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Preliminary analyses of asteroid Ryugu samples show kinship to aqueously altered CI (Ivuna-type) chondrites,
suggesting similar origins. We report identification of C-rich, particularly primitive clasts in Ryugu samples that
contain preserved presolar silicate grains and exceptional abundances of presolar SiC and isotopically anoma-
lous organic matter. The high presolar silicate abundance (104 ppm) indicates that the clast escaped extensive
alteration. The 5 to 10 times higher abundances of presolar SiC (~235 ppm), N-rich organic matter, organics with
N isotopic anomalies (1.2%), and organics with C isotopic anomalies (0.2%) in the primitive clasts compared to
bulk Ryugu suggest that the clasts formed in a unique part of the protoplanetary disk enriched in presolar ma-
terials. These clasts likely represent previously unsampled outer solar system material that accreted onto Ryugu
after aqueous alteration ceased, consistent with Ryugu’s rubble pile origin.
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INTRODUCTION
The JAXA Hayabusa2 spacecraft collected samples from the C-type
asteroid (162173) Ryugu during two touchdown events. The min-
eralogical, chemical, petrologic, and isotopic characteristics of
Ryugu samples have linked them to CI carbonaceous chondrites
(1). Ryugu and CI chondrites are chemically primitive but have un-
dergone extensive low-temperature (~30° to 37°C for Ryugu)
aqueous alteration that convertedmost of the initial anhydrous con-
stituents to phyllosilicates, carbonates, magnetite, phosphate, and
sulfides (1–4). Anhydrous minerals, like olivine, pyroxene, and
spinel, are rare in Ryugu and CI chondrites and mainly exist
within Fe-rich clasts (3, 5, 6). The matrix of some of these clasts
also contains hydrated phases similar to the major Ryugu lithology
(5).

The relative degree of parent body alteration across different
samples and lithologies can be gauged through analysis of nanome-
ter- to micrometer-sized presolar grains, found as trace components
in chondrites, interplanetary dust particles (IDPs), Antarctic

micrometeorites (AMMs), and comet 81P/Wild 2 samples returned
by NASA’s Stardust mission (7). Presolar grains condensed in the
outflows and ejecta of dying stars, such as red giants, supernovae,
and novae, and retain the highly anomalous isotopic signatures of
their parent stars (7). The isotopic compositions of presolar grains
are diagnostic of the evolution and nucleosynthetic reactions that
occurred within their stellar sources. Identified presolar phases
include nanodiamonds, carbides, graphite, silicon nitride, oxides,
and silicates (7, 8). These phases are affected by secondary processes
to varying degrees, and hence, their relative abundances in extrater-
restrial materials, microstructures, and chemistry convey the extent
of parent body hydrothermal alteration [e.g., (9, 10, 11)].

Primitive extraterrestrial samples also contain large H and N iso-
topic anomalies carried by insoluble organic matter (IOM) (12–15).
The D and 15N enrichments likely result from low-temperature
chemical reactions in either the cold presolar molecular cloud or
outer protosolar disk (16, 17). More rarely, IOM bearing moderate
C isotopic anomalies has been observed (18–20). Parent body
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processing appears to decrease or destroy isotopic anomalies, par-
ticularly those in H, in IOM, but the effects are complicated and
poorly understood (15). To investigate Ryugu’s origin, history,
and extent of aqueous alteration and thermal metamorphism, we
determined the abundances and isotopic, chemical, and mineralog-
ical characteristics of presolar grains and isotopically anomalous
organic matter (IAOM) within various lithologies.

RESULTS
The elemental compositions of fragments of Ryugu particles C0002
and A0040 were determined by field-emission scanning electron
microscopy and energy-dispersive x-ray spectroscopy (FE-SEM-
EDX), revealing a phyllosilicate-dominated CI-like matrix enclos-
ing S- and Fe-rich and Mg- and Si-poor clasts. These clasts were
present as discrete regions having well-defined boundaries with
the hydrated matrix (clasts 1 to 3, ~50 to 100 μm in size) (Figs. 1
and 2 and figs. S1 and S3) and as more diffuse regions where the
boundaries between the clast and host matrix were less clear
(clasts 4 and 5, ~50 to 200 μm in size) (fig. S2). The matrix of chon-
dritic samples is the fine-grained groundmass between more coarse
objects such as chondrules. It consists predominantly of silicates
that may be crystalline, amorphous, anhydrous, or hydrated, and
it also contains organic matter. It is within this matrix that most
presolar grains are found. Presolar grains and IAOMwere identified
in interclast matrix and five clasts (e.g., Fig. 2 and figs. S3 and S4) by
C, N, O, and Si isotopic mapping using nanoscale secondary ion
mass spectrometry (NanoSIMS).

A total of 58 C-rich presolar grains were identified. Fifty grains
were 13C-rich, and 8 were 13C-poor (fig. S5 and table S1). Most of
these grains likely condensed around solar to lower-than-solar met-
allicity asymptotic giant branch (AGB) stars, and some grains have
supernova signatures (7). On the basis of the NanoSIMS 28Si−/12C−

ratios, 47 of the grains were silicon carbide (SiC) and 11 were graph-
ite. The mineralogical and chemical characterization of 13C-rich
grain C0002-C11 (table S1) from clast 1 by scanning transmission
electron microscopy (STEM) indicated a polycrystalline SiC with
multiple 20- to 50-nm–sized subgrains, some of which showed
unit cell–scale twinning (fig. S6). The structure was consistent
with cubic 3C β-SiC, the most common polytype. This grain had
a partially oxidized rim likely resulting from secondary alteration.

Clast 1 in C0002 (Fig. 1) also contained two highly 17O-rich
grains of likely AGB star origin and one 18O-rich supernova grain
(Fig. 2, figs. S3 and S5, and table S1). STEM analysis of
17O-rich grain C0002-C3 in clast 1 confirmed that it is a Mg-, Fe-,
and Al-bearing silicate (Fig. 3) with pyroxene stoichiometry
[(Mg0.8Fe0.2)(Si, Al)O3]. Diffraction data from the grain showed
diffuse scattering, consistent with an amorphous structure. The
stoichiometric chemical composition suggests that the grain
condensed as a crystal in the parent circumstellar environment
and was later amorphized, likely by irradiation in space. Presolar
grains C0002-C1 and C0002-C2 had NanoSIMS 28Si−/16O− and
24Mg16O−/16O− ratios similar to C0002-C3 (table S1), implying that
they are also silicates.

The abundances of presolar grains in the different analyzed
clasts and matrix regions are given in table S2 and shown in fig.
S7. The presolar silicate abundance in clast 1 is 104þ102� 57 parts per
million (ppm) (1σ), and the upper abundances in the other lithol-
ogies are <18 ppm. Clasts 1 and 2 have similarly high abundances of
presolar SiC, 277þ127� 91 and 219þ70� 54 ppm, respectively, whereas the
other analyzed lithologies had abundances <73 ppm. Presolar
graphite abundances for all analyzed lithologies were <38 ppm.

A total of 433, mainly submicrometer-sized grains showedN iso-
topic anomalies and low 28Si−/12C− ratios, suggestive of organic
matter (table S3, Fig. 4, and fig. S8). Both 15N enrichments (δ15N
~ +200 to +3200‰) and depletions (δ15N ~ −170 to −500‰)
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were observed. Eleven percent of these grains had moderate C iso-
topic anomalies (δ13C ranging from ±250‰). Of the grains having
C isotopic anomalies, 60% were enriched in 15N. Three grains had
anomalous C isotopic compositions and isotopically normal N
compositions. The range of N and C isotopic compositions associ-
ated with organic matter was similar among the Ryugu lithologies.
We analyzed one grain from clast 1 having 220 and 240‰ deple-
tions in 13C and 15N, respectively, by TEM (fig. S9). The 300-nm–
sized amorphous grain contained C, N, O, and S, likely associated
with N-based and carbonyl (C=O) functionality and an organo-S
component, confirming that the grain is organic and not graphitic.
These results imply that other grains having moderately anomalous
C isotopic compositions and low 28Si−/12C− ratios are also organic.

DISCUSSION
Distribution of presolar grains
Presolar silicate grains are rapidly destroyed by aqueous alteration
and are only preserved in very primitive samples (9). For example,
presolar silicates have yet to be identified in the highly aqueously
altered CI chondrites, and the highest reported abundances occur
in anhydrous IDPs that are believed to have cometary origins
[e.g., (21)]. We identified presolar silicates only in C0002 clast 1
at an abundance of 104þ102� 57 ppm (1σ; Fig. 5 and table S2). In
another study of Ryugu, a clast less-altered than bulk Ryugu had
a presolar silicate abundance of 25þ33� 16 ppm (22). For the Ryugu
matrix and clasts 3 to 5, we determined a 1σ upper abundance
limit for presolar O-rich grains of 3 ppm. This upper limit is con-
sistent with abundances in another study of Ryugu [5þ5� 3 ppm; (22)],

the upper limit for the CI chondrite Ivuna [4 ppm; (22)], and aque-
ously altered samples of all chondrite classes (9). More than 50% of
the Ryugu matrix is composed of phyllosilicates (2), and the
aqueous alteration that produced the hydratedmatrix very likely de-
stroyed presolar silicate grains.

The preservation of presolar silicates in clast 1 indicates that it is
less altered than the host Ryugumatrix, in agreement with our TEM
observations showing that clast 1 is dominated by amorphous sili-
cates and GEMS (glass with embedded metal and sulfide)–like
grains, with minor phyllosilicates, sulfides, rare magnetite, C nano-
globules, and forsterite (fig. S10). These constituents resemble those
in the least altered fragments found by (3) in Ryugu. The matrix of
clast 1 is most similar to the matrices of weakly altered CR2
(Renazzo-type) chondrites [e.g., QUE 99177, MET 00426; (23,
24)]. The presolar silicate abundance in clast 1 is comparable to
those in less altered CRs, CO3s (Ornans-type), and ungrouped
chondrites (9) but is also within error of the highest reported abun-
dance in chondrite matrices (~240 ± 30 ppm in CO3 DOM 08006)
(Fig. 5) (19, 25). The range of abundances observed in chondrite
matrices is attributed to parent body aqueous alteration. While all
asteroids experienced some degree of parent body alteration, comets
remain largely unaltered since their formation in the cold outer
solar system. The abundance of presolar silicates in comet Wild 2
samples was estimated to be 600 to 830 ppm (26). Anhydrous
IDPs and some AMMs have characteristics that suggest cometary
origins. Reported presolar silicate abundances in anhydrous IDPs
vary widely, ranging from 140þ320� 120 ppm (27) to 15; 000þ8170� 5590 ppm
(21). A subset of IDPs proposed to be “isotopically primitive” has
an average abundance of 375 ppm (28), and the area-weighted
average for all measured anhydrous IDPs is 400 ppm (29). A
similar abundance of 360þ200� 130 ppm was determined for a C-rich
cometary clast found in the CR2 chondrite LAP 02342 (30). The
highest abundance reported for AMMs is 170þ58� 45 ppm (31). The
abundance of presolar silicates in clast 1 is lower than that of
comet Wild 2 but is consistent with abundances in some AMMs
and IDPs of probable cometary origin.

Unlike presolar silicates, presolar SiC and graphite grains survive
aqueous alteration but are destroyed by thermal metamorphism or
prolonged oxidation (10, 32, 33). Their abundances are relatively
consistent across unheated chondrite classes and types: ~30 ppm
for presolar SiC and <10 ppm for presolar graphite (10, 32, 33). A
presolar graphite abundance has not been reported for comet Wild
2, but the presolar SiC abundance was inferred to be 45 ppm (26),
consistent with chondrites. Only four presolar SiC have been iden-
tified in anhydrous IDPs, and estimated abundances range from 60
to 190 ppm (27, 34, 35). The average presolar SiC abundance in
AMMs is 14þ11� 7 ppm (31). Presolar graphite grains have not been
identified in IDPs and AMMs. No presolar SiC or graphite was
found in the C-rich cometary clast (30). We found clasts 1 and 2
to have exceptional presolar SiC abundances, 277þ127� 91 ppm (9
grains) and 219þ70� 54 ppm (16 grains), respectively, whereas the
other Ryugu lithologies have abundances <73 ppm (table S2 and
fig. S7). The combined presolar SiC abundance of 45þ12� 10 ppm in
Ryugu, excluding clasts 1 and 2, is consistent with abundances in
many unheated chondrites (Fig. 5) (10). The presolar graphite
abundances across Ryugu lithologies are more consistent, and the
average of 12þ6� 4 ppm agrees with the ~10-ppm abundance in CI
chondrites Orgueil and Ivuna (22, 33). The similar presolar SiC

Fig. 1. Backscattered electron (BSE) image and elemental maps of a region of
grain C0002 containing primitive clast 1, outlined in the BSE image. This clast
is rich in Fe and S and depleted in Mg, Si, and O compared to the surrounding
matrix. It also contains Mg-rich silicate grains that are likely olivine. White arrows
indicate a cluster of these grains.
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and graphite abundances in Ryugu (excluding clasts 1 and 2) and CI
and unheated chondrites indicate that the Ryugu samples escaped
thermal metamorphism and prolonged oxidation. This agrees with
analyses of water in phyllosilicates in Ryugu samples that indicate
that Ryugu was never heated above 100°C (1). The Ryugu matrix,
therefore, accreted in a region of the protoplanetary disk that had
an abundance of presolar grains typically observed in chondritic
meteorite matrices.

The much higher presolar SiC abundances in clasts 1 and 2,
however, indicate that they accreted in a reservoir that was distinct
from Ryugu, cometWild 2, and most chondrites, AMMs, and IDPs.
Elevated presolar SiC abundances have only been reported for two
CR2 chondrites: 160 ± 57 ppm in NWA 852 and 182 ± 34 ppm

(120þ28� 23 ppm excluding a large grain) in GRV 021710 (Fig. 5) (36,
37). These abundances are similar to those in some anhydrous IDPs.
Relative to chondritic meteorites, some IDPs and AMMs show ele-
vated abundances of O-rich supernova stardust having large enrich-
ments in 18O [e.g., (21, 31)], suggesting a heterogeneous
distribution of supernova dust in the protoplanetary disk. Most of
the presolar SiC grains in clasts 1 and 2 derive from C-rich AGB
stars and have C, N, and Si isotopic compositions falling within
the mainstream-, Y-, and Z-type classifications for SiC from AGB
stars (fig. S5) (7). Differences in nucleosynthetic isotopic anomalies
in noncarbonaceous and carbonaceous reservoirs have been linked
to the heterogeneous distribution of presolar grains in the solar pro-
toplanetary disk (38). The observed nucleosynthetic signatures

Fig. 2. Region of grain C0002 containing a portion of primitive clast 1 and hydrated Ryugu matrix. The BSE (top left) and corresponding NanoSIMS 16O, 28Si,
24Mg16O, 12C, and 12C14N ion images show that the clast 1 matrix is more fine-grained and has a well-defined boundary with the altered Ryugu matrix. The NanoSIMS
ion images show that the clast has lower 28Si signal and greater 12C and 12C14N signals relative to the neighboring matrix, indicative of a higher abundance of N-rich
organic matter in the clast. The 12C14N image was acquired in a subsequent measurement, and the analysis region is shifted up by 3 μm relative to the other images. This
portion of clast 1 contains 17O-rich presolar silicate C0002-C1 and 13C-rich presolar SiC grain C0002-C7, shown by the arrows in the NanoSIMS δ17O/16O and δ13C/12C ratio
images. Isotope ratios are given as deviations from the standard values in per mil (‰). Small variations in the isotope ratio images are due to statistical fluctuations.
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require dust contributions from both supernova and AGB stars (38,
39). The inventory of refractory presolar grains in IDPs, AMMs, and
clasts 1 and 2 in Ryugu samples also points to heterogeneous distri-
butions of stardust from multiple stellar sources in the early
solar system.

Whilewe did not find any presolar oxide grains in our study, (22)
found one grain in the Ryugu matrix for an abundance of 0.6 ppm.
From our study, the presolar SiC abundance in the primitive clasts is
~5.5 times greater than in the Ryugu matrix. If presolar oxides are
enriched to the same degree in the clasts, then the abundance would
be 3.2 ppm. Given the measured area of the clasts and using the
average presolar oxide size of 250 nm, we would expect to find
<0.3 presolar oxides in each clast. The probability of finding a pre-
solar oxide can also be calculated using the equation (1−e−A/B) ×
100 (%), where A is the area analyzed in each clast and B is the
area analyzed by (22) to find one grain divided by 5.5 to represent
the enhanced abundance in the clasts. The probabilities of finding a

presolar oxide in clasts 1 and 2 are 21 and 50%, respectively. There-
fore, our results are not inconsistent with an enrichment in presolar
oxides relative to the Ryugu hydrated matrix.

Isotopically anomalous organic matter
Clasts 1 and 2 show greater abundances of organic matter than bulk
Ryugu based on the ~5 times higher NanoSIMS 12C14N/28Si ratios.
This is similar to C-rich anhydrous IDPs and ultracarbonaceous
AMMs (UCAMMs) that have C contents >2 × CI (40, 41) and the
cometary clast found in LAP 02342 (30). Clasts 1 and 2 also contain
higher abundances of IAOM with N isotopic anomalies, 1.4 and
1.1%, respectively, compared to 0.07 and 0.3% in the C0002 and
A0040 matrix, respectively (Fig. 4). Only a few anhydrous IDPs
(34) and the CR2 chondrite EET 92042 (13) show percent level
or higher abundances of IAOM. The high C and N contents of clasts
1 and 2 relative to the Ryugu matrix can be seen in the NanoSIMS
isotope maps (Fig. 2 and fig. S3). The average NanoSIMS
12C14N/12C ratios of IAOM in clasts 1 and 2 are 1.0 and 0.6, respec-
tively, while in the matrix of C0002 and A0040, they are 0.3 and 0.5,
respectively. The correlation between the abundance of N isotopic
anomalies and 12C14N/12C ratio suggests that the N anomalies are
mainly carried by N-rich organic matter. IAOM in some anhydrous
IDPs is also strongly N-rich (14). The bulk 12C14N/12C ratios for the
clasts and matrix are similar to the average ratios of the respective
IAOM. Therefore, the organic matter in the clasts is intrinsically
about two times more N-rich than organic matter in the Ryugu
matrix. Organic matter in comet Wild 2 and some UCAMMs
have higher N contents than chondrites and IDPs (41, 42). It has
been proposed that the organic matter in the UCAMMs formed
by chemical reactions of N- and methane-rich ices beyond the
trans-Neptunian region of the solar system (41). The organic
matter in the clasts likely also formed in the outer solar system.

We found clasts 1 and 2 to have remarkably high abundances of
IAOM having C isotopic anomalies—0.3 and 0.2%, respectively—
compared to 0.02% in the Ryugu matrix. Such rare C-anomalous
organic grains have only been identified in three CR2 chondrites
(13, 18, 43) and some anhydrous IDPs (12, 20, 28, 44). Their abun-
dance in the minimally altered CR2 chondrites QUE 99177 and
MET 00426 (~0.012%) led (18) to suggest that aqueous alteration
destroys the carriers of the C isotopic anomalies. However, the hy-
drated Ryugu matrix contains a similar abundance of C-anomalous
IAOM as the CR2 chondrites, and the overall abundance of IAOM
with N anomalies (0.17%) in the Ryugu matrix is comparable to
chondritic IOM [0.005 to 1%; (13)] and anhydrous IDPs [0.08%;
(28)]. The range of N isotopic ratios in the Ryugu IAOM also
rivals those in primitive chondrites (13, 18, 43), anhydrous IDPs
(21, 28, 44), C-rich AMMs (41), and comet Wild 2 (45, 46), with
the most extreme isotopic hotspot in hydrated Ryugu (δ15N ~
3200‰) exceeding those in pristine samples. These observations
suggest that aqueous alteration does not erase or dilute the N and
C isotopic signatures of IAOM, similar to previous studies of chon-
dritic IOM residues [e.g., (47)]. The similar abundances and com-
positions of IAOM suggest that the parent bodies of Ryugu and
some CR chondrites and anhydrous IDPs accreted common pri-
mordial organic matter.

That the organic matter in clasts 1 and 2 shows higher N con-
tents, higher abundances of N isotopic anomalies, and the highest
abundance of C-anomalous IAOM ever reported implies that the
accreted IAOM formed in a region of the cold molecular cloud

Fig. 3. NanoSIMS and TEM data for the 17O-rich presolar grain C0002-C3.
The presolar grain is indicated by the arrow in the 17O/16O ratio image of a
region of clast 1 (top left). Isotopic ratios are given as deviations from terrestrial
composition in per mil (‰). The inset in the high-resolution TEM (HR-TEM)
image shows diffuse scattering consistent with an amorphous structure. The
bright-field STEM (BF-STEM) image and elemental maps of the presolar grain
(outlined in red) show that it is a silicate with pyroxene stoichiometry and com-
position (Mg0.8Fe0.2)(Si, Al)O3.
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distinct from the formation region of IAOM in bulk Ryugu and
known chondritic materials. Theoretical models of gas-phase ion-
molecule reactions in dense interstellar clouds reproduce the C and
N isotopic compositions of IAOM in chondrites, IDPs, and Ryugu
samples, with the isotopic anomalies produced in specific molecules
(17, 48–50). While the abundances of N-bearing molecules do not
vary with gas density, the abundances of the C-bearing molecules
are generally greater at lower densities and when C/O > 1 (49).
The IAOM in clasts 1 and 2 likely formed where the physical and
chemical conditions were favorable for C isotopic fractionation, and

the resulting anomalies escaped equilibration with isotopically
normal CO. The paucity of C-anomalous IAOM in chondritic me-
teorites and IDPs suggests that the chemical reactions that fraction-
ate N were more efficient or widespread than those that fractionate
C (49), the molecules in which C fractionates were depleted in the
environment where most IAOM formed, the conditions were not
conducive to C isotopic fractionation (50), and/or equilibration
was prevalent.

Our studies of grain A0040 collected during the first touchdown
of the Hayabusa2 spacecraft and grain C0002 collected during the

Fig. 5. Abundances of presolar grains in Ryugu, carbonaceous chondrites, and an AMM. Abundances of presolar silicates and oxides (O-rich), SiC, and graphite in
clasts 1 and 2 and Ryugu matrix compared to abundances in chondrites of various classes [(9) and references therein (10, 18, 19, 22, 33, 36, 37, 51)] and an AMM (31). The
abundances in Ryugu are consistent with CI chondrites except for clasts 1 and 2, which have remarkably high abundances of presolar SiC grains. The presolar silicate
abundance in clast 1 is similar to primitive chondrites and not altered CI. Presolar O-rich grain abundances for A0040 clast 2, total Ryugu without clasts, and Ivuna (22) are
upper limits. Errors are 1σ. wo, without. Not plotted are presolar grain abundances in comet Wild 2 and IDPs. The abundance of O-rich presolar grains in comet Wild 2
samples is 600 to 830 ppm, and the abundance of presolar SiC is 45 ppm (26). Anhydrous IDPs display a wide range of presolar abundances for O-rich grains (20 to 23,080
ppm including 1σ errors) and SiC grains (10 to 630 ppm including 1σ errors) (21, 27, 34, 35).

Fig. 4. Isotopic compositions and abundances of IAOM in the Ryugu matrix and primitive clasts 1 and 2. The IAOM in the different lithologies has similar C and N
isotopic distributions (A). However, the clasts have much higher abundances of IAOM [%; (B)] than the Ryugu matrix. Isotopically normal organic matter is not plotted.
Errors in (A) are 1σ.
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second touchdown revealed a difference in the organic matter. Al-
though the abundance of IAOMwith C isotopic anomalies were the
same in the hydrated matrices of C0002 and A0040, the abundance
of N anomalous IAOM was greater in the A0040 matrix. The
average 12C14N/12C ratios of both the isotopically normal organic
matter and IAOM in A0040 are two times the ratios in C0002.
This indicates that the organic matter in the matrix of A0040 was
more N-rich than the matrix of C0002, though not as N-rich as
the primitive clasts. These differences likely reflect inherent hetero-
geneity of organic matter in Ryugu rather than alteration during po-
tential exposure of A0040 on the surface of Ryugu. Processes that
fractionate N would also be expected to fractionate C and the ma-
trices of A0040 and C0002 had the same abundance of C anoma-
lous IAOM.

Origin of clasts in Ryugu samples
The uniquely primitive characteristics of clasts 1 and 2 set them
apart from the bulk of the Ryugu matrix and any other known ex-
traterrestrial materials. These clasts have (i) moderate abundance of
preserved presolar silicate grains, (ii) primitive mineralogy, (iii)
abundances of presolar SiC exceeding any other sample, (iv) high
abundances of organic matter with N isotopic anomalies, (v) abun-
dances of organic matter with C isotopic anomalies exceeding any
other sample, and (vi) very high abundances of N-rich organic
matter. While some CR chondrites and chondritic IDPs have pre-
solar SiC or IAOM abundances approaching those in these clasts, no
sample has similarly high abundances of both constituents. More-
over, the abundance of C-anomalous IAOM in clasts 1 and 2 is
unparalleled.

The abundance of presolar silicates and the mineralogy of clast 1
indicate that it experienced limited aqueous alteration, unlike bulk
Ryugu. However, the other characteristics of clasts 1 and 2 cannot be
explained by more limited aqueous alteration relative to the host
Ryugu matrix. Presolar SiC is not altered or destroyed by aqueous
alteration. This is exemplified by the similar abundances of these
grains in hydrated and less altered chondrites (10), AMMs (31),
an anhydrous IDP (35), and comet Wild 2 (26). The abundance
of presolar SiC in the Ryugu matrix is comparable to these
samples. Therefore, parent body aqueous alteration cannot
explain the lower abundance of presolar SiC in the Ryugu matrix
compared to the clasts. The similar C and N isotopic distributions
of organic matter in the clasts and Ryugu matrix indicate that the
molecular carriers of these anomalies are not destroyed and the iso-
topic anomalies are not diluted by aqueous alteration. Previous
studies of chondrites have also shown that aqueously altered
samples have similar N isotopic anomalies and abundances of
IAOM as less altered samples, including primitive anhydrous
IDPs and comet Wild 2 (see discussion above). Thus, the lower
abundance of IAOM in the Ryugu matrix is not attributable to
aqueous alteration. The lower abundance of organic matter in the
Ryugu matrix relative to the clasts also cannot be explained by
aqueous alteration. Altered CI chondrites have greater abundances
of C associated with organic matter than more primitive chondrites
[e.g., (47)].

Clasts 1 and 2 may therefore represent a previously unsampled
type of primitive chondritic material that accreted in a cold region
of the protoplanetary disk enriched in presolar grains and primor-
dial organics. We propose that these unique clasts are exogenous
and originated from an asteroid or comet in the outer solar

system. The bulk δD and δ15N compositions (4), observation of
CO2-bearing water inclusions within pyrrhotite (3), and N/C
ratios of Ryugu samples (3) indicate that Ryugu also likely formed
in the outer solar system, similar to CI chondrites. Probable come-
tary samples have higher C abundances than CI chondrites and N-
rich organic matter. The significantly greater abundance of organic
matter in the clasts and its N-rich nature compared to bulk CI-like
Ryugu support a cometary origin. In addition, the presolar silicate
abundance in clast 1 is consistent with some anhydrous IDPs and
AMMs. The clasts have clearly escaped the extensive hydration ex-
perienced by the Ryugu matrix and have distinct boundaries with
the Ryugu matrix. It is therefore less likely that they were incorpo-
rated during accretion of the matrix material of Ryugu’s parent as-
teroid. Instead, the clasts most likely accreted onto Ryugu >5million
years after solar system formation, when aqueous alteration ceased
on Ryugu’s progenitor body (1) and after the parent body was dis-
rupted to form Ryugu as a rubble pile at large radial distance (2).

While the other clasts studied here are chemically similar to
clasts 1 and 2, they differ substantially in their inventory of presolar
grains and IAOM and are indistinguishable from bulk Ryugu in that
regard. These clasts likely have a different origin from clasts 1 and 2.
Whereas clasts 1 and 2 have well-defined boundaries with the
Ryugu matrix, the diffuse nature of clasts 4 and 5 suggests that
they were part of the progenitor Ryugu planetesimal. Their chemi-
cal resemblance to primitive clasts 1 and 2 indicates that they were
not as extensively altered as the surrounding Ryugu matrix. These
nanometer-scale coordinated analyses of Ryugu returned samples
have provided incredibly detailed insights into the macroscale ac-
cretion and alteration processes that occurred on the Ryugu asteroid
and parent body, and the distribution of presolar grains and IAOM
in the protoplanetary disk. The preservation of abundant primitive
materials within a highly altered body cannot be observed remotely
and emphasizes the importance of laboratory analyses of re-
turned samples.

MATERIALS AND METHODS
Experimental design
The objective of the study was to characterize the presolar grains
and IAOM within various lithologies present in Ryugu samples.
This was done by conducting coordinated nanoscale isotopic,
chemical, and mineralogical analyses of isotopically anomalous
components and their host matrix. Samples were examined by
FE-SEM-EDX, NanoSIMS, and TEM assisted by focused ion
beam (FIB) sample preparation techniques.

Samples and preparation
Broken fragments from Ryugu grains from the first touchdown site
(A0040 from chamber A) and second touchdown site (C0002 from
chamber C) were examined in this study. The fragments were sub-
millimeter sized. The fragments were handpicked and pressed into
pure indium in two separate sample mounts. The samples were not
polished because of their highly friable nature and also to avoid con-
tamination and/or removal of soluble organic compounds by expo-
sure to solvents. Polished grains of San Carlos olivine and
Madagascar hibonite were also pressed into each mount and
served as reference materials. Additional isotopic carbonate and
amphibole standards were included in the mounts but not used
in this study. One fragment from C0002 and three fragments
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from A0040 were studied. The samples were coated with ~5 nm of
Pt using a Cressington 108 auto sputter coater for SEM and Nano-
SIMS analyses.

FE-SEM-EDX chemical analysis
Fragments of Ryugu grains C0002 and A0040 were first imaged and
characterized for their elemental compositions by FE-SEM-EDX.
The JEOL 7600F at NASA Johnson Space Center (JSC) was used
to capture ultrahigh spatial resolution (2 to 3 nm) secondary elec-
tron images (SEIs), and backscattered electron images (BEIs) of the
samples. The SEIs were used to identify flat regions of the sample
that would be appropriate for NanoSIMS isotopic analysis. Detailed
images of these regions were acquired along with elemental x-ray
maps of Ti, Si, S, P, O, Ni, Na, Mg, K, In, Fe, Cr, Cl, Ca, C, and
Al. The JEOL 7600F is equipped with a silicon drift detector
(SDD)–type x-ray detector system, which can acquire and process
>100,000 x-ray counts per second.

Among a phyllosilicate-dominated groundmass were magnetite
framboids, plaquettes and spherules, carbonates, sulfides, Al-rich
and Fe-rich oxides, chromite, Mg-rich silicates, and carbonaceous
veins, nodules, and globules. The BEI and elemental maps allowed
for detection of clasts, which appeared lighter in the BEI and chem-
ically distinct from surrounding matrix. These clasts were irregular-
ly shaped and existed as discrete regions <100 μm in size and as
more diffuse regions. They were relatively Fe- and S-rich and Mg-
and Si-poor compared to the surrounding Ryugu matrix. Clast 1
was also Ni-rich and Na-poor and contained <~2-μm–sized Mg-
rich silicates, likely olivine.

NanoSIMS isotopic analysis
Isotopic analysis of the Ryugu samples was conducted using the
CAMECA NanoSIMS 50L at NASA JSC. We followed analytical
protocols that are well established in our laboratory [e.g., (27)].
Matrix regions in C0002 and A0040, one clast in C0002, and four
clasts in A0040 were analyzed. The isotopic compositions of the
samples were acquired by raster ion imaging using a 16-keV Cs+
primary ion beam of ~0.9 pA and ~100 nm diameter. Before
image acquisition, each analysis region was presputtered using a
high beam current to remove the Pt coating, clean the sample
surface, and ensure that secondary ion count rates reached a
steady state. Negative secondary ions of the C and O isotopes,
28Si, and either 24Mg16O or 27Al16O were collected simultaneously
in electron multipliers. A mass resolving power of ~10,000
(CAMECA NanoSIMS definition) was achieved, and isobaric inter-
ferences were resolved. In particular, the 16OH interference on 17O
was <1‰. A nuclear magnetic resonance probe was used to main-
tain the magnetic field stability to <10 ppm/10 hours; 20-μm fields
of view were measured at an image size of 256 × 256 pixels. The
dwell time was 3200 μs per pixel, and 60 image layers were acquired
for each sample region. Automatic peak centering was conducted
on 12C and 16O every 10 frames during the analyses to correct for
any drift in the mass peaks. The other mass peaks were shifted ac-
cordingly. An electron flood gun was used tomitigate sample charg-
ing. To correct for instrumental mass fractionation, we measured
San Carlos olivine to correct for O isotopes and USGS24 graphite
for C isotopes. The graphite standard was on a separate mount and
consisted of grains pressed into clean Au foil.

The interactive data language (IDL)–based L’image software, de-
veloped by L. Nittler, was used for data processing, and the

following corrections were applied for each image pixel: deadtime
correction of 44 ns, quasi-simultaneous arrival correction, and cor-
rection for shifts between image layers. Image layers are summed,
and isotope ratio images are produced. Regions of interest are man-
ually defined, and a grain was considered presolar if its isotopic
composition differed from the surrounding material by >4σ.
Likely phase identifications were based on the 28Si/12C, 28Si/16O,
and 24Mg16O/16O ratios; however, phases for representative grains
were confirmed by TEM (see section below). Isotope ratio errors are
based on counting statistical uncertainties and external reproduc-
ibility of standards. Ratios are reported as delta (δ) values, or per
mil deviations (‰) from the reference value, and are calculated
as δR (‰) = [Rsample/Rstandard − 1] × 1000, where R is the isotopic
ratio of the sample and standard (table S1).

The area analyzed in each region for C and O isotopes was as-
sessed on the basis of the NanoSIMS 16O ion image with a 10%
threshold applied. In other words, regions with counts below 10%
of the maximum 16O counts were excluded. Total analyzed areas for
different samples and lithologies are reported in table S2. Presolar
grain abundances were determined by dividing the total area
covered by the presolar grains by the total area measured and are
reported as ppm. Grain sizes are estimated from the NanoSIMS
images. Errors in reported presolar grain abundances are based
on the number of grains identified and use the confidence limits
tables in (52). For regions where no presolar O-rich grains were
identified, the 1σ upper limits on the abundances, given in table
S2, were determined by using the average presolar O-rich grain
size of 250 nm.

Some regions in clasts 1 and 2 and the matrix of C0002 and
A0040 that were analyzed for C and O isotopes were remeasured
for C, N, and Si isotopes to further characterize C-rich presolar
grains (fig. S3) and to identify IAOM (table S3). Some of the C-
rich presolar grains sputtered away during this subsequent analysis,
and N and Si isotopic compositions for these grains could not be
obtained. 12C−, 13C−, 12C14N−, 12C15N−, 28Si−, 29Si−, and 30Si−
were measured simultaneously by ion imaging. Analytical protocols
were similar to the previous measurement setup. USGS24 graphite
was the reference material for the presolar grains for C isotopes. The
KG17 kerogen standard was the reference material for N isotopes,
and Si isotopic compositions were normalized to the average com-
position of the neighboring grains within the same imaged area. For
organic matter, KG17 kerogen was the reference material for C and
N isotopes. Organic matter was considered anomalous if its C and/
or N isotopic ratios differed by at least 3σ from the average compo-
sition of the analyzed regions.

The concentration of IAOMwas determined by dividing the area
of anomalous organics by the total area analyzed. The area analyzed
in each region was assessed on the basis of the 28Si ion image, with a
10% threshold applied to the 28Si counts. The total areas analyzed
for C, N, and Si isotopes in clasts 1 and 2, the C0002 matrix, and the
A0040 matrix were 1906, 4616, 5705, and 3401 μm2, respectively.
While grains with modest C anomalies (δ13C ~ ±250‰) and low
28Si/16O ratios were identified during the C and O isotope
mapping and are likely organic, these grains are not reported here
because we do not have the corresponding N isotopic compositions
to constrain their nature further (i.e., organic or presolar graphite).
Only organic grains that were analyzed simultaneously for C and N
isotopes are reported and included in the abundance calculation.
This does not lead to an underestimate of the abundances of
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IAOM because the areas analyzed for C and O isotopes were not
included in the total area analyzed when calculating the
abundances.

Phase identifications of presolar silicates, presolar SiC, presolar
graphite, and organic matter were based on the 28Si/12C, 28Si/16O,
and 24Mg16O/16O ratios from NanoSIMS analysis. The relevant
ratios for each grain are provided in tables S1 and S3. The TEM anal-
ysis of the presolar silicate and presolar SiC grains also assisted with
phase identifications. A presolar grain was considered to be a silicate
if its 28Si/16O and 24Mg16O/16O ratios were equal to or greater than
the average for the surroundingmaterial, which is mainly composed
of silicate grains. A grain was considered to be a SiC if a distinct 28Si
signal was observed to correlate with the isotopic anomaly or its
28Si/12C ratio was greater than 0.3. The relatively low 28Si/12C
ratios of some grains that clearly showed 28Si in the ion image,
and thus were SiC, were due to contaminating signal from sur-
rounding carbonaceous organic matter. Grains having 28Si/12C
ratios lower than 0.3 were assigned as presolar graphite. Anomalous
organic grains had a similar range of 28Si/12C ratios as presolar
graphite, but their C and N isotopic signatures were distinct and
aided in phase assignment. O, C, N, and Si isotopic ratios are report-
ed relative to standard mean ocean water, Pee Dee Belemnite, air,
and the Ryugu matrix, respectively.

FIB sample preparation
O- and C-rich presolar grains and an organic grain having N and C
isotopic anomalies were extracted from the bulk sample and pre-
pared for TEM analysis using FIB lift-out techniques. The FEI
Quanta 3D-FEG 600 dual-beam FIB instrument at NASA JSC was
used to produce thin (~100 nm) electron transparent cross sections
of the grains and surrounding matrix. These sections were welded
onto Cu grids for TEM analysis. Further description of the FIB
sample preparation procedure can be found in (11).

TEM mineralogical and chemical analysis
The FIB sections were analyzed using a JEOL 2500SE 200 kV FE-
STEM equipped with a JEOL 70mm2 SDD for EDX analyses. STEM
images were collected in brightfield and darkfield modes. High-res-
olution (lattice fringe) images and selected-area electron diffraction
(SAED) patterns were collected using a Gatan OneView camera.
The compositional maps were acquired by rastering a 2-nm-diam-
eter incident probe with a dwell time of 50 ms per pixel over a frame
size of 200 × 256 pixels per frame. Multiple frames (200 to 500) were
summed so that each pixel contains high-count EDX spectrum suf-
ficient to provide better than 1% counting statistics to determine
major elemental abundances (multiple pixels are summed to
define a region of interest) and their spatial distributions. Quantita-
tive analyses were obtained using the Cliff-Lorimer thin-film proce-
dure, with experimental k-factors determined using well-
characterized standards.

Supplementary Materials
This PDF file includes:
Figs. S1 to S10
Legends for tables S1 and S3
Table S2
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