323

(2013).

M. Busso, R. Gallino, G. J. Wasserburg, Annu. Rev. Astron.

Astrophys. 37, 239-309 (1999).

V. V. Kislov, A. |. Sadovnikov, A. M. Mebel, J. Phys. Chem. A 117,

4794-4816 (2013).

. V. Vinogradoff et al., Geochim. Cosmochim. Acta 212, 234-252

(2017).

39. H. Yabuta et al., Science 379, eabn9057 (2023).

40. T. M. McCollom, B. S. Lollar, G. Lacrampe-Couloume, J. S. Seewald,

Geochim. Cosmochim. Acta 74, 2717-2740 (2010).

R. Alexander, R. I. Kagi, A. V. Larcher, Geochim. Cosmochim.

Acta 46, 219-222 (1982).

42. C. M. 0. D. Alexander et al., Science 337, 721-723 (2012).

43. C. M. 0. D. Alexander, R. Bowden, M. L. Fogel, K. T. Howard,
Meteorit. Planet. Sci. 50, 810-833 (2015).

44. W.-K. Wong, E. F. Westrum Jr., J. Chem. Thermodyn. 3,

105-124 (1971).

N. Thiagarajan et al., Proc. Natl. Acad. Sci. U.S.A. 117,

3989-3995 (2020).

46. M. A. Sephton et al., Astrobiology 15, 779-786 (2015).

47. M. A. Cordiner, M. Y. Palmer, S. B. Charnley, L. Paganini,
G. Villanueva, Astrophys. J. Lett. 870, L26 (2019).

48. M. A. Sephton, Nat. Prod. Rep. 19, 292-311 (2002).

49. A. T. Karp, A. |. Holman, P. Hopper, K. Grice, K. H. Freeman,

Geochim. Cosmochim. Acta 289, 93-113 (2020).

S. Zeichner, szeichner/RyuguPAHs: Ryugu PAHs v1.0.7, v1.0.7,

Zenodo (2022).

2

~

3

]

3

o

3

~

3

[es]

41

=

45

(&

5

o

ACKNOWLEDGMENTS

We thank G. Blake, K. Oberg, L. Nittler, and L. Remusat for
enlightening discussions. N. Kitchen, A. Sessions, and F. Wu

22 December 2023

provided invaluable experimental insights. T. Csernica, E. Mueller,
G. Weiss, P. Martin, M. Lloyd, A. Hilkert, K. Ayzikov, and

C. Neubauer contributed to the development of the data analysis
software. We thank the project members of the Extraterrestrial
Samples Curation Center (ESCuC) and the Astromaterials
Science Research Group (ASRG) at Institute of Space and
Astronautical Science (ISAS) for the sample processes. This
project was supported by the Centre National d'Etudes Spatiales
focus on Hayabusa2. The Jet Propulsion Laboratory is operated by
the California Institute of Technology under contract with the
National Aeronautics and Space Administration (8ONMOO18D0004).
Funding: S.S.Z. was funded by the NSF Graduate Research
Fellowship. S.S.Z., AEH., and J.M.E. were funded by the NASA
Emerging Worlds Grant (18-EW18_2-0084). S.S.Z., S.B., and JM.E.
were funded by the Simons Foundation Collaboration on the
Origins of Life. J.M.E. was funded by the US Department of Energy
BES Grant (DE-SC0016561). J.C.A., J.P.D., D.P.G., ET.P., and J.EE.
were funded by the NASA Consortium for Hayabusa2 Analysis

of Organic Solubles. H.N. and Y.Ta. were funded by the Japan
Society for the Promotion of Science (grants 21KK0062 to Y.Ta;
20H00202, JP20H00202, and JP20H05846 to H.Nar.). K.G. was
funded by the Australian Research Council through a Discovery
Outstanding Research Award (DP130100577) and ARC Laureate
fellowship (FL210100103). Author contributions: Conceptualization:
S.S.Z., JCA., JME, HN., Y.T, and J.P.D. Methodology: S.S.Z.,
AEH., GD., and JM.E. Investigation: S.S.Z., JM.E, S.B., AEH,
G.D., JCA, JPD, DPG., JEE, HV.G, HN, Y.Tac., S.Tac.,
ATK., AlH., KG., KHF., HYu, T.Na, T.No., R.O., HYa,

K.Sak., T.Yad., M.N.,, AN, AM, K.Y, MA, T.O, T.U, MY, TS.,
SatoshiT., F.T., SN., SW., Y.Ts., KH., K.Fuk., D.Ao., MH.,

HM., Y.C., N.O., N.0.O, S.S,, ETP., HLM. F.-R.0.-D., V.V,

R.T., CW., PSK, AR, TK, JI, NH, Y.0., T.Yoshimura, D.Ara.,
HS., AF, KSas., H.Sa, Y.F., JA, KK, SMN., T.Yoshikawa,
SatoruT., MM., M.O., FK., KFuj., T.Yam., and Y.K. Visualization:
S.S.Z. and S.B. Data analysis: S.S.Z., AEH., GD., SB., and JM.E.
Modeling: S.S.Z., S.B., and JME. Funding acquisition: S.S.Z, AEH.,
JME., and JP.D. Project administration: S.S5.Z, JM.E, JCA, JPD.,
S.Tac., HN., and Y.T. Supervision: J.M.E. and J.P.D. Writing - original
draft: S.S.Z., S.B., and J.M.E. Writing - review and editing: All
authors Competing interests: The authors declare no competing
interests. Data and materials availability: Summary processed
isotope measurements are listed in Tables 1 and S3-S4. Raw
experimental data are archived at Zenodo (50) in a form that
complies with ISAS data policies (www.isas.jaxa.jp/en/
researchers/data-policy/). Additional raw data and properties of
the asteroid Ryugu are available in the Hayabusa?2 Science Data
Archives (DARTS, https://www.darts.isas.jaxa.jp/planet/project/
hayabusa2/). Samples of the Ryugu asteroid were allocated by the
JAXA Astromaterials Science Research Group; the sample catalog
is available at https://darts.isas.jaxa.jp/curation/hayabusa2/ and
distribution for analysis is through Announcements of Opportunity
available at https://jaxa-ryugu-sample-ao.net. Samples of the
Murchison meteorite were obtained from Clifford Matthew at the
Field Museum in Chicago, IL (31). The solvent extracted organic
fractions of Ryugu and Murchison were fully consumed during the
analyses in this study and in previous work (31), respectively.
The larger chip of Murchison from which the sample was taken
remains at the Field Museum. License information: Copyright ©
2023 the authors, some rights reserved; exclusive licensee
American Association for the Advancement of Science. No claim to
original US government works. https://www.sciencemag.org/
about/science-licenses-journal-article-reuse

SUPPLEMENTARY MATERIALS
science.org/doi/10.1126/science.adg6304
Materials and Methods

Supplementary Text

Figs. S1 to S4

Tables S1 to S5

References (51-86)

Submitted 11 January 2023; accepted 13 November 2023
10.1126/science.adg6304

50f5

G202 ‘0T UoReIAl UO %RUI01|G1 [1IUSZ - UBUOU Il WINAUSZ ZHOULW PH Te B10'30Us 105 M/ SAiY WOAH papeo Jumod


http://www.isas.jaxa.jp/en/researchers/data-policy/
http://www.isas.jaxa.jp/en/researchers/data-policy/
https://www.darts.isas.jaxa.jp/planet/project/hayabusa2/
https://www.darts.isas.jaxa.jp/planet/project/hayabusa2/
https://darts.isas.jaxa.jp/curation/hayabusa2/
https://jaxa-ryugu-sample-ao.net
https://www.sciencemag.org/about/science-licenses-journal-article-reuse
https://www.sciencemag.org/about/science-licenses-journal-article-reuse
https://science.org/doi/10.1126/science.adg6304

