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INTRODUCTION: Organic compounds in aster-
oids and comets contain information about
the early history of the Solar System. They
could also have delivered organic material to
early Earth. The Hayabusa2 spacecraft visited
the carbonaceous asteroid Ryugu and collected
samples of its surface materials, which were
brought to Earth in December 2020.

RATIONALE: We investigated the macromole-
cular organicmatter in the Ryugu samples,mea-
suring its elemental, isotopic, and functional
group compositions along with its small-scale
structures andmorphologies. Analytical meth-
ods used included spectro-microscopies, electron
microscopy, and isotopic microscopy. We ex-
amined intact Ryugu grains and insoluble car-
bonaceous residues isolated by acid treatment
of the Ryugu samples.

RESULTS: Organic matter is abundant in the
Ryugu grains, distributed as submicrometer-
sized organic grains and as organic matter
dispersed inmatrix. TheRyugu organicmatter
consists of aromatic carbons, aliphatic carbons,
ketones, and carboxyls. The functional group

compositions are consistent with those of
insoluble organic matter (IOM) from prim-
itive carbonaceous CI (Ivuna-type) and CM
(Mighei-type) chondritic meteorites. Those
meteorites experienced aqueous alteration
(reactions with liquid water) on their parent
bodies, which implies that the Ryugu organ-
ic material was also modified by aqueous
alteration on the asteroid parent body.
The functional group distributions of the

Ryugu organic matter vary on submicrometer
scales in ways that relate to the morphologies:
nanoparticulate and/or nanoglobular regions
are aromatic-rich, whereas organic matter as-
sociated with Mg-rich phyllosilicate matrix
and carbonates is IOM-like or occurs as diffuse
carbon. The observedmacromolecular diversity
provides further evidence that the organics were
modified by aqueous alteration on Ryugu’s
parent body. The diffuse carbon is similar to
clay-bound organic matter that occurs in CI
chondrites and the ungrouped C2-type mete-
orite Tagish Lake. No graphite-like material
was found, which indicates that the Ryugu
organic matter was not subjected to heating
events on the parent body.

The bulk hydrogen and nitrogen isotopic
ratios of the Ryugu grains are between the
bulk values of CI chondrites and the IOM in CI
chondrites. Some carbonaceous grains showed
extreme deuterium (D) and/or nitrogen-15
(15N) enrichments or depletions. These indi-
cate an origin in the interstellar medium or
presolar nebula. The bulk hydrogen isotopic
ratios of insoluble carbonaceous residues from
the Ryugu samples are lower than those in CI
and CM chondrites. The range of D enrich-
ments are consistent with the ranges of CI,
CM, and Tagish Lake chondrites. The nitrogen
isotopic ratios of the IOM fromRyugu samples
were close to those in CI chondrites.

CONCLUSION: The organic matter in Ryugu
probably consists of primordial materials that
formed during (or before) the early stages of
the Solar System’s formation, which were later
modified by heterogeneous aqueous alteration
on Ryugu’s parent body asteroid. Although the
surface of Ryugu is exposed to solar wind, im-
pacts, and heating by sunlight, the macromo-
lecular organics in the surface grains of Ryugu
are similar in their chemical, isotopic, and
morphological compositions to those seen in
primitive carbonaceous chondrites. The prop-
erties of Ryugu’s organic matter could explain
the low albedo of the asteroid’s surface.▪
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Interstellar 
molecular cloud

Outer region of 
protoplanetary disk

Parent body of the 
asteroid Ryugu

The returned Ryugu 
samplesRyugu

   Surface grains

• No record of high-temperature 
impact heating and long-term 
space weathering

   Heterogeneous aqueous alteration

• Increase of diffuse organic matter associated 
with phyllosilicates and carbonate

• Increase of aromatic and O-bearing functional 
groups in organic nanoglobules

• Modification of isotopic compositions

   Extremely low temperature

• D and 15N enrichments or depletions from 
different precursors

• Formation of highly aromatic nanoglobules

• Intrinsic N abundance

Chemical evolution of macromolecular organic matter in samples of asteroid Ryugu. Organic matter formed in the interstellar medium or in the outer region of the
protoplanetary disk that formed the Solar System. It was then incorporated into a planetesimal—Ryugu’s parent body—where it experienced varying degrees of
reactions with liquid water. An impact ejected material from the parent body, which reassembled to form Ryugu. Samples were brought to Earth by Hayabusa2. C
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Samples of the carbonaceous asteroid (162173) Ryugu were collected and brought to Earth by the
Hayabusa2 spacecraft. We investigated the macromolecular organic matter in Ryugu samples and found
that it contains aromatic and aliphatic carbon, ketone, and carboxyl functional groups. The spectroscopic
features of the organic matter are consistent with those in chemically primitive carbonaceous chondrite
meteorites that experienced parent-body aqueous alteration (reactions with liquid water). The
morphology of the organic carbon includes nanoglobules and diffuse carbon associated with
phyllosilicate and carbonate minerals. Deuterium and/or nitrogen-15 enrichments indicate that the
organic matter formed in a cold molecular cloud or the presolar nebula. The diversity of the organic
matter indicates variable levels of aqueous alteration on Ryugu’s parent body.

O
rganic compounds in asteroids and
comets were produced and modified
within the presolar molecular cloud,
the protoplanetary disk, during the for-
mation of planetesimals in the early

Solar System and their subsequent evolution.
Delivery of extraterrestrial organic compounds
might have contributed to the habitability of
terrestrial planets, including Earth. Analysis
of pristine samples collected from primitive
small bodies (asteroids and comets) could pro-
vide information on how organic compounds
were formed andmodified in space andwhich
organic compounds were supplied to early
Earth. Macromolecular organicmatter, a dark,
complex acid-insoluble organic matter (IOM),
accounts for most carbon in primitive carbo-
naceous chondrite meteorites.

The Hayabusa2 asteroid sample return mis-
sion visited the carbonaceous (C-type) asteroid
(162173) Ryugu. The mission goals included
investigating the origin and evolution of organ-
ic compounds in the early Solar System (1).
Remote sensing and lander observations showed
that Ryugu is a dark, rubble-pile asteroid that
contains hydrated minerals on its surface
(2–4) and indicated a relationship between
C-type asteroids and carbonaceous chondrites
(3, 4). The average albedo of Ryugu is con-
sistent with the thermally metamorphosed
subgroups of the CI1 and CM2 meteorites
(3, 4). CI1 meteorites are Ivuna-type carbona-
ceous chondrites of petrologic type 1 (exten-
sively altered by aqueous fluids on the parent
asteroid), and CM2meteorites areMighei-type
carbonaceous chondrites of petrologic type 2

(moderately aqueously altered). Spectral and
thermal inertia variations indicated that Ryugu
consists of boulders that experienced different
degrees of thermal and space weathering pro-
cesses (5–7), derived from amuch larger parent
body and potentially additional materials from
different asteroids (8).
The Hayabusa2 spacecraft collected the

surface material from two touchdown sites
on Ryugu and returned them to Earth on
6 December 2020. The Ryugu samples exhibit
near-infrared absorption features as a result of
OH and carbonate and/or organic C-H bonds,
at 2.7 and 3.4 mm respectively (9, 10), which
indicates that the Ryugu samples are similar
to CI carbonaceous chondrites (9).
We sought to determine the distributions

and chemical characteristics of macromolecu-
lar organic matter in the Ryugu samples. We
therefore measured the elemental, isotopic,
and functional group compositions, structures,
and textures of organic macromolecules from
the Ryugu samples. The analytical procedures
included micro–Fourier transform infrared
(FTIR) spectroscopy, micro-Raman spectros-
copy, synchrotron-based scanning transmis-
sion x-raymicroscopy (STXM), x-ray absorption
near-edge structure (XANES), scanning trans-
mission electron microscopy (STEM) coupled
with electron energy-loss spectroscopy (EELS)
and energy-dispersive x-ray spectroscopy (EDS),
atomic force microscope–based infrared (AFM-
IR) spectroscopy, and nanometer-scale second-
ary ion mass spectrometry (NanoSIMS) (11).
The analytical workflow (fig. S1) was designed
to optimize the use of these complementary
techniques.
The samples we used were selected aggre-

gates stored in collection chamber A (from the
first touchdown) and collection chamber C
(from the second touchdown) of the spacecraft
sample catcher (12) (table S1). We studied (i)
intact grains (taken from aggregates desig-
nated A0108 and C0109), ranging from 200
to 900 mm in size per particle, and (ii) insol-
uble carbonaceous residues (fig. S2) isolated
by acid treatment of Ryugu aggregates (des-
ignated A0106 and C0107). Each of these sam-
ples was split into several subsamples for
analysis with different techniques (table S1).

Structural properties of macromolecular
organic matter

To characterize the macromolecular structures
of organic matter in Ryugu, we applied micro-
Raman spectroscopy. Two peaks, identified
as the D-band (~1350 cm−1) and G-band
(~1580 cm−1) of polyaromatic molecular
structures (13), are present in the Raman spec-
tra of A0108 and C0109 (Fig. 1A and fig. S3A).
The spectral features are broad, indicating
lattice disorder in the organicmacromolecules,
and are superimposed on a fluorescence back-
ground. The numerical values of the derived
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spectral parameters of the D- and G-bands,
such as their full widths at half maximum
(FWHM-D and FWHM-G, respectively), peak
positions (wD and wG), and intensity ratio
(ID/IG), are similar for all grains examined
from the two aggregates (Fig. 1, B to D, and
fig. S3, B to D).
The macromolecular structures of organic

matter in meteorites reflect the thermal his-
tories of the meteorite parent bodies (13–16).
To evaluate the thermal history of Ryugu, we
compared the Raman parameters measured
from the Ryugu samples with those measured
from meteorites (Fig. 1, B to D, and fig. S3, B
to D). The closest matches to Ryugu are the
primitive CI1 and CM2 carbonaceous chon-
drites. The Ryugu samples are distinct from
carbonaceous chondrites of petrologic type 3
(thermally metamorphosed) (Fig. 1B) and from
the thermally metamorphosed subgroup of
CM2, such as the Jbilet Winselwan meteorite
(Fig. 1, C and D), and other ungrouped car-
bonaceous chondrites of petrologic type 2
(C2), such as the Wisconsin Range (WIS)
91600 and Pecora Escarpment (PCA) 02012
meteorites (Fig. 1, C and D). This indicates
that the Ryugu samples A0108 and C0109 did
not experience long-duration radiogenic ther-
mal metamorphism on their parent bodies,
as petrologic type 3 chondrites did (17), or
impact-induced, short-duration heating, as ex-
perienced by some petrologic type 2 chon-
drites (18).

Functional group compositions

We used micro-FTIR spectroscopy to charac-
terize the organicmolecules andminerals. The
FTIR spectra of the Ryugu grains show bands

due to organic aliphatic C-H stretching (3000
to 2800 cm−1, 3.33 to 3.57 mm), aromatic C=C
stretching (~1600 cm−1, ~6.25 mm), and car-
bonyl C=O stretching modes (~1700 cm−1,
~5.88 mm), as well as bands due to mineral
Si-O stretching (~1000 cm−1, ~10.00 mm),
structural OH stretching of phyllosilicates
(~3680 cm−1, ~2.72 mm), and the n3 stretching
mode of carbonates (~1435 cm−1, ~6.97 mm)
(Fig. 2A). The spectra also contain bands from
interlayer water, of varying intensities, con-
tributing at ~3300 cm−1 (~3.03 mm; stretching)
and 1640 cm−1 (6.10 mm; bending). Part of this
water is intrinsic to the Ryugu grains, and part
can be attributed to water adsorbed on the
grains under atmospheric conditions.
These absorption bands are commonly ob-

served in unheated, aqueously altered carbo-
naceous chondrites (19, 20), whereas organic
features are weaker in thermally metamor-
phosed CM chondrites, such as the Jbilet
Winselwan meteorite (Fig. 2A). The spectral
shape of the OH band in the Ryugu samples is
characteristic ofMg-rich phyllosilicates, which
have been observed in CI chondrites as sap-
onite and serpentine (21, 22). There were large
spectral heterogeneities among the Ryugu
grains, but there is no obvious difference in
the spectral variations observed between sam-
ples from chambers A and C. Compared with
CI chondrites, the sulfate S=O stretching band
(~1100 to 1200 cm−1, ~9.09 to 8.33 mm) is ab-
sent from the spectra of Ryugu samples. The
absence of sulfates is consistent with other
elemental and mineralogical measurements
of Ryugu samples (23, 24). Sulfate can be pro-
duced by oxidation of sulfides during terres-
trial weathering of the meteorites (25), so the

lack of sulfate indicates that the Ryugu sam-
ples are pristine (23).
The shapes of the FTIR spectra of the grains

are consistent with the reflectance spectra of
Ryugu’s surface acquired by the Hayabusa2
spacecraft (4). The OH band and aliphatic C-H
band features in our absorption spectra are
similar to reflectance spectra of other Ryugu
samples (9), but we find lower intensities of
aliphatic C-H peaks.
The FTIR spectra of insoluble carbonaceous

residues obtained from our Ryugu samples
show similar functional groups to those of the
intact Ryugu grains (Fig. 2B). The aliphatic
C-H stretching band (3000 to 2800 cm−1, 3.33
to 3.57 mm) from the carbonaceous residue
fromRyugu ismore intense than those of IOM
from meteorites (26, 27). The peak intensity
ratios of CH2 to CH3 (ICH2/ICH3) of the Ryugu
residues are 1.9, whereas those of IOMs in
Murchison and Ivuna meteorites are 1.2 and
1.3, respectively. Because ICH2/ICH3 ratios are
proportional to the molar ratios of CH2 to
CH3 (CH2/CH3), we infer the CH2/CH3 ratios
of the residue, which are higher than those
of meteoritic IOMs. This could indicate that
Ryugu’s organicmatter contains longer aliphatic
chains, or aliphatic chainswith a higher degree
of cross-linking. The Ryugu carbonaceous resi-
due also exhibits an absorption band of C=O
(~1670 cm−1, ~5.99 mm), which is not seen in
meteoritic IOMs. We assign this C=O band to
unsaturated ketones, aldehydes, or amides.

Chemical and morphological variations
Macromolecular diversity

We used synchrotron-based STXM, with spa-
tial resolution of 30 to 50 nm, to produce

Yabuta et al., Science 379, eabn9057 (2023) 24 February 2023 2 of 13

1Department of Earth and Planetary Systems Science, Hiroshima University, Hiroshima 739-8526, Japan. 2Earth and Planets Laboratory, Carnegie Institution for Science, Washington, DC 20015,
USA. 3Laboratoire de Physique des 2 Infinis Irène Joliot-Curie, Université Paris-Saclay, Centre National de la Recherche Scientifique, 91405 Orsay, France. 4Faculty of Engineering, Yokohama
National University, Yokohama 240-8501, Japan. 5Materials Science and Technology Division, US Naval Research Laboratory, Washington, DC 20375, USA. 6Institut de Planétologie et
d’Astrophysique, Université Grenoble Alpes, 38000 Grenoble, France. 7Institut de Mineralogie, Physique des Materiaux et Cosmochimie, Museum National d’Histoire Naturelle, Centre National de
la Recherche Scientifique, Sorbonne Université, 75231 Paris, France. 8Graduate School of Environmental Studies, Nagoya University, Nagoya 464-8601, Japan. 9Center for University-Wide
Education, Saitama Prefectural University, Saitama 343-8540, Japan. 10Department of Earth Sciences, Waseda University, Tokyo 169-8050, Japan. 11Department of Earth and Planetary Science,
The University of Tokyo, Tokyo 113-0033, Japan. 12Institut Chimie Physique, Université Paris-Saclay, Centre National de la Recherche Scientifique, 91405 Orsay, France. 13Institut des Sciences
Moléculaires d’Orsay, Université Paris-Saclay, Centre National de la Recherche Scientifique, 91405 Orsay, France. 14Institute of Materials Structure Science, High Energy Accelerator Research
Organization, Tsukuba 305-0801, Japan. 15Advanced Light Source, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA. 16NASA Ames Research Center, Moffett Field, CA 94035,
USA. 17Centro de Química Estrutural, Institute of Molecular Sciences and Department of Chemical Engineering, Instituto Superior Técnico, Universidade de Lisboa, Lisboa 1049-001, Portugal.
18Japan Synchrotron Radiation Research Institute, Hyogo 679-5198, Japan. 19Institute for Molecular Science, UVSOR Synchrotron Facility, Okazaki 444-8585, Japan. 20École normale supérieure
de Lyon, University Lyon 1, 69342 Lyon, France. 21Department of Earth Science, Tohoku University, Sendai 980-8578, Japan. 22Department of Earth and Planetary Sciences, Kyoto University,
Kyoto 606-8502, Japan. 23Department of Earth and Planetary Sciences, Hokkaido University, Sapporo 060-0810, Japan. 24Department of Earth and Planetary Sciences, Kyushu University,
Fukuoka 819-0395, Japan. 25Institute of Space and Astronautical Science, Japan Aerospace Exploration Agency (JAXA), Sagamihara 252-5210, Japan. 26Department of Geology, School of Earth
and Environment, Rowan University, Glassboro, NJ 08028, USA. 27Lunar and Planetary Laboratory, University of Arizona, Tucson, AZ 85721, USA. 28School of Physical Sciences, The Graduate
University for Advanced Studies, Hayama 240-0193, Japan. 29Department of Chemistry, The University of Tokyo, Tokyo 113-0033, Japan. 30Marine Works Japan Ltd., Yokosuka 237-0063, Japan.
31Planetary Exploration Research Center, Chiba Institute of Technology, Narashino 275-0016, Japan. 32Aizu Research Cluster for Space Science, University of Aizu, Aizu-Wakamatsu 965-8580,
Japan. 33Center of Data Science, Ehime University, Matsuyama 790-8577, Japan. 34Instituto de Astrofísica de Canarias, University of La Laguna, Tenerife E-38205, Spain. 35Department of
Physics, Rikkyo University, Tokyo 171-8501, Japan. 36Research of Interior Structure and Evolution of Solar System Bodies, National Astronomical Observatory of Japan, Mitaka 181-8588, Japan.
37Faculty of Science, Niigata University, Niigata 950-2181, Japan. 38JAXA Space Exploration Center, JAXA, Sagamihara 252-5210, Japan. 39Faculty of Engineering, Kindai University, Higashi-
Hiroshima 739-2116, Japan. 40Geological Survey of Japan, National Institute of Advanced Industrial Science and Technology, Tsukuba 305-8567, Japan. 41Department of Planetology, Kobe
University, Kobe 657-8501, Japan. 42Department of Physics and Astronomy, Seoul National University, Seoul 08826, Republic of Korea. 43Freie Universität Berlin, Institute of Geological Sciences,
Planetary Sciences and Remote Sensing, Berlin 12249, Germany. 44Institut d’Astrophysique Spatiale, Université Paris-Saclay, Centre National de la Recherche Scientifique, 91405 Orsay, France.
45Institute of Planetary Research, German Aerospace Center, Berlin 12489, Germany. 46Department of Computer Science, Electrical and Space Engineering, Luleå University of Technology, 98128
Kiruna, Sweden. 47Institut Universitaire de France, 75005 Paris, France. 48Microgravity User Support Centre, German Aerospace Center, Cologne 53147, Germany. 49Institute of Space Systems,
German Aerospace Center, Bremen 28359, Germany. 50Centre National d’Études Spatiales, 31401 Toulouse, France. 51Research and Development Directorate, JAXA, Sagamihara 252-5210, Japan.
52Department of Mechanical Engineering, Kanagawa Institute of Technology, Atsugi 243-0292, Japan.
*Corresponding author. Email: hyabuta@hiroshima-u.ac.jp
†Present address: International Institute for Sustainability with Knotted Chiral Meta Matter, Hiroshima University, Hiroshima 739-8526, Japan.
‡Present address: Buseck Center for Meteorite Studies, Arizona State University, Tempe, AZ 85827, USA.
§Present address: School of Earth and Space Exploration, Arizona State University, Tempe, AZ 85827, USA. ¶Deceased.

RESEARCH | ASTEROID SAMPLES
D

ow
nloaded from

 https://w
w

w
.science.org at A

rizona State U
niversity on A

pril 12, 2023

mailto:hyabuta@hiroshima-u.ac.jp


elemental x-ray maps and XANES spectra.
Carbon x-ray maps (Fig. 3, A and B) show dis-
crete grains of organic material with sizes of
~200 nm. X-ray absorption by carbon atoms
is also present in the phyllosilicate matrix at
low levels but nearly ubiquitously (Fig. 3B).
Carbon-XANES spectra of the discrete grains
show three major peaks, resulting from aro-

matic carbon (C=C, 285 eV), aromatic ketone
(C=C-C=O, 286.7 eV), and carboxyl (COOH,
288.5 eV) functional groups (Fig. 3E), which
have been observed in primitive extraterres-
trial carbonaceous matter, such as carbona-
ceous chondrites (28, 29) and their extracted
IOMs (30), interplanetary dust particles (IDPs)
(31), dust particles from Comet Wild 2 (32),

and Antarctic micrometeorites (AMMs) (33).
Some spectra of fine-grained matrices in the
Ryugu samples contain an additional peak at
290.4 eV, which corresponds to a 1s-p* tran-
sition of carbonate groups—e.g., in calcite and
other carbonate minerals. However, our ma-
trix XANES spectra containing this feature
lack extended x-ray absorption fine structure

Yabuta et al., Science 379, eabn9057 (2023) 24 February 2023 3 of 13

Fig. 1. Raman spectra and spectral parameters: Comparison between
Ryugu samples and chondrites. (A) Average Raman spectra of Ryugu grains from
chamber A (samples A0108-6, -10, and -18) (in gray) and chamber C (samples
C0109-5, -9, and -12) (in black) compared with the meteorites Murchison (CM;
green) and Orgueil (CI; yellow). All spectra were acquired in the same analytical
conditions (11). (B to D) Average spectral parameters (error bars show standard
deviations) determined from the Raman spectra: FWHMG as a function of wG (B);

FWHMD as a function of ID/IG (C); and wG as a function of wD (D). Data are for
individual grains from chamber A (open circles) and chamber C (black filled circles)
compared with petrologic type 1 (Orgueil; orange diamond), unheated petrologic
type 2 chondrites (green filled diamonds), heated petrologic type 2 chondrites
(open blue diamonds), and petrologic type 3 chondrites (filled gray diamonds) (11).
Petrologic type 2 chondrites were classified (16) as unheated (e.g., Murchison,
Nogoya, and Tarda) or heated (e.g., Jbilet Winselwan and WIS 91600).
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(EXAFS) features at higher energies (294 to
304 eV), indicating that the carbonate is not in
a crystalline structure so is more likely to be
molecular carbonate. A similar carbonate fea-
ture has previously been reported in clay-bound
carbon from extensively hydrated carbona-
ceous chondrites, Ivuna (CI1), Orgueil (CI1),
and Tagish Lake (C2) (34), and in diffuse car-
bon (organicmatter) in the fine-grainedmatrices
of Renazzo (CR2; a Renazzo-type carbona-
ceous chondrite of petrologic type 2), Murch-
ison (CM2), and Orgueil (28).
We classify the STXM spectra of Ryugu

organic matter on the basis of spectral shape
similarities into four representative types: (i)
highly aromatic (~25% of individual carbon
grains), (ii) aromatic (~35%of individual grains),
(iii) IOM-like (~40% of individual grains), and
(iv) diffuse carbon associated with amolecular
carbonate peak (Fig. 3E). Aromatic spectra
show higher ratios of aromatic carbon to aro-
matic ketone compared with IOM-like spec-
tra, whereas highly aromatic spectra show a
broader peak for aromatic carbon, indicat-
ing increased diversity of aromatic structures.
The frequency distributions of these classes
were similar for both chamber A and C sam-
ples. We find a relationship between the mor-

phology of organic matter and XANES spec-
tral shape, with particulate and nanoglobular
regions having more frequent aromatic or
highly aromatic XANES spectra, whereas organ-
ic matter dispersed in the matrix more com-
monly has IOM-like or diffuse carbon spectra.
These observations indicate that the molecu-
lar functional groups present are influenced
by aqueous processing on the asteroid parent
body. We did not find any evidence of long-
duration thermal metamorphism, such as the
1s-s* exciton (291.6 eV) peak of graphite or
other graphitized carbon materials (35).
Similar characteristics are found for the in-

soluble carbonaceous residues from Ryugu.
Average carbon-XANES spectra have IOM-like
spectral shapes but with more prominent aro-
matic C=C, ketone, and carboxyl peaks com-
pared with IOM from Orgueil and Murchison
(Fig. 3E). Several hollow and solid organic
nanoglobules are apparent in the x-ray absorp-
tion images (Fig. 3, C and D), which we con-
firmed using TEM imaging (Fig. 4, A and B).
Their XANES spectra were either IOM-like,
aromatic, or highly aromatic (Fig. 3E). The
290.4-eV carbonate feature was not observed
in the insoluble carbonaceous residue, per-
haps because this organic phase was incor-

porated into phyllosilicate interlayers and so
was removed or destroyed during the acid-
extraction process.
Nitrogen-XANES spectra (fig. S4A) of the

Ryugu intact grains and insoluble residue did
not show clear absorption peaks, indicating
low abundances of N-rich Ryugu organics.
This is consistent with carbonaceous chon-
drites, where N-rich particles are only occa-
sionally observed (32). Oxygen-XANES spectra
(fig. S4B) of Ryugu organic matter often con-
tain a peak at ~531.3 eV, corresponding to
carbonyl C=O bonds in the ketone and car-
boxyl functional groups (36). The peak inten-
sity of the carbonyl absorption, relative to the
main oxygen 1s-s* peak in Ryugu, is similar
to that of aqueously altered carbonaceous
chondrites. We cannot determine whether
these carbonyl functional groups are also pres-
ent in the phyllosilicate-bound diffuse organic
matter because its oxygen-XANES spectrum is
dominated by the surrounding phyllosilicate.

Nanoscale morphologies

We performed TEM and STEM-EELS-EDS
analysis (Fig. 4) on ultrathin sections of par-
ticles and carbonaceous residues, including
from some of the same sections we analyzed
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Fig. 2. Micro-FTIR
spectra of Ryugu
samples compared with
chondrites. (A) Infrared
transmission spectra (11)
of six Ryugu grains from
the aggregates A0108
and C0109 (black), heated
CM chondrite (Jbilet
Winselwan) (red),
unheated CM Murchison
(pink), and two CI chon-
drites Orgueil (light blue)
and Ivuna (dark blue). All
the spectra were baseline-
corrected using spline
curves and normalized by
the peak height of the
band at ~1000 cm−1

(~10.00 mm). Dashed lines
indicate identified bands:
silicate OH and SiO
at 3685 to 3675 cm−1

(2.71 to 2.72 mm) and
~1000 cm−1 (~10.00 mm); aliphatic C-H bands at 2960 cm−1 (3.38 mm; CH3

asymmetric stretching), 2930 to 2925 cm−1 (3.41 to 3.42 mm; CH2 asymmetric
stretching), 2855 to 2850 cm−1 (3.50 to 3.51 mm; CH3 and CH2 symmetric
stretching), 1460 cm−1 (6.85 mm), and 1380 cm−1 (7.25 mm; bending); and other
organic features at 1705 to 1690 cm−1 (5.87 to 5.92 mm; C=O) and ~1600 cm−1

(~6.25 mm; aromatic with some water bending mode contribution). Some
spectra show a peak at ~1430 cm−1 (~6.99 mm) due to carbonates. A broad
water stretching band at ~3400 cm−1 (~2.94 mm) is observed, which is weaker in
samples that were measured at 60°C or higher temperatures. The peaks at
2360 cm−1 (4.24 mm) are due to atmospheric CO2. The A0108-5 and

C0109-1 Ryugu grains and the Murchison and Ivuna meteorites were measured
at 60°C under N2 flow. The Jbilet Winselwan meteorite was measured at
80°C under N2 flow. The A0108-10 and C0109-12 Ryugu grains were measured
at 80°C under vacuum. The Orgueil meteorite was measured at 130°C under
vacuum. (B) Same as (A), but for insoluble carbonaceous residues from the
Ryugu samples (A0106 and C0107) compared with IOM from the heated
CM meteorite Y-793321 (16), the CM Murchison (27), and the CI meteorite Ivuna
(27). The spectra were the averages of main fractions of A0106 and C0107,
respectively, after baseline-correction using spline curves and normalization by
the peak height of the aromatic C=C band at ~1600 cm−1 (~6.25 mm).
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previously with STXM. The two most abun-
dant organic microstructures are nanoglobules
(Fig. 4, A and B) and diffuse carbonmixed with
phyllosilicates—i.e., clay-bound carbon (Fig. 4,
C and E). Other microstructures include dense,
irregularly shaped particles (Fig. 4B); diffuse

organic matter trapped in vesicles in carbonate
grains (Fig. 4, D and F); and organic matter
coatings on sulfide grains. The presence of or-
ganic matter associated with Mg-rich phyllosili-
cates and carbonates, which likely formed
through aqueous alteration (24), implies that

muchof the organicmaterialwas alteredby low-
temperature, aqueous processing on Ryugu’s
parent body. However, we also find nanodiam-
onds associated with amorphous organic car-
bon, which probably formed in the interstellar
medium or the Solar System’s protoplanetary
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Fig. 3. STXM elemental maps and carbon-XANES spectra of Ryugu
samples. (A and B) STXM grayscale images of FIB sections extracted from
the Ryugu grains A0108-3, observed at 520 eV (A), and A0108-11, observed at
390 eV (B) (11). In both panels, color overlays on both FIB sections are false-
color maps of x-ray absorptions due to aromatic C (cyan), carbonate functional
groups (magenta), and calcite minerals (yellow). Dashed circles and boxes
indicate regions measured for (E). (C) STXM image at 290 eV of insoluble

carbonaceous residue from Ryugu sample C0107-18. The orange box shows
the region in (D). (D) X-ray absorption map of aromatic carbon (cyan), ketones
(magenta), and carboxyl (yellow) functional groups. Circled features are solid
nanoglobules except for feature 18f, which is a cluster of typical Ryugu IOM.
(E) Carbon-XANES spectra for carbonaceous grains and matrix regions identified
in (A), (B), and (D). IOM from the meteorites Orgueil and Murchison (black)
are shown for comparison (11).
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nebula (37, 38). The insoluble carbonaceous
residues contain large nanoglobules and fluffy
or porous material, comprising demineralized
grain coatings, intergranular material, and
small nanoglobules. These microstructures are
present in samples from both chambers A and
C, and they are consistent in size and shape
with those in CI and CM chondrites (28, 34).
Organic nanoglobules have previously been

found in early Solar System materials, such as
primitive carbonaceous chondrites (39–42),
dust particles from Comet Wild 2 (32), IDPs
(43), and AMMs (33, 44). The nanoglobules in

Ryugu grains occur in solid and hollow form,
typically 50 to 500 nm in diameter, with a few
reaching 2000 nm, consistent with nanoglo-
bules in other extraterrestrial materials. The
carbon EELS spectra of many of the Ryugu
nanoglobules are dominated by an aromatic
carbon peak at ~285 eV (Fig. 4G), correspond-
ing to the aromatic-rich carbon-XANES spec-
tra (Fig. 3E). Other prominent peaks are due
to aromatic ketone (286.7 eV) and carboxyl
(288.5 eV). The fluffy material in the insoluble
carbonaceous residues shows these three peaks
in varying intensities. The presence of both

aromatic- and IOM-like nanoglobules of vari-
ous sizes indicates that Ryugu experienced
heterogeneous aqueous alteration on its par-
ent body. Correlated STEM-NanoSIMS mea-
surements of a 2000-nm nanoglobule (particle
A0108-37; figs. S6 and S7) show high abun-
dances of aromatic carbon and isotopically
anomalous H and N, indicating preservation
of material from the interstellar medium or
protoplanetary nebula.
The widespread diffuse carbon mixed into

phyllosilicates could have been formed from
soluble molecules intercalated into clays
through oxidation during aqueous alteration
(34). Alternatively, the clay-bound diffuse car-
bon might have been released by hydrolysis of
macromolecular organic material during the
flow of aqueous fluids (28). The EELS spectra
show peaks of either aromatic ketones or ali-
phatic carbon (287 eV) and carbonate (CO3 at
290.4 eV) alongwith aromatic carbon (285 eV)
(Fig. 4G). These EELS data are consistent with
the carbon-XANES spectrum of the diffuse
carbon (Fig. 3, B and E). The relative inten-
sities of the 287-eV and 285-eV peaks vary
compared with the 290.4-eV peak. This is
consistent with clay-bound organics in CI
chondrites (34) but sometimes is a better
match to the ungrouped C2 chondrite Tagish
Lake (34). In all cases, Mg is detected in the
EDS spectra from the clay-bound organic mat-
ter (Fig. 4F); however, we cannot determine
whether the Mg is associated with the carbon-
ate. We find no evidence for crystalline Mg
carbonate in the clay-bound organics, but the
CO3 feature could be associated with molecu-
lar CO3, MgCO3, or a combination of these.
Pockets of organic matter occur in vesicles

inside carbonates (Fig. 4D). A STEM-EDS im-
age (Fig. 4F) shows that this vesicle-bound,
diffuse organic matter is associated with phyl-
losilicates and particles of sulfide and Fe-Ni
with sizes of ~10 nm, embedded in a larger
grain of calcite. This morphology could indi-
cate carbonate formation from diffuse organic
matter. The lack of distinct particle boundaries
for the organic matter could indicate it is
soluble and therefore potentially lost during
our sample preparation, which used ultra-
microtomy with a water bath.
We obtained AFM-IR maps of organic in-

clusions and nanoglobule-likematter at lateral
resolutions of 25 and 50nm. AFM-IRmeasure-
mentsmap specific vibrational modes; we used
the C=O and C=Cmodes. Samples from cham-
bers A and C were analyzed using AFM-IR in
both tapping and contact modes. Figure 5, A
and H, shows combined maps of carbonyl
C=O (1720 cm−1, 5.81 mm), aromatic C=C
(1600 cm−1, 6.25 mm), and Si-O (1020 cm−1,
9.80 mm) modes. The diffuse organic compo-
nentwithin the phyllosilicatematrix is evident
in both samples. The maps show small (up to
~100 nm) organic nanoglobule-like inclusions
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Fig. 4. STEM-EELS-EDS analysis of Ryugu samples. All scale bars are 500 nm. (A) False-color bright-field
TEM image of the ultrathin section of C0109-11, indicating nanoglobules (magenta), Mg-phyllosilicates (blue), and
FeS (orange). (B) Bright-field TEM image of insoluble organic residue from a microtome slice of sample C0107,
showing hollow and solid nanoglobules and fluffy materials. (C) High-angle annular dark field (HAADF) STEM
image of a FIB section of A0108-11 (region 11h in Fig. 3B) showing two magnetite grains (labeled Mag) adjacent
to carbon-bearing Mg-rich phyllosilicates (Mg-phy) with Fe and Ni sulfide nanoparticles (Sulf). (D) HAADF
STEM image of a vesicle in the large calcite grain from a FIB section of sample A0108-3 (region 3a in Fig. 3A).
(E) EDS element map of carbon (magenta), oxygen (cyan), and sulfur (yellow) of the area shown in (C). (F) EDS
element map of carbon (magenta), calcium (green), oxygen (yellow), and sulfur (cyan) of the vesicle shown in
(D) showing diffuse organic matter, Fe,Ni-sulfides, and Ca-sulfate. (G) Carbon EEL spectra from molecular
carbonate incorporated into phyllosilicates, i.e., clay-bound carbon (C0109-11), an aromatic nanoglobule (A0108-39),
an IOM-like nanoglobule (C0109-11), and nanodiamonds (A0108-8). Spectra were acquired at 0.02 eV per
channel, and are smoothed to 0.4-eV resolution, after power law background subtraction and arbitrary scaling.
(H) EDS spectra from molecular carbonate clay-bound carbon (C0109-11; green) and an insoluble organic residue
(A0106-9; magenta). The asterisk indicates a Cu background peak from the sample support and microscope.
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Fig. 5. AFM-IR analysis of intact Ryugu grains A0108 and C0109. (A and
H) Composite AFM-IR images of the intact Ryugu grains A0108-15 in tapping mode,
2 mm by 2 mm (A), and C0109-4 in contact mode, 3 mm by 3 mm (H). Colors indicate the
C=O (1720 cm−1, 5.81 mm; red), C=C (1600 cm−1, 6.25 mm; blue), and Si-O (1020 cm−1,
9.80 mm; green) peaks. Each image has been normalized to its maximum peak value.
Organic matter is widespread throughout each sample. In (A), small organic globules are
visible (red-brown) surrounded by a dominant phyllosilicate. The magenta box indicates
the inclusion used for (D). (B) AFM topographic map of the 2 mm–by–2 mm area in (A).
(C) Visible light image (75 mm by 75 mm) showing the location of the AFM-IR map
(green square). (D) AFM-IR spectrum (red) of the globule indicated in (A) and shown in
the inset and background spectrum (green) taken in a region 100 nm away. The AFM-IR
signal is shown in millivolts, which is proportional to optical depth (11). The C=C and
C=O absorptions spectral region is also shown with a ×5 factor for better visibility. (E to

G) Synchrotron FTIR maps of the same 75 mm–by–75 mm area as in (C) of the C=O
(1720 cm−1, 5.81 mm; red) (G), C=C (1600 cm−1, 6.25 mm; blue) (F), and Si-O (1020 cm−1,
9.80 mm; green) (E) peaks. Data were acquiredwith a 6 mm–by–6 mmbeam size, sampled
with 3-mm steps. Color bars show the integrated optical depths calculated for each
band. (H) Organic matter in the Ryugu grain C0109-4 appears as red-purple inclusions
standing out from the dominant phyllosilicate signal. Arrows indicate the positions used
for the spectra in (K). (I) AFM topographic map of the 3 mm–by–3 mm area. (J) Visible
image (51mmby51mm) showing the location of theAFM-IRmap (green square). (K) AFM-
IR spectra of a C=O–poor region [labeled 1 in (H)] and organic inclusions (labeled 2)
compared with the average synchrotron FTIR spectrum. Red, blue, and green tick marks
indicate spectral positions corresponding to the AFM-IR images combined in (H). (L to
N) Sameas [(E) to (G)] but for the 51mm–by–51mmregion shown in (J). To aid color-blind
readers, another version of this figure with alternatives colors is provided as fig. S5.
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in the chamber A sample (Fig. 5A) and organic
inclusions in the chamber C samples (Fig. 5H).
The abundances of carbonyl and C=C vary
between the organic inclusions. These AFM-IR
results are consistent with and complimentary
to those from STEM-EELS-EDS and STXM-
XANES discussed above.

Elemental abundances

The elemental abundances of macromolecular
organic matter in meteorites are highly hetero-
geneous, both between meteorite groups and
at themicrometer scale, reflecting the complex
histories of these materials (45, 46). We used
NanoSIMS to map the H, C, N, O, and S
elemental abundances of the Ryugu samples.
The ratios of O/C, N/C, and S/C in the acid-

insoluble carbonaceous residues from Ryugu
were estimated from NanoSIMS elemental
maps of the major isotopes (16O, 12C14N, and
32S) and were compared between samples
taken from chambers A and C. The bulk O/C
ratio (0.12 ± 0.03) in chamber A was con-
sistent with those of CI (0.15 to 0.18), CM
(0.11 to 0.23), and CR chondrites (0.11 to 0.22)
(45). The bulk O/C ratio (0.04 ± 0.01) in
chamber C was one-third of those values.
We cannot determine whether this difference
is the result of intrinsic differences between
the two sampling sites or heterogeneity with-
in the samples. There are smaller differences
in the bulk ratios N/C [0.035 ± 0.006 (A0106);
0.021 ± 0.001 (C0107)] and S/C [0.032 ± 0.001
(A0106); 0.025 ± 0.001 (C0107)] between the
two chambers, which are within the ranges of
those for CI, CM, and CR chondrites (0.026 <
N/C < 0.039 and 0.02 < S/C < 0.06) (45).
We also used STEM-EDS to measure N, O,

and S abundances, relative to C, at the nano-
tomicrometer scale. An EDS spectrum from an
~1-mm2 region of an ultrathin section of car-
bonaceous residue from chamber A is shown
in Fig. 4H. The average compositions mea-
sured for carbonaceous residues areC100N1O10S0.8
for chamber A and C100N2O10S0.8 for chamber
C. The insoluble carbonaceous residues con-
tain some nanoparticulate minerals, including
chromite, with varying Al, Mg, and Fe and sul-
fides with variable Fe, Ni, and (more rarely)
CuS. These particles were excluded from the
STEM-EDSmeasurements when >4 nm in size.
These nitrogen abundances are slightly lower
than the bulk N/C ratio estimated using
NanoSIMS and are consistent with the weak
nitrogen-XANESabsorption of theRyugu grains.

Isotopic compositions

NanoSIMS was also used to measure the iso-
topic compositions of H, C, andN. The resulting
maps (Fig. 6, A to C) show bulk enrichments of
D (2H) and/or 15N in most analyzed Ryugu
particles from aggregates A0108 and C0109,
with a high degree of isotopic heterogeneity at
the micrometer scale. The NanoSIMS H mea-

surements are dominated byH from the organ-
ic matter but also include H in phyllosilicates
and possible contamination by terrestrial water.
The isotopic compositions are expressed in
delta notation: dR = [(Rsample/Rstandard) − 1] ×
1000, where Rsample is the isotopic ratio of the
sample and Rstandard is the ratio of a terrestrial
standard. The average measured H isotopic
compositions (dD) of particles range from
+254 ± 52 per mil (‰) to +490 ± 100‰
(table S3), consistent with the dD = +252 ±
13‰ measured in an analysis of other Ryugu
grains with a different technique (47). There is
no obvious difference between grains from
chambers A and C. The bulk N isotopic com-
positions d15N = +39 ± 5 to +43 ± 4‰ are also
within the range reported for other Ryugu
grains, measured with different methods
[d15N = +43.0 ± 9.0‰ (47) and d15N = 0 to
+20‰ (48)]. Figure S8 shows that the bulk
dD and d15N of the Ryugu grains are between
the bulk values of CI chondrites [dD = +170 to
+300‰ and d15N = +39 to +52‰ (49)] and
IOM in CI chondrites [dD = ~+975‰ and
d15N = +31‰ (45)].
Isotopic ratios determined for individual

submicrometer- to micrometer-sized carbo-
naceous grains within the NanoSIMS maps
are similar to those of carbonaceous chon-
drites and IDPs (43, 46). Most grains are con-
sistent with the bulk average, within the
uncertainties, whereas a small fraction of out-
liers have D and/or 15N enrichments or deple-
tions (Fig. 6, D to F), which we term hotspots
and coldspots, respectively. These have a sim-
ilar range of compositions to those seen in CI
(46) and CM (50) chondrites but smaller than
that seen in CR chondrites (29). There is no
correlation between dD and d15N for the hot-
or coldspots, and awide range of compositions
occur over small spatial scales (Fig. 6, B and C).
The origin(s) of the H and N isotopic anoma-
lies inmeteorites are debated; current consen-
sus models propose that they reflect isotopic
fractionation at low temperatures in interstel-
lar clouds or the outer protoplanetary nebula
(51–54).
The NanoSIMS measurements show that

the bulk Ryugu particles, and almost all C-rich
particles within them, have d13C values within
the range of organic matter in carbonaceous
chondrites [d13C =−35 to−5‰ (45)]. However,
~0.5% of the C-rich particles have 13C enrich-
ments or depletions (Fig. 6G) >2s above or
below the bulk values. These particles have a
range of d13C and d15N values similar to those
seen in organic grains with anomalous carbon
isotopes in primitive CM chondrites. For the
Ryugu samples, 13C-rich particles have a wider
range of d15N values compared with 13C-poor
ones, likely reflecting different origins. Two
very small (≤150 nm) regions have much high-
er 13C enrichments: d13C = 700 and 4800‰,
which indicates that they are presolar grains

that formed in the outflows of previous gener-
ations of stars (55).
The acid-insoluble carbonaceous residues

from the Ryugu samples showed bulk D-
enrichments [dD = +306 ± 42‰ (A0106) and
+440 ± 52‰ (C0107)] (Fig. 7I) lower than the
bulk hydrogen compositions of the IOM in CI
chondrites (dD = +972‰ for Orgueil and
+978‰ for Ivuna) andCMchondrites (+639‰<
dD < +893‰) (45). The distributions of D-rich
hotspots [distribution modes dD = +1030‰
(A0106) and +1374‰ (C0107)] were consistent
with CI and CM chondrites but not CR chon-
drites (56).
The bulk N isotopic compositions of the

insoluble carbonaceous residues from Ryugu
samples [d15N = +17.4 ± 1.9‰ (A0106) and
+30 ± 4.3‰ (C0107)] (Fig. 7J) are consistent
with those of IOM in CI chondrites (d15N =
+30.7‰ for Orgueil and +31.9‰ for Ivuna)
(45). d15N was more heterogeneous in the
sample from chamber C than that from cham-
ber A. The 15N-rich hotspots [distribution
modes d15N = +241‰ (A0106) and +348‰
(C0107)] were within the range of CI and CM
carbonaceous chondrites (57). 15N-depleted
coldspots (d15N = −100 to −380‰) were de-
tected. 15N coldspots have previously been
reported in the matrices of carbonaceous chon-
drites (57–59) and IDPs (43) and have been
interpreted as indicating organic grains that
have been partially equilibrated with proto-
solar or interstellar N2 gas (43).

Comparison with D-type asteroids and comets

We compare the organic matter of Ryugu (a
C-type asteroid) with other primitive small
bodies in the early Solar System. Of the car-
bonaceous chondrites, the Tagish Lake mete-
orite is thought to be related to dark (D-type)
asteroids, which are mainly located in the
outer regions of the asteroid belt and among
the trojan asteroids of Jupiter (60). Tagish Lake
contains organic and mineralogical variations
between different specimens that reflect vari-
able degrees of alteration on the same parent
body (61, 62). The ratios D/H, H/C, and ali-
phatic carbon to aromatic carbon decrease
systematically with increasing alteration of
the Tagish Lake meteorite samples (61).
We infer that the organicmatter in the Ryugu

samples has not been heated to temperatures
higher than 200°C based on the similarity of
its chemical features with primitive carbona-
ceous CI and CM chondrites. Like the IOM
from Orgueil (63) and Murchison (64), the or-
ganic macromolecules in the Ryugu samples
likely contain polyaromatic structures that
are composed of small numbers of aromatic
rings with short, cross-linked aliphatic chains
and various oxygen- and nitrogen-bearing func-
tional groups. This macromolecular structure
is distinct from graphitic or glassy carbon pro-
duced by heating:Wedid not find any evidence
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of highly conjugated sp2 carbon. Laboratory ex-
periments have shown that aliphatic carbon in
IOM fromprimitive carbonaceous chondrites is
reduced after hydrous heating at 300°C for
6 days (65). Therefore, the higher abundance
of aliphatic carbon in the organic residue of
Ryugu—compared with that of primitive car-
bonaceous chondrites—indicates that theRyugu
grains did not experience short heating equiv-
alent to the experimental conditions.

The distribution of organic functional groups
present in theRyugu samples is unlike aqueous-
ly altered carbonaceous chondrites, for which
organic particles and nanoglobules show pre-
dominantly IOM-like XANES spectra with only
occasional highly aromatic grains (28, 30, 66).
Ryugu samples contain abundant aromatic-
rich particles and nanoglobules, a high abun-
dance of IOM-like diffuse carbon in matrix,
andmolecular carbonate associatedwith phyl-

losilicates. Progressive aqueous alteration in situ
causes (i) an increase in the amount of diffuse
organic matter associated with matrix phyllo-
silicates, (ii) an increase in the proportion of
aromatic andoxygen-bearing functional groups
in discrete organic particles and nanoglobules,
and (iii) an increase in the variety of XANES
spectral features. On the basis of these trends,
much of the internal spectral variation in the
Ryugu samples, including carbon grains with
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Fig. 6. NanoSIMS analysis of the intact Ryugu grains A0108 and C0109.
(A to C) NanoSIMS images of an ~3 mm–by–3 mm area of a microtome slice
from Ryugu grain A0108-11. (A) Map of 16O (cyan) and 12C (red). White outlines
indicate four C-rich particles embedded in the silicate matrix. (B and C) Hydrogen
(B) and nitrogen (C) isotope abundances of the same region. The ratios vary
between the carbonaceous inclusions. (D to F) H and N isotopic ratios for individual
C-rich particles [regions of interest (ROIs)] within Ryugu grains. Most ROIs are
consistent (within the uncertainties) with the bulk averages; they are represented
by box-and-whisker plots, where the box size represents the inner 50% of data around
the median [interquartile range (IQR)] and the whiskers indicate the ±1.5 IQR range
beyond that. Dots indicate outliers beyond those ranges (hotspots and coldspots)

from A0108 (blue) and C0109 (orange). In (D), white dots indicate the grains shown in
(A) to (C), and the error bar is 1s. The distributions of H and N isotope ratios are
consistent between (D) and those in (E) and (F) (acquired in different laboratories) and
between the two Ryugu samples. The pink shaded region indicates the ranges of H
and N hotspots and coldspots in primitive CM chondrite meteorites (50), and the
green box indicates the ranges seen in CI chondrite Orgueil (46). The Ryugu outliers
span a similar range to that of the CI and CM chondrites. (G) d15N as a function of
d13C for the Ryugu grain A0109. The gray points indicate all C-rich ROIs, whereas
blue circles are outliers (>2s away from bulk average). The pink region is the same as
in (D). The Ryugu outliers span a similar range to that seen in CM chondrites. The
dashed vertical line indicates the bulk d13C of CI chondrite IOM.
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an aromatic XANES spectral shape (Fig. 3E),
likely developed through redistribution of or-
ganicmatter and formation of additional orga-
nic molecules during aqueous alteration on
the parent body rather than preaccretionary
diversity inherited from the protosolar molec-
ular cloud. Carbonaceous grains and nano-

globules with highly aromatic XANES spectra
(not aromatic spectra; Fig. 3E) provide a pos-
sible exception to this proposal. These highly
aromatic grains are more likely to represent
original accreted materials because similar
XANES spectra have been found in unaltered,
petrologic type 3 carbonaceous chondrites (30)

and in cometary dust particles (32). This is
consistent with our observation of a large,
highly aromatic nanoglobule containing D
and 15N isotopic anomalies (figs. S6 and S7).
The dD distributions of the C-rich particles

in the Ryugu grains are consistent with those
in the Tagish Lake meteorite (56) and CI and
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Fig. 7. NanoSIMS analysis of insoluble carbonaceous residues from Ryugu
grains A0106 and C0107. (A to D) Hydrogen [(A) and (B)] and carbon [(C) and
(D)] maps for insoluble carbonaceous residues of A0106 and C0107, respectively,
acquired at the same locations. (E to H) The corresponding H [(E) and (F)] and
N [(G) and (H)] isotope ratio maps show numerous micrometer-sized D-rich and
15N-rich hotspots. The carbon and hydrogen images indicate that these hotspots
consist of organic carbon. (I and J) Hydrogen (I) and nitrogen (J) box plot diagrams
showing the distributions of isotope ratios in the insoluble carbonaceous residues
A0106-8 (orange) and C0107-14 (blue). Open gray circles show hotspots (or

coldspots), micrometer-sized areas with isotope ratios much higher (or lower) than
the average composition. Large orange and blue circles indicate the bulk average
value for each residue. Horizontal dashed lines indicate the mode of each distribution
of hotspots. Data for the IOM of CI (light blue), CM (green), CR (red), and Tagish
Lake (yellow) chondrites are shown for comparison. Filled circles are bulk values
(45); for Tagish Lake, subsamples 5b (less altered) and 11v (altered) (61) are shown
separately. Upward-pointing arrows (some extend beyond the plot) indicate the
range of hotspots reported for those meteorites (46, 56, 57). For Orgueil, the
downward arrow indicates the extent of 15N-depleted coldspots.
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CMchondrites (46, 57). The dDdistributions of
the Ryugu insoluble carbonaceous residues
from chambers A and C are within the ranges
of IOMs in the most and least altered frag-
ments of Tagish Lake, respectively (61). The
hydrogen isotopic variations among the dif-
ferent lithologies of Tagish Lake have previ-
ously been explained by depletion of D through
hydrogen isotopic exchange or hydrolysis of
D-rich structures of IOM during various
degrees of planetesimal hydrothermal altera-
tion (65, 67). By contrast, the dD distributions
of our Ryugu samples are lower than those of
less-altered CR chondrites (56), themost prim-
itive class of IDPs (68), and comet-derived
AMMs (33, 69). We therefore propose that
Ryugu organic matter is a product of hetero-
geneous aqueous processing, which occurred
on both C- and D-type asteroids, of the com-
mon primordial materials formed at an earlier
stage of the solar nebula. The d15N distribu-
tions of the intact grains and insoluble resi-
dues from our Ryugu samples were within the
ranges of C-rich particles (39, 56) and IOM
(bulk) (61) in Tagish Lake and Comet Wild 2
(32) as well as CI and CM chondrites. How-
ever, they are lower than the d15N distributions
of anhydrous IDPs (43, 68) and the IOM from
CR chondrites (56). Nitrogen isotopic compo-
sitions are less affected than hydrogen iso-
topes by modification through parent body
processes (45, 57, 61, 66), and their variations
indicate mixing of different isotopic compo-
nents from different precursors (53).
Nitrogen content can be an indicator of

chemical evolution in the early Solar System.
The measured N abundance (N/C = 0.01 to
0.035) of the insoluble carbonaceous residue
in Ryugu samples is similar to that in primi-
tive carbonaceous chondrites (45) and consis-
tentwith the total bulkNabundance (~0.15wt%)
(47). The N/C ratio of IOM from Tagish
Lake (~0.042) is higher than those of the Ryugu
samples. By contrast, some cometary mate-
rials, such as dust particles fromCometWild 2,
anhydrous AMMs, and ultracarbonaceous
AMMs (UCAMMs), contain N-rich organics
[N/C = 0.07 to 0.24 (32, 44, 70)]. Those are
composed of a variety of nitrogen-bearing
functional groups, such as imine, nitrile and/
or heterocyclic N, or amide (32, 33, 44, 70, 71).
The N contents of Comet 67P/Churyumov-
Gerasimenko particles were heterogeneous
(N/C = 0.018 to 0.06) (72) but lower than the
N/C ratio of the Sun (0.3 ± 0.1) (73). The de-
pletion of N in that comet might be because of
the presence of ammonium salts (74, 75). These
variations in N/C between different Solar Sys-
tem objects could arise from partitioning
between gas and solid phases in the cold
interstellar cloud or outer solar nebula or
from exposure to the warmer inner Solar Sys-
temduring perihelion passage (74) rather than
from processing in the interiors of planet-

esimals. Experiments simulating parent-body
aqueous alteration show the N/C ratios in
meteoritic IOMs are not substantially modi-
fied (65, 76). We therefore conclude that the
N abundance in Ryugu macromolecular orga-
nic matter is intrinsic—not the product of ex-
tensive parent-body processing.

Conclusions

Our analysis of Ryugu samples indicates a
direct link between macromolecular organic
matter in C-type asteroids and that in primi-
tive carbonaceous chondrites. The observed
similarities and variations in molecular, iso-
topic, and morphological compositions be-
tween the Ryugu samples and other Solar
System materials indicate a continuum of
source material in the solar nebula, which
was incorporated into C-type asteroids, D-type
asteroids, and comets in the early Solar Sys-
tem. Macromolecular organic matter in the
surface grains of asteroid Ryugu reflects var-
ious degrees of parent-body aqueous altera-
tion and localized preservation of inherited
nebular ormolecular cloud history. The highly
variable nature of the material indicates that
the Ryugu organic matter is likely derived
from material that was not subjected to long-
term space weathering and was only recently
exposed to the asteroid surface. The macro-
molecular organic matter shows no record of
high-temperature impact heating of Ryugu,
despite the asteroid being a rubble-pile body
formed from impact debris and geomorpho-
logical evidence that it experienced subsequent
impact cratering (2, 3). This observation is
consistent with the homogeneous reflectance
spectra of Ryugu’s surface (3).
Ryugumaterials are much darker than those

from primitive carbonaceous chondrites, de-
spite having similar carbon contents (23, 47),
so some other factor (or factors) must deter-
mine the albedo. Possibilities include the
macromolecular organic matter mixed with
phyllosilicates (as discussed in this study) or
nanophase sulfides (24), both of which have
high light absorption efficiency owing to their
small grain sizes. Suchmajor, complex aromatic
macromolecules in C- and/or D-type asteroids
could have supplied the organic inventory and
prebiotic molecules (47) that contributed to
making Earth a habitable planet.
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Materials and Methods 
Samples 

Aggregate samples of Ryugu grains (A0108 and C0109) were allocated to the Organic 
Macromolecule sub-team in the Hayabusa2 Initial Analysis Team. The samples were transported 
from the JAXA Extraterrestrial Samples Curation Center in Sagamihara, Japan, to Hiroshima 
University for sample preparation and distribution. We carried out a multi-technique study of the 
A0108 and C0109 samples to reveal the compositional diversities and organics-minerals 
associations (Fig. S1). Some of the grains were crushed on a diamond window for micro-Fourier 
transform infrared (FTIR) spectroscopy, micro-Raman spectroscopy, atomic force microscope-
based infrared (AFM-IR) spectroscopy, and nanometer-scale secondary ion mass spectrometry 
(NanoSIMS). Slices of other grains were prepared with a focused ion beam workstation (FIB) 
and/or an ultramicrotome to obtain ultra-thin sections for scanning transmission X-ray 
microscopy (STXM), X-ray absorption near edge structure (XANES), scanning transmission 
electron microscopy (STEM) coupled with electron energy loss spectroscopy (EELS) and energy 
dispersive X-ray spectroscopy (EDS), AFM-IR, and NanoSIMS. Details on the individual 
analytical procedures in the analytical protocols (Fig. S1) are described in the following 
subsections. 

In addition to the A0108 and C0109 samples, the residues of other aggregate Ryugu 
samples (A0106 and C0107), which were yielded after solvent extraction (47), were transferred 
to the Organic Macromolecule sub-team. We used the A0106 and C0107 samples to isolate 
insoluble carbonaceous residues from the aggregate samples by acid treatment. We analyzed the 
insoluble carbonaceous residues by micro-FTIR spectroscopy, STXM-XANES, STEM-EELS-
EDS, and NanoSIMS to reveal the average compositions of macromolecular organic matter in 
Ryugu samples. The Ryugu samples used are summarized in Table S1. We assigned a sub-
sample number to each grain of aggregate samples and insoluble carbonaceous residues. After 
the initial analysis was ended on May 31, 2022, all the Ryugu samples used were returned to 
JAXA. 

We analyzed meteorite samples by micro-FTIR spectroscopy and micro-Raman 
spectroscopy for comparison (Table S2). Insoluble organic matter (IOM) from the Orgueil 
meteorite and Queen Alexandra Range (QUE) 99177 meteorite were used as standards in the 
NanoSIMS measurements. 
 
Acid treatment for demineralization 

To isolate insoluble carbonaceous residues from the intact Ryugu samples, 
demineralization of the Ryugu samples were conducted. After the intact Ryugu aggregates 
(A0106 and C0107) were extracted with solvent and water (47), the extracted residues of A0106 
(13.08 mg) and C0107 (10.73 mg) in the two Teflon microtubes (1.5 ml) were hand-carried from 
Kyushu University. The acid treatment was conducted in a custom-made acid resistant clean 
bench (NSY-8751Ch, AIRTECH) at Hiroshima University. The residues were treated with an 
6M HCl solution in high-purity water in Teflon microtubes at room temperature for ~ 48 h with 
stirring and followed by 9M HF/1M HCl treatment (> 48 h). The process was repeated three 
times and was followed by 1M HCl rinses, high-purity water rinses, and one last methanol rinse. 
The acid-insoluble carbonaceous residues in methanol were transferred to a Mini Vial (ACE 
Glass), dried at ~55℃ on a hotplate, and recovered (Fig. S2). The yields of the insoluble residues 
were not weighed, however approximately 150 μg was obtained from A0106 and larger amounts 
of the residues were obtained from C0107. 
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Hydrofluoric acid (HF) (48% solution, guaranteed reagent), hydrochrolic acid (HCl) (38% 
solution, for amino acid automated analysis), and methanol (99.8+%, super special grade) were 
purchased from FUJIFILM Wako Chemicals. High-purity water was used for rinses and dilution 
of acids. Glass mini vials were heated to 500 °C for 4.5 hours in air before use. 
 
Focused ion beam (FIB) 

For STXM and TEM analyses, ultra-thin sections of Ryugu intact grains and their isolated 
acid-insoluble carbonaceous residue were prepared with an FB-2100 focused ion beam (FIB) 
system (Hitachi) at the University of Tokyo. The sample was pressed into a clean gold disk (~3 
mm diameter, 100 µm thickness) using an in-house jig made by diamond glass and SUS304 to 
obtain flatness for the sample surface. Before the pressing, the gold disk was washed with 
methanol/dichloromethane and Milli-Q water and then heated at 500 ºC for 3 h. To avoid 
contamination from the surrounding air, the sample preparation was performed in a clean bench 
and the sample was stored in a N2 or Ar gas-filled environment before/after the sample 
preparation. The samples were locally coated by the deposition of tungsten to prevent beam 
damage during fabrication and trimmed using a gallium ion beam of 30 kV, and then thinned 
down to be X-ray-transparent with a low energy beam of 10 kV. The thin sections were 
processed with a low-energy argon ion milling system (Model 1040 NanoMill, Fischione) 
operated at 2000, 900, and 500 V as a final process. 

Additional ultra-thin sections of Ryugu intact grains were prepared for STXM and TEM 
analyses with a Thermo Fisher Helios G3 DualBeam FIB at U.S. Naval Research Laboratory. 
Individual grains were picked up using a freshly made glass needle and deposited on double-
sided copper sticky tape on a standard 0.5 inch SEM pin mount. Sample mounts were coated 
with ~25 nm amorphous carbon to minimize charging. Ultra-thin lamellae were extracted and 
shaped by sputtering with 30 keV Ga+ ions using typical FIB liftout protocols, with the exception 
that no electron imaging was performed on the lamellae after their thickness was less than 1.5 
µm to avoid possible radiolysis damage to organic matter by the 5 keV electron beam (77). Ion-
assisted carbon deposition was used for the protective cover layer. Lamellae were attached to 
copper half grids with ion-assisted platinum deposition before thinning to a final thickness of 
<100 nm. Once an adequate sample thickness was achieved, the lamellae were given a final 
cleaning step of 8 keV Ga+ ions on each side. 
 
Ultramicrotomy 

The Ryugu intact grains and their isolated acid-insoluble carbonaceous residue particles 
were picked up by freshly made glass needles and placed in molten droplets of sulfur kept at 
114 °C by a heated glass plate. Needle micromanipulation and monitoring/recording of this 
operation was done using an EXpressLO ex-situ liftout system. Once the heat source was 
removed, the sulfur crystallized around the grains, and the entire droplet was attached to an 
8 mm epoxy block with a thin layer of cyanoacrylate adhesive. Ultramicrotomy was performed 
using a diamond knife in a Leica EM UC6 microtome. Sections were created at various 
thicknesses and substrates depending on the analytical technique. 250 nm sections were placed 
on 5 × 5 mm diced silicon wafer chips for NanoSIMS measurements. 70 nm sections were 
placed on lacey carbon support films on 200 mesh copper TEM grids for both STXM and TEM 
analysis.  
 
Raman spectroscopy 

Raman characterization was performed independently by two groups in France and in Japan 
on distinct Ryugu particles. Raman point analyses were performed on several fragments of six 
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particles from chamber A aggregates (A0108-5, 6, 7, 10, 17, and 18) and six particles from 
chamber C aggregates (C0109-1, 5, 9, 12, 15, and 16). To combine in situ IR and NanoSIMS 
measurements on the same samples, fragments of particles were manually selected under a 
binocular and pressed onto diamond windows. The Raman spectra were acquired with a 532 nm 
laser in both Japan and France. In France, Raman measurements were performed at the Ecole 
Normale Supérieure de Lyon (Laboratoire de Géologie de Lyon—Terre, Planètes, 
Environnement) using a LabRam Raman spectrometer (Horiba Jobin-Yvon) equipped with a 
600 grooves per millimeter grating. The laser was focused through a 100× objective to obtain a < 
2 μm spot size. The power on the sample was 0.3 mW. Each acquisition comprised six 
integrations of 15 s that were averaged to make the final spectrum. In Japan, a Renishaw InVia 
Reflex equipped with a 1800 grooves per millimeter grating at the Materials Characterization 
Central Laboratory was used at Waseda University. The laser was focused at the sample surface 
through a 50× objective (spot size ~ 3-4 μm) and its power was set at 0.24 mW and 1 mW. Each 
acquisition comprised five integrations of 10 s that were combined to produce the final spectrum. 

The analytical procedure follows two main steps (i) subtraction of the fluorescence 
backgrounds assuming a linear shape within the 1000–1700 cm-1 range and (ii) fitting the D- and 
G- Raman bands with models consisting of a Breit–Wigner–Fano and Lorentzian profiles, 
respectively. The position, maximum intensity, peak intensity and full width at half maximum of 
the D- and G-bands were determined for each spectrum. For every sample, the mean value and 
standard deviation of each of these parameters were calculated. The chondritic data shown in 
Fig. 1 for comparison with Ryugu samples were acquired and processed in the exact same 
conditions as those applied to Ryugu samples. The analytical procedure we applied for the 
present work is similar to one used previously (16). Due to a higher fluorescence background, 
the spectral range considered for the analytical procedure was slightly reduced: the numerical 
values of the considered spectral parameters therefore differ from previous measurements (16).   
The data shown in Fig. 1 were acquired by the group in France. Because Raman spectroscopy on 
carbonaceous material is dispersive and because the Raman experimental setup used in France 
and in Japan are different, the spectral parameters obtained independently cannot be easily 
merged: the values of the spectral parameters are distinct. However, the data obtained are 
consistent (fig. S3): the spectral parameters obtained on the intact Ryugu samples in Japan are 
similar to those from primitive type 1 and type 2 chondrites.   
 
Micro-FTIR spectroscopy 

Fourier transform infrared microspectroscopy (micro-FTIR) measurements at Yokohama 
National University were conducted using the following procedures. Chamber A and Chamber C 
aggregates (A0108-5, A0108-7, A0108-17, C0109-1, C0109-15, and C0109-16) were hand-
carried from Hiroshima University in between hole-glass slides. Each particle (sub-millimeter in 
diameter) was decomposed by gently crushing between two glass slides, and then the small 
fragments were pressed between two diamond windows under an optical microscope in a clean 
hood. For the acid-insoluble carbonaceous residues of Ryugu A0106 and C0107, sample 
particles were pressed between diamond windows (without pre-crushing). IR absorption spectra 
were collected from each diamond window with a micro-FTIR (JASCO FT/IR-6100+IRT-5200), 
equipped with a ceramic IR light source, a germanium-coated KBr beam splitter, a mercury-
cadmium-telluride (MCT) detector, and ×16 optical Cassegrain mirrors. The microscope and the 
FTIR were continuously purged with dry N2. To remove adsorbed water from the samples, a 
heating stage (Linkam 10036L) was employed for intact Ryugu aggregates at 60 °C with N2 
flow. At each spot, 128 to 1024 scans of IR transmission spectra were accumulated with a 
wavenumber resolution of 4 cm−1 and with a 20 × 20 to 30 × 30 μm aperture. Typically, spectra 
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from 5 to 20 spots were obtained for each sample and averaged. The Jbilet Winselwan, 
Murchison, and Ivuna meteorites were analyzed with the same protocol for comparison (except 
that the spectrum of Jbilet Winselwan was obtained at 80 °C).  

Fourier transform infrared microspectroscopy (micro-FTIR) measurements in France were 
conducted by means of the following procedures. Chamber A and Chamber C aggregates 
(A0108-15, A0108-19, C0109-4, C0109-10) as well as particles from insoluble acid residues of 
Ryugu A0106 and C0107 were received by international express shipping from Hiroshima 
University in between cavity-glass slides.  A fragment of each sample (sub-millimeter in size) 
was gently flattened between two diamond windows in a homemade diamond cell, and the 
crushing was controlled using an optical/infrared microscope maintained under dry air. 
Conventional Fourier transform infrared microscopy measurements of chamber A samples 
(A0108-15 and A0108-19) and chamber C samples (C0109-04 and C0109-10) were performed 
on the Spectroscopie et Microscopie dans l'Infrarouge avec le Synchrotron (SMIS) beam line at 
the French national synchrotron facility (Source optimisée de lumière d’énergie intermédiaire du 
Laboratoire d’Utilisation du Rayonnement Électromagnétique, SOLEIL) during runs in July and 
October 2021, respectively, to preselect regions to explore with AFM-IR. The synchrotron light 
source was coupled to a Nicolet continuum infrared microscope equipped with a germanium-
coated KBr beam splitter, a liquid-nitrogen-cooled mercury-cadmium-telluride (MCT) detector, 
and ×32 optical Cassegrain mirrors. Maps covering the entire grain were acquired with an 
infrared spot size optimized close to the diffraction limit, with 6 × 6 μm beam size, and sampling 
with 3 µm steps (Nyquist sampling). The intact Ryugu grains A0108 and C0109 as well as the 
acid-insoluble carbonaceous residues isolated from the Ryugu A0106 and C0107 samples were 
in addition analyzed in October 2021 with a Nicolet Continuum XL IR microscope located at the 
Institut des Sciences Moléculaires d’Orsay (ISMO), France, equipped with a silicon carbide 
globar light source, a germanium-coated KBr beam splitter, a liquid-nitrogen-cooled mercury-
cadmium-telluride (MCT) detector, and ×32 optical Cassegrain mirrors. The microscope and the 
FTIR spectrometer were continuously purged with dry air. For each spot, 512 to 1024 scans of 
IR transmission spectra were accumulated with a wavenumber resolution of 2 or 4 cm−1 and with 
rectangular apertures of 20 to 100 μm, adapted to cover the entire flattened grain, following its 
morphology. 
 
Scanning transmission X-ray microscopy (STXM) 

STXM measurements were acquired at both beamline 19A at Photon Factory (PF), High 
Energy Accelerator Research Organization (KEK), Japan and beamline 5.3.2.2 at the Advanced 
Light Source, Berkeley, CA USA. 

The compact STXM at PF beamline 19A employs the APPLE-II type undulator providing 
synchrotron radiation X-rays with a photon energy range spanning 160-1900 eV. The X-ray 
intensity at the sample is a flux of 8×107 photons per second. The spatial resolution of the 
STXMs using a Fresnel zone plate (FZP) is typically around 30 nm (78). The energy resolution 
is ~ 5000. Energy calibration was confirmed by measuring highly ordered pyrolytic graphite 
(HOPG) prior to the measurements. 

The soft x-ray STXM at ALS beamline 5.3.2.2 is illuminated by bending magnet radiation. 
The desired x-ray photon energies from this broadband source are selected with a 
monochromator grating and focused to a fixed ~35 nm beam spot using a Fresnel zone plate. 
Entrance slits (V) were set to 60 μm and exit slits (H/V) were adjusted to 30 µm each. Prior to 
the experiment, the microscope energy control was calibrated against the sharp C and O 
photoabsorptions of CO2 gas introduced into the STXM chamber.  
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X-ray absorption images were acquired at spatial resolutions up to 25 nm per pixel, 
controlled by motion of the piezo stage scanners. However, hyperspectral data “stacks” were 
acquired at 50 nm per pixel resolutions to maximize signal-to-noise while minimizing total 
photon dose. In the near-edge structure region of the energy range, energy steps were set at 0.1 
eV resolution for carbon stacks, and 0.2 eV for nitrogen and oxygen stacks. The optical density 
(OD) of each image in the data stack is calculated by OD = -log(I/I0), where I is the x-ray 
intensity transmitted through the sample and I0 is the background transmission. XANES spectra 
of carbonaceous regions of interest are generated by summing pixels in those regions in the 
optical density datasets. PF STXM data were processed using the Axis2000 software (79). ALS 
STXM data were processed using Axis2000, Mantis (80), and custom Python scripts. 
 
Scanning transmission electron microscopy (STEM) coupled with electron energy loss 
spectroscopy (EELS) and energy dispersive X-ray spectroscopy (EDS) 

Bright field TEM images were acquired at the U.S. Naval Research Laboratory with a JEOL 
2200FS scanning transmission electron microscope (STEM), operated at 200 kV. Images were 
recorded with a Gatan OneView camera, with camera constants calibrated with a MagICal Si-Ge 
superlattice imaging standard. High angle annular dark field STEM images, electron energy loss 
spectra (EELS) and energy dispersive X-ray spectra (EDS) were obtained with at the Naval 
Research Laboratory with a Nion UltraSTEM 200-X operated at 60 kV, with a nominal probe 
size of 0.15 nm and probe currents of 50- 100 pA. Simultaneous EELS-EDS spectrum images 
were recorded in Digital Micrograph, with a Gatan Enfinium and Bruker Xflash-100 
spectrometers. High resolution EDS spectrum images were recorded with the Bruker Espirit 1.92 
software. Elemental maps are shown as deconvoluted counts, smoothed over 5 pixels to provide 
qualitative spatial distributions.   
 
Atomic force microscope based infrared spectroscopy (AFM-IR) 

AFM-IR analyses were performed on samples after the FTIR measurements were used for the 
selection of regions of interest. AFM-IR measurements were acquired on IconIR (Bruker nano, 
Santa Barbara CA, USA) installed at the Institut de Chimie Physique, Université Paris-Saclay 
(Orsay, France). This system allows 30 picometer root mean square (pm rms) standard deviation 
on topography with thermal drift 0.2 nm/min. In this setup, the IR beam was focused on the topside 
of the sample onto the AFM cantilever. The system was coupled to a multi-chip quantum cascade 
laser (QCL) source (MIRcat, Daylight Solutions; tunable repetition rates range of 0–2 MHz; 
spectral resolution of 0.1 cm−1) that covers a portion of the mid-IR range, from 1900 cm−1 to 900 
cm−1. The data were acquired using the tapping AFM-IR mode (81) for chamber A sample (A0108-
15), and the contact mode for chamber C sample (C0109-04). The probes used for contact mode 
(ContGB-G, 13kHz, 0.2 N/m, Budget Sensors) and tapping mode (Multi75GB-G, 75 kHz, 3 N/m, 
Budget sensor) were both gold-coated to avoid artifact effects due to the silicon IR absorption. The 
IR-mapping acquisition parameters for tapping mode were 0.4 Hz scan rate with a ~2 nm step size 
for all wavenumbers. The same acquisition parameters for contact mode were 0.4 Hz scan rate 
with a ~3 nm step size for all wavenumbers. The AFM-IR maps were recorded at several selected 
frequencies, targeted to sample organics (1720 and 1600 cm−1) and silicates (1020 cm−1). In 
addition, spectra were measured by averaging 4 different spectra on the full QCL range acquired 
at selected positions. Composite RGB color images combining the maps were combined to 
compare the spatial distribution of organics and silicates. Before combining them, individual 
images were realigned to compensate for possible small drifts between consecutive AFM-IR map 
recordings. The realigning was done using an algorithm maximizing the spatial correlation on the 
topography of the sample. Because the silicate signal dominates in absolute intensity, and thus 
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contrast, each color image was normalized by setting its maximum signal to unity before 
combining them. From the composite RGB color maps in Fig. 5, it appears that organics are present 
in two different phases: one is a low level signal in which organics are widespread and intermixed 
with the silicates whereas the other one corresponds to inclusions that stand out from the low level 
organic signal. 
 
Nanometer-scale secondary ion mass spectrometry (NanoSIMS) 

Intact grains and acid-insoluble carbonaceous residues of Ryugu samples were imaged on the 
NanoSIMS 50 installed at Museum National d’Histoire Naturelle in Paris, France. Intact particles 
were either pressed on diamond windows (at Université Grenoble Alpes, France, samples A0108-
6, A0108-18, C0109-9 and C0109-12 also analysed by Raman and FTIR) or on clean indium foil 
(at Université Paris-Saclay, France, samples A0108-15, A0108-19, C0109-4 and C0109-10). 
Insoluble carbonaceous residues prepared from samples A0106 and C0107 at University of 
Hiroshima, Japan, were pressed on indium at Université Paris-Saclay, France. All the samples 
were gold coated (20 nm thick) before NanoSIMS analyses. δD and δ15N maps were recorded 
during two separate sessions. We used a 16 keV primary Cs+ beam to collect secondary ions of 
16O-, 12C2-, 26CN-, 27CN- and 32S- for N/C, O/C and S/C ratios as well as for δ15N images in on 
session and H- and D- to obtain δD images in a second session. We chose to use the ion ratio 26CN-

/12C2- to lower the topographic effects on the N/C measurements (82). The primary beam was set 
to around 2 pA for N isotope and 12-15 pA for H isotope measurements, leading to a spatial 
resolution of about 150 nm and 300 nm, respectively. We collected 256×256 pixel images covering 
20×20 μm² with a raster speed of 2 milliseconds per pixel. Prior to each analysis, we applied a 
25×25 μm² presputtering using a 300 pA primary current during 15 minutes to ensure coating 
removal, clean the surface, and reach the sputtering steady state. We used Hamamatsu discrete 
dynode electron multipliers with a dead time of 44 ns in multicollection mode. For H isotopes, we 
set the mass spectrometer to a mass resolving power of 3000; for N isotopes it was increased to 
9000 to be able to resolve interferences like 12C15N- from 13C14N- and 32S- from 16O2-. During the 
session, the vacuum did not exceed 5×10-10 torr.  

All the NanoSIMS data were processed with the IDL (L3Harris)-based L’image software (83). 
Each image being a stack of several frames, the first step consists in aligning each frame using a 
correlation algorithm and applying the same shift in X and Y to all the pixels of a single frame. 
Then, ratio images could be generated. Each isotopic ratio and the elemental ratios are corrected 
using calibration lines, determined by measuring known reference samples: terrestrial type 3 
kerogens from Virginia, USA, and the Miocene Monterey formation, a charcoal, polystyrene 
samples of variable D/H ratios as well as the IOM of Orgueil meteorite. All the uncertainties are 
based on counting statistics uncertainties on each measurement (depending on the total counts in 
each object). 

Isotopic ratios are expressed in delta units, following the relation: δR(‰) = (Rsample/Rstandard -
1) ×1000 where Rsample is the sample isotopic ratio and Rstandard is the ratio of a terrestrial standard. 
Standard Mean Ocean Water (SMOW: D/H= 155.76×10-6) and Air (15N/14N= 3.67×10-3) are used 
as standards for H and N isotopic measurements, respectively. 

The Cameca NanoSIMS 50L at the Carnegie Institution of Washington was used to analyze 
ultramicrotomed slices of Ryugu particles A0108. 

Thick (~250 nm) slices were deposited onto Si wafers and heated to remove elemental S 
embedding medium and surface contamination. A thin Au coat was applied to avoid surface 
charging effects in the NanoSIMS. A focused Cs+ beam was rastered across the particles with 
simultaneous collection of secondary ions and electrons in multi-collection imaging mode. An 
intense beam (hundreds of pA) was first used to pre-sputter all particles to remove the Au coat 
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and surface contamination and to reach stable secondary ion currents. Two or three sets of 
measurements were made on each particle slice. First, a ~0.4-pA beam (<100-nm diameter) was 
used to collect negative ions of 16O, 12C2, 12C13C, 12C14N, 12C15N, 28Si, and 24Mg16O and 
secondary electrons. Second, a ~1.2-pA beam (< 200-nm diameter) was used to detect negative 
ions of 1H, 2D, and 12C, and secondary electrons. Some particles were re-measured for C and N 
isotopes (with the same conditions) after the H measurements since it was determined they had 
been insufficiently pre-sputtered for the first set. Images were divided into either 256 × 256 or 
512×512 pixels depending on raster size, and tens of frames collected such that a similar 
counting time per square micron was used for all measurements. Terrestrial (an organic powder 
of composition C30H50O and a mixture of powdered SiC and Si3N4) and extraterrestrial (IOM 
from CR2 chondrite QUE 99177) standards were used to tune mass peaks and correct data for 
instrumental mass fractionation.  

NanoSIMS images were analyzed with the L’image software. Images were corrected on a 
pixel-by-pixel basis for detector deadtime of 44 ns, and image frames were aligned by an auto-
correlation algorithm. Isotopic ratio images were generated and carbon-rich sub-grains (ROIs) 
were defined through a combination of automatic image segmentation and manual inspection.  
Most ROIs were identified in both the C-N and H-C images allowing H-, N- and C-isotopic data 
to be directly correlated, although some carbon-rich regions disappeared or appeared as the 
particles were sputtered under the ion beam.  

A total of ten ultramicrotome slices were analyzed for H, C, and N, and from these 2070 
correlated carbon-rich ROIs were defined (Figs S6 and 7, Table S3). The vast majority of the 
ROIs have diameters between 200 nm and 700 nm with an average ~400 nm, with a small 
number of larger grains extending up to ~2 μm. carbon-rich grains smaller than 200 nm are 
prevalent in the particles but were not defined as their signals were too low for isotopic 
measurements. For each particle slice, an average isotopic composition was determined from the 
total of all defined ROIs. In Fig. S8, we compare the δD and δ15N values from these 10 bulk 
carbon-rich measurements to literature data for carbonaceous chondrites. They show a large 
scatter due to isotopic heterogeneity on the micrometer scale (Figs. 6, S6 and S7), but are mostly 
between bulk CI and CR chondrites and the IOM from CI chondrites (45). Of the total of 2070 
ROIs defined, 2026 were found to have sufficient counting statistics for a reliable N-isotope 
measurement, 1439 for reliable D/H, and 1412 for both H and N. Most of these are consistent 
with the average bulk isotopic composition of the carbon-rich material. However, a total of 132 
ROIs, or almost 10% of the total, have more extreme isotopic enrichments or depletions and 
termed hot-spots and cold-spots (Fig. 6). About 0.5% of the carbon-rich ROIs have δ13C values 
>3σ away from the average value of -30‰ (Fig. 6). 
 

Supplementary Text 
In addition to the carbon-rich ROIs described above that are almost certainly composed of 
organic matter, two highly 13C-enriched grains were also identified in the NanoSIMS images of 
two slices of the same Ryugu grain (A0108-37g1). These isotopic compositions are too extreme 
to have been produced in the Solar System and these grains are thus identified as pre-solar 
circumstellar grains. Pre-solar grains formed in previous generations of stars and were part of the 
molecular cloud from which the Solar System formed (55). The most abundant 13C-rich pre-solar 
phase in meteorites is SiC, but because our Ryugu slices are deposited on a Si substrate, 
identifying the mineralogy of the two 13C-rich anomalous grains is difficult, especially since the 
grains are very small (<150 nm). Nevertheless, one of them has a correlated Si signal and is 
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likely SiC. No such signal was seen for the other grain, so it may be graphite, though SiC cannot 
be ruled out. Based on the total analyzed area, we estimate the SiC abundance of the Ryugu 
sample to be 10 to 20 ppm. This is similar to previous estimates of SiC abundances in 
carbonaceous chondrites (e.g., 34 ppm for Orgueil CI chondrite (84)). 
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Fig. S1. Analytical protocols applied to our samples. There are two main protocols. The left 
one is applied to the intact Ryugu samples and the right one is applied for the insoluble 
carbonaceous residues isolated by acid treatment of the Ryugu samples, respectively. Some of 
the particles were crushed on a diamond window for micro-FTIR, micro-Raman, AFM-IR and 
NanoSIMS. Slices of other particles were prepared with a FIB and/or an ultramicrotome to 
obtain ultra-thin sections for STXM, STEM-EELS-EDS, AFM-IR and NanoSIMS. The water, 
solvent, and HCl extraction residues of other aggregates of Chamber A (A0106) and Chamber C 
(C0107) were treated with 6M HCl and 1M HCl/9M HF to yield insoluble carbonaceous 
residues. 
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Fig. S2. Images of insoluble carbonaceous residues isolated from the intact Ryugu 
aggregates (A0106) by HF/HCl treatment. (A) The Ryugu carbonaceous residue in a mini 
glass vial. (B) An overhead image of the Ryugu carbonaceous residue aliquots transferred in 
another mini vial. 
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Fig. S3. Same as Figure 1, but for data acquired in a different laboratory (Waseda 
University, see the main text). 
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Fig. S4. Nitrogen- and Oxygen-XANES of Ryugu samples compared to chondrites. (A) 
Nitrogen-XANES spectra for carbonaceous grains (Grain) and matrix regions (Diffuse) from the 
aggregates A0108 and C0109 and for insoluble carbonaceous residues from C0107. The Orgueil 
meteorite and IOM from the Tagish Lake meteorite (45) are shown for comparison. Nitrogen 
abundance in insoluble carbonaceous residues from Ryugu samples appears to be extremely low 
but is detectable in the ultra-thin sections. (B) Oxygen-XANES spectra for carbonaceous grains 
(Grain) and matrix regions (Diffuse) from the aggregates A0108 and C0109 and for insoluble 
carbonaceous residues from A0106. The Orgueil meteorite and IOM from the Tagish Lake 
meteorite (45) are shown for comparison. Oxygen abundance in insoluble carbonaceous residues 
from Ryugu samples is lower than in CI chondrites, but individual grains show a larger C=O 
peak at 532 eV relative to the main C-O peak centered around 540 eV. It is likely that O-XANES 
spectra from ultrathin-samples are partly contributed by the surrounding phyllosilicates.  
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Fig. S5. Same as Figure 5, but for the color-shifted to be color-blind friendly. 
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Fig. S6. NanoSIMS images for five ultrathin sections of Ryugu A0108 grains. A) A0108-25-
g5a, B) A0108-25-g5b, C) A0108-33-g1a, D) A0108-33-g1b, E) A0108-44-g1d, where the label 
indicates the grain number (A0108-25) and particular slice label (i.e., “g5a”). For each slice, 
three images are shown: 12C (arbitrary units), δD, and δ15N. Carbon is present as diffuse 
background and as distinct sub-mm to mm-sized particles with a wide range of isotopic 
compositions. 
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Fig. S7. Same as Figure S6, but for the other five ultrathin sections of Ryugu A0108 grain. 
A) A0108-25-g1a, B) A0108-25-g1c, C) A0108-37-g1b, D) A0108-37-g1c, E) A0108-37-g1d. 
The label “ep” indicates regions of residual epoxy from sample preparation. The white box in C 
indicates the location of images in Fig. 6A-C. The arrows indicate a 2-μm grain visible in two 
slices of same Ryugu grain and also seen in STEM measurements in an adjacent slice. 
 
  



Submitted Manuscript: Confidential 
Template revised February 2021 

17 

 
 
 
 
Fig. S8. The δ15N as a function of δD for bulk carbon-rich material in the intact Ryugu 
grains in comparison with primitive carbonaceous chondrites. Ten ultrathin-sections of 
Ryugu A0108 (Figs. S6 and S7, cyan filled circles) were compared to bulk CI, CM, CR, and 
Tagish Lake meteorites (gray ellipse) and IOM from CI chondrites (black star) and different 
Tagish Lake lithologies (yellow stars) (46, 61, 85). The blue star and ellipse show the average 
and standard error of the mean for the ten samples (Table S3). 
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Table S1.  
The Ryugu samples used. 

 

Sample ID Sample condition Sub-sample No. Preparation Analysis
A0108 A0108-3 FIB STXM, STEM-EELS-EDS

A0108-5 Crushed μ-FTIR, Raman

A0108-6 Crushed μ-FTIR,	Raman, NanoSIMS

A0108-7 Crushed μ-FTIR, Raman

A0108-8 Ultramicrotomed STXM, STEM-EELS-EDS

A0108-10 Crushed μ-FTIR, Raman

A0108-11 Ultramicrotomed STXM

FIB STXM

A0108-15 Crushed AFM-IR

A0108-17 Crushed μ-FTIR, Raman

A0108-18 Crushed μ-FTIR,	Raman,	NanoSIMS
A0108-19 Crushed μ-FTIR

A0108-25 Ultramicrotomed NanoSIMS

A0108-33 Ultramicrotomed NanoSIMS

A0108-37 Ultramicrotomed NanoSIMS

A0108-39 Ultramicrotomed STEM-EELS-EDS

A0108-44 Ultramicrotomed NanoSIMS

C0109 C0109-1 Crushed μ-FTIR, Raman

C0109-4 Crushed AFM-IR

C0109-5 Crushed μ-FTIR, Raman

C0109-8 Ultramicrotomed STXM

C0109-9 Crushed μ-FTIR, Raman, NanoSIMS

C0109-10 Crushed μ-FTIR

C0109-11 FIB STEM-EELS-EDS

C0109-12 Crushed μ-FTIR, Raman, NanoSIMS

C0109-15 Crushed μ-FTIR, Raman

C0109-16 Crushed μ-FTIR, Raman

C0109-19 Ultramicrotomed STXM

A0106 A0106-2 Crushed μ-FTIR

A0106-4 Crushed μ-FTIR

A0106-8 Crushed NanoSIMS

A0106-9 Ultramicrotomed STXM, STEM-EELS-EDS

C0107 C0107-2 Crushed μ-FTIR
C0107-8 Crushed μ-FTIR

C0107-13 Crushed μ-FTIR

C0107-14 Crushed NanoSIMS

C0107-15 Crushed μ-FTIR

C0107-18 Ultramicrotomed STXM, STEM-EELS-EDS

Intact grain

Intact grain

Acid-insoluble
carbonaceous residue

Acid-insoluble
carbonaceous residue
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Table S2.  
The meteorite samples used. 
 

 
 
  

Meteorite name Meteorite
group

Petrologic
type Source Preparation Analysis

Orgueil CI 1 MNHN* Crushed μ-FTIR. Raman

MNHN
Acid treatment
(to isolate IOM)

NanoSIMS

Ivuna CI 1 M. E. Zolensky (NASA JSC**) Crushed μ-FTIR

T. Fagan (Waseda University) Crushed Raman

Murchison CM 2 Chicago Field Museum Crushed μ-FTIR

MNHN Crushed Raman

ALH84044 CM 2 MWG***, NASA JSC Crushed Raman

Banten CM 2 MNHN Crushed Raman

LEW87022 CM 2 MWG, NASA JSC Crushed Raman

MET01070 CM 2 MWG, NASA JSC Crushed Raman

Nogoya CM 2 MNHN Crushed Raman

Cold Bokkeveld CM 2 MNHN Crushed Raman

Jbilet Winselwan CM 2 S. Kawakami (Gifu Shotoku University) Crushed μ-FTIR, Raman

MAC88100 CM 2 MWG, NASA JSC Crushed Raman

QUE93005 CM 2 MWG, NASA JSC Crushed Raman

EET87522 CM 2 MWG, NASA JSC Crushed Raman

ALH84033 CM 2 MWG, NASA JSC Crushed Raman

EET96029 CM 2 MWG, NASA JSC Crushed Raman

PCA91008 CM 2 MWG, NASA JSC Crushed Raman

QUE 99177 CR 2 MWG, NASA JSC
Acid treatment
(to isolate IOM)

NanoSIMS

Tagish Lake C2 ungrouped 2 Bruno Fectay and Carine Bidaut Crushed Raman

Tarda C2 ungrouped 2 Bruno Fectay and Carine Bidaut Crushed Raman

EET83355 C2 ungrouped 2 MWG, NASA JSC Crushed Raman

PCA02012 C2 ungrouped 2 MWG, NASA JSC Crushed Raman

WIS91600 C2 ungrouped 2 MWG, NASA JSC Crushed Raman

DOM08006 CO 3 MWG, NASA JSC Crushed Raman

EET90628 L 3 MWG, NASA JSC Crushed Raman

Semarkona LL 3 MNHN Crushed Raman

QUE97008 L 3.05 MWG, NASA JSC Crushed Raman

Bishunpur LL 3.1 MNHN Crushed Raman

GRO95502       L 3.1/3.2 MWG, NASA JSC Crushed Raman

MET96503 L 3.1/3.2 MWG, NASA JSC Crushed Raman

LEW87022 LL 3.2 MNHN Crushed Raman

St Mary's County LL 3.3 MNHN Crushed Raman

*Muséum National d'Histoire Naturelle (MNHN),  **NASA Johnson Space Center (JSC),  ***Meteorite Working Group (MWG)
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Table S3. 
Average isotopic composition of carbon-rich grains within intact Ryugu particles. The 
values are based on NanoSIMS measurements at the Carnegie Institution of Washington (CIW) 
and the National Museum of Natural History, Paris (MNHN). 

 

dD Errors d15N Errors d13C Errors N/C (Atomic) Errors

Chamber A (CIW)* 490 100 42 14 -32 2 0.029 0.006

Chamber A (MNHN) 254 52 39 5 0.048 0.002

Chamber C (MNHM) 342 69 43 4 0.063 0.001

*Average and standard error of the mean from ten microtomed slices of A0109 fragments (Figs. S6-S8)
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