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Introduction: The Hayabusa2 spacecraft made two landings on the asteroid Ryugu in 2019, 
during which it collected samples of the surface material. Those samples were delivered to Earth 
in December 2020. The colors, shapes and morphologies of the returned samples are consistent 
with those observed on Ryugu by Hayabusa2, indicating that they are representative of the 
asteroid. Laboratory analysis of the samples can determine the chemical composition of Ryugu 
and provide information on its formation and history. 
Rationale: We use laboratory analysis to inform the following the questions: (i) what are the 
elemental abundances of Ryugu?; (ii) what are the isotopic compositions of Ryugu?; (iii) does 
Ryugu consist of primary materials produced in the disk from which the Solar System formed, or 
of secondary materials produced in the asteroid or on a parent asteroid?; (iv) when were Ryugu’s 
constituent materials formed?; and (v) what (if any) relationship does Ryugu have with 
meteorites?  
Results: We quantified the abundances of 66 elements in Ryugu samples: H, Li, Be, C, O, Na, 
Mg, Al, Si, P, S, Cl, K, Ca, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, Ge, As, Se, Rb, Sr, Y, Zr, 
Nb, Mo, Ru, Rh, Pd, Ag, Cd, In, Sn, Te, Cs, Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, 
Tm, Yb, Lu, Hf, Ta, W, Tl, Pb, Bi, Th, and U. There is a slight variation in chemical 
compositions between samples from the first and second touchdown sites, but the variations 
could be due to heterogeneity at the small scale of the samples analyzed.  

The Cr-Ti isotopes and abundance of volatile elements are similar to carbonaceous meteorites 
in the CI (Ivuna-like) chondrite group. The Ryugu samples consist of the minerals magnetite, 
breunnerite, dolomite, and pyrrhotite as grains embedded in a matrix composed of serpentine and 
saponite. This is also similar to CI meteorites. Anhydrous silicates are almost absent, indicating 
extensive liquid water-rock reactions (aqueous alteration) of the material. We conclude that the 
samples mainly consist of secondary materials formed by aqueous alteration in a parent body, 
from which Ryugu later formed. 

 The oxygen isotopes in the bulk Ryugu samples are also similar to those in CI 
chondrites. We use oxygen isotope thermometry to determine the temperature at which the 
dolomite and magnetite precipitated from an aqueous solution: 37 ±10 °C. The 53Mn-53Cr 
isotopes date the aqueous alteration at 5.2!".$%".&	(statistical)	!'.(%(.)	(systematic) million years after 
the birth of the Solar System. 

 Phyllosilicate minerals are the main host of water in the Ryugu samples. The amount of 
structural water in Ryugu is similar to CI chondrites, but interlayer water is largely absent in 
Ryugu, suggesting loss of interlayer water to space. The abundance of structural water, and 
dehydration experiments, indicate the Ryugu samples remained below ~100 °C from the time of 
aqueous alteration until the present. We ascribe the removal of interlayer water to a combination 
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of impact heating, solar heating, solar wind irradiation, and long-term exposure to ultra-high 
vacuum of space. Loss of interlayer water from phyllosilicates could be responsible for the 
comet-like activity of some carbonaceous asteroids and the ejection of solid material from the 
surface of asteroid Bennu. 
Conclusion: The Ryugu samples are most similar to CI chondrite meteorites, but more 
chemically pristine than CIs or other Solar System materials that have been analyzed in 
laboratories. CI chondrites appear to have been modified on Earth or during atmospheric entry. 
Such modification of CI chondrites could have included the alteration of the structures of 
organics and phyllosilicates, the adsorption of terrestrial water, and the formation of sulfates and 
ferrihydrites. Those issues do not affect the Ryugu samples. Those modifications might have 
changed the albedo, porosity, and density of the CI chondrites, causing the observed differences 
with Ryugu observed by Hayabusa2, and the Ryugu samples returned to Earth. The Ryugu 
samples are most closely resembles Solar photosphere in chemical composition among natural 
samples available in laboratory. 
 

  

Representative petrography of a Ryugu sample, designated C0002-C1001. Colors indicate 
elemental abundances determined from X-ray spectroscopy. Lines of iron, sulphur, and calcium 
are shown as RGB color channels in that order. Combinations of these elements are assigned to 
specific minerals, as indicated in the legend. All visible minerals were formed by aqueous 
alteration on Ryugu’s parent body.  
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INTRODUCTION: The Hayabusa2 spacecraft 
made two landings onto the asteroid Ryugu 
in 2019, during which it collected samples of 
the surface material. Those samples were de-
livered to Earth in December 2020. The col-
ors, shapes and morphologies of the returned 
samples are consistent with those observed 
on Ryugu by Hayabusa2, indicating that they 
are representative of the asteroid. Laboratory 
analysis of the samples can determine the 
constituents of Ryugu and provide informa-
tion on its formation and history.

RATIONALE: We use laboratory analysis to 
inform the following the questions: (i) what 
are the elemental abundances of Ryugu?; 
(ii) what are the isotopic compositions of 
Ryugu?; (iii) does Ryugu consist of primary 
materials formed in the protosolar disk or 

Samples returned from the asteroid Ryugu are  
similar to Ivuna-type carbonaceous meteorites 

HEAD SUBJECT
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RESEARCH ARTICLE SUMMARY

Representative petrography of a Ryugu sample designated C0002-C1001. Colors indicate elemental 
abundances determined from X-ray spectroscopy lines of Iron, Sulphur, and Calcium as RGB channel assign-
ments. Combinations of these elements are assigned to specific minerals, indicated in the legend. All visible 
minerals were formed by aqueous alteration on Ryugu’s parent body.

of secondary materials formed in the aster-
oid or on a parent asteroid?; (iv) when were 
Ryugu’s constituent materials formed?; and 
(v) what, if any, relationship does Ryugu have 
with meteorites? 

RESULTS: We quantified the abundance of 66 
elements in Ryugu samples: H, Li, Be, C, O, 
Na, Mg, Al, Si, P, S, Cl, K, Ca, Sc, Ti, V, Cr, Mn, 
Fe, Co, Ni, Cu, Zn, Ga, Ge, As, Se, Rb, Sr, Y, Zr, 
Nb, Mo, Ru, Rh, Pd, Ag, Cd, In, Sn, Te, Cs, Ba, 
La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, 
Yb, Lu, Hf, Ta, W, Tl, Pb, Bi, Th, and U. There 
is a slight variation in chemical compositions 
between samples from the first and second 
touchdown sites, but the variations could be 
due to heterogeneity at the small scale of the 
samples analyzed. 

The Cr-Ti isotopes and abundance of 

volatile elements are similar to meteorites 
CI (Ivuna-like) chondrite group. The Ryugu 
samples consist of the minerals magnetite, 
breunnerite, dolomite, and pyrrhotite as 
grains embedded in a matrix composed of 
serpentine and saponite. This is also simi-
lar to CI meteorites. Anhydrous silicates are 
almost absent, indicating extensive liquid 
water-rock reactions (aqueous alteration) of 
the material. We conclude that Ryugu mainly 
consists of secondary materials formed by 
aqueous alteration in a parent asteroid.

The oxygen in the bulk Ryugu samples are 
also similar to the CI chondrites. We use oxy-
gen isotope thermometry to determine the 
temperature at which the dolomite and mag-
netite precipitated from an aqueous solution: 
37 ±10 °C. The 53Mn-53Cr isotopes date the 
aqueous alteration at  million years after the 
birth of the Solar System.

Phyllosilicate minerals are the main host 
of water in the Ryugu samples. The amount 
of structural water in Ryugu is similar to CI 
chondrites, but interlayer water is largely 
absent in Ryugu, suggesting loss of its inter-
layer water to space. The abundance of struc-
tural water means the Ryugu samples must 
have remained below ~100 °C from the time 
of aqueous alteration until the present. We 
ascribe the removal of interlayer water to a 
combination of impact heating, solar heat-
ing, solar wind irradiation, and long-term 
exposure to ultra-high vacuum of space. Loss 
of interlayer water from phyllosilicates could 
be responsible for the comet-like activity of 
some carbonaceous asteroids and the ejec-
tion of solid material from the surface of as-
teroid Bennu.

CONCLUSION: The Ryugu samples are similar 
to CI chondrite meteorites, but more chemi-
cally pristine than any Solar System mate-
rial that has been analyzed in laboratories. 
CI chondrites appear to have been modified 
on Earth or during atmospheric entry. Such 
modification of CI chondrites may have in-
cluded the alteration of the structures of 
organics and phyllosilicates, the adsorption 
of terrestrial water, and the formation of sul-
fates and ferrihydrites. Those issues do not 
affect the Ryugu samples. ■ Earth or during 
atmospheric entry. Such modification of CI 
chondrites may have included the alteration 
of the structures of organics and phyllosili-
cates, the adsorption of terrestrial water, and 
the formation of sulfates and ferrihydrites. 
Those issues do not affect the Ryugu samples. 

Dolomite Breunnerite Pyrrhotite Magnetite PhyllosilicatesFe  S  Ca

500 µm
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Abstract:  

Carbonaceous meteorites are thought to be fragments of C-type (carbonaceous) group of 
asteroids. We measure mineralogy, bulk chemical and isotopic compositions in samples of a C-
type group asteroid (162173) Ryugu retrieved by the Hayabusa2 spacecraft. We find that Ryugu 
is mainly composed of materials similar to carbonaceous chondrite meteorites, particularly the 
CI (Ivuna-like) group. The samples consist predominantly of minerals formed in aqueous fluid in 
a parent planetesimal. The fluid altered primary minerals at 5.2!".$%".&	(Stat. )	!'.(%(.)	(Syst. ) million 
years after formation of the first solids in the Solar System, at the temperature of 37±10°C. After 
aqueous alteration, the Ryugu samples were likely never heated above ~100°C. The Ryugu 
samples are most closely resembles Solar photosphere in chemical composition among natural 
samples available in laboratory. 
 

One-Sentence Summary:  
Returned samples from C-type asteroid Ryugu show strong similarities to CI (Ivuna-like) 
carbonaceous chondrites. 
(112 characters; <125 characters and spaces) 
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Main Text:  

Meteorites are fragments of asteroids, but identifications of the specific parent asteroid are rarely 
available. Samples of asteroid (25143) Itokawa returned by the Hayabusa mission showed that S-
type (stony by a remote sensing classification) asteroids are composed of materials consistent 
with the ordinary chondrite meteorites (1, 2). The Hayabusa2 (3) spacecraft was launched on 
2014 December 3 to collect samples of the near-Earth Cb-type (a type of C (carbonaceous) 
complex by a remote sensing classification) asteroid (162173) Ryugu, with the goal of 
determining the relationship between C-type (carbonaceous by a remote sensing classification) 
asteroids and the carbonaceous chondrite meteorites. Observations of Ryugu from Hayabusa2 
after rendezvous showed that: (i) Ryugu is darker than every meteorite group (4, 5); (ii) Ryugu 
contains ubiquitous phyllosilicate minerals (4, 6); (iii) Ryugu’s surface experienced heating 
above 300 °C (6); and (iv) Ryugu materials are probably more porous than carbonaceous 
chondrites (7, 8). These results indicated that carbonaceous chondrites are plausible analogs of 
Ryugu, but do not completely match the spacecraft observations. Laboratory analysis of the 
samples of Ryugu returned by Hayabusa2 are required to determine why.  

 During 2019, the Hayabusa2 spacecraft made two landings on Ryugu to collect 
materials (9) and delivered the collected samples to Earth on 2020 December 6. The returned 
samples are rock fragments ranging in size up to ~10 mm, with a total mass of 5.4 grams. Their 
colors, shapes, and morphologies are consistent with those observed on the surface by 
Hayabusa2, indicating that the returned samples are representative of Ryugu’s surface (10, 11). 
The samples were recovered in a non-destructive manner and examined under contamination-
controlled conditions at the JAXA Extraterrestrial Sample Curation Center before delivery to the 
initial analysis teams in June 2021 (10). Our team was allocated ~125 mg of samples, containing 
both powder and particles from the first and the second touchdown sites (12). We used ~95 mg 
for this paper.  

Petrology and mineralogy 
 We prepared polished sections from particle samples from the first touchdown site 
(A0058) and from the second touchdown site (C0002) (12). The prtrography and mineralogy as 
well as chemical compositions minerals are determined by electron microscopy (12).  

The Ryugu samples are mixtures of mechanical fragments composed of fine-grained 
materials of phyllosilicate minerals, predominantly serpentine and saponite - and coarser grains 
dominated by carbonates, magnetite, and sulfides (Figs. 1A, B, and D). No Ca-Al-rich inclusions 
(CAIs) or chondrules, characteristic constituents of most chondrite meteorites were evident in the 
allocated samples. The serpentine:saponite molar ratio is approximately 3:2, based on the 
chemical compositions of the phyllosilicate minerals (Fig. 1C). The coarser-grained minerals in 
the polished sections are dolomite (CaMg(CO3)2), breunnerite ((Mg, Fe, Mn)CO3), pyrrhotite 
(Fe1-xS; x=0 to 0.17), and magnetite (Fe3O4)(Fig. 1B). These are distributed throughout the 
sections (Fig. 1D), and in small vein (Fig. 1A). Calcite (CaCO3), pentlandite ((Fe,Ni)9S8), 
cubanite (CuFe2S3), ilmenite (FeTiO3), apatite ((Ca5(PO4)3(OH,F,Cl)), and Mg-Na-phosphate are 
present as accessory minerals. Anhydrous silicates, such as olivine and pyroxene, are common in 
chondrites, but are very rare in Ryugu samples, occurring only as discrete grains smaller than 
~10 µm across. No metal grains were identified. Overall, the petrology and mineralogy of the 
Ryugu samples most closely resembles the CI (Ivuna-like) group of chondrite meteorites, which 
have experienced extensive aqueous alteration (13). However, sulfates and ferrihydrite, which 
are commonly observed in CI chondrites, were not identified in the Ryugu samples we studied.  
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Bulk chemical and isotopic compositions 

 Bulk chemical compositions of small grain aggregate samples for the first touchdown 
site (A0106 and A0107) and the second touchdown site (C0108) were determined using ~25 mg 
samples for each site (12). X-ray fluorescence (XRF) analysis and inductively coupled plasma 
mass spectrometry (ICP-MS) are applied. The same samples, ICP-MS analysis, and thermal 
ionization mass spectrometry (TIMS) analysis were used for titanium and chromium isotope 
analyses after the chemical analyses.  

We found no systematic differences in chemical composition between the samples from 
the first and second touchdown sites (Fig. 2). We did find variations in bulk composition within 
each of those sample, which are most likely due to heterogeneity at small scales (see 
Supplementary Text). The masses of the samples analyzed were less than 30 mg; coarser-grained 
water-precipitated minerals might not be uniformly distributed at that scale (a cross-section of 
~10 mg block is shown in Fig. 1D).Spatial heterogeneity in the mineral distributions is observed 
for carbonates (dolomite) and sulfides (pyrrhotite), which both precipitate from aqueous solution 
during alteration in the parent planetesimal of Ryugu (Fig. 1). We find different concentrations 
of rare earth elements (REEs) between samples from the first touchdown site and the second 
touchdown site (12), with both being higher than the REE abundance in CI chondrites (Fig. 2). 
These variable enrichments could be due to depletion of H2O, relative to CI chondrites (see 
below), and the heterogeneous distribution of REE-rich Ca-phosphate grains (14, 15). 
Heterogeneity at similar scales has been observed in CI chondrites (16, 17) and in the ungrouped 
carbonaceous chondrite Tagish Lake (18).  

We do not observe systematic depletions of elemental abundances, relative to CI 
chondrites, with decreasing 50% condensation temperature of element (volatility) (Fig. 2). This 
is unlike other groups of carbonaceous chondrites, which show various degrees of depletion with 
volatility (19). The high abundance of moderately and highly volatile elements in the Ryugu 
samples indicates that Ryugu is composed of materials that are related to the CI chondrite group. 
However, the elemental abundances of hydrogen and oxygen are highly depleted in the Ryugu 
samples compared to CI chondrites, which we interpret as removal of H2O.  

Previous studies have found a dichotomy in the isotopic compositions of titanium and 
chromium between non-carbonaceous (NC)-like and carbonaceous (CC)-like isotope ratios (20, 
21, 22, 23). The bulk titanium and chromium isotopic ratios for the Ryugu samples are similar to 
the CB (Bencubbin-like) and CI chondrite values (see Supplementary Text), which are both CCs 
(Fig. 3). CB chondrites are metal rich (24), unlike the Ryugu samples, so are unlikely to be 
directly related. 

Oxygen isotopic composition 
 Bulk oxygen isotopic compositions of the Ryugu samples from the first (~4 mg of 
aggregate sample: A0107) and the second (~1 mg of fragment from particle sample: C0002) 
touchdown sites were determined by laser-fluorination isotope-ratio mass-spectrometry (LF-
IRMS) (12). Oxygen isotopic compositions of secondary minerals from the first touchdown site 
were determined by secondary ion mass spectrometry (SIMS) using the polished section used for 
petrology and mineralogy (12). 

Oxygen isotopes measured in the bulk Ryugu samples overlap with those of the bulk 
samples of the Orgueil CI chondrite (Fig. 4). We interpret the variation in δ18O; defined as the 
permil deviation from the 18O/16O ratio of standard-mean-ocean-water, as due to the 
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heterogeneous distributions of the constituent minerals, which may have very different isotopic 
compositions, including phyllosilicates, carbonates, and magnetite. Two ~2-mg Ryugu samples 
from the first touchdown site have consistent Δ17O values (defined as the permil deviation from 
the terrestrial fractionation line) (12) with an average Δ17O = 0.68 ±0.05 ‰ (uncertainty of 2 
standard deviations (SD)). These are higher Δ17O values than three samples of Orgueil analyzed 
in the same session, which have Δ17O = 0.42 – 0.53 ‰). Another Ryugu sample from the second 
touchdown site analyzed in a different laboratory has a lower value of Δ17O = 0.44 ±0.05 ‰, 
which is consistent with values for Orgueil analyzed with the same equipment (Δ17O = 0.39 – 
0.57 ‰). We therefore ascribe the differences between the Ryugu samples as due to 
heterogeneity on small scales or different sampling sites on Ryugu, not systematic differences 
between the laboratories. The average Δ17O value of the three Ryugu samples, 0.61 ±0.28 (2SD), 
is slightly higher than the average for the Orgueil samples of 0.48 ±0.15 (2SD, n=5; n: numbers 
of sampling values), a single measurement of the CI chondrite Ivuna, with 0.41 ±0.05 ‰, and 
prior measurements of CI chondrites (0.39 – 0.47 ‰, (25)). The difference may reflect either 
original heterogeneity between small samples, or result from contamination of the meteorite 
samples by terrestrial water incorporated by the phyllosilicates, sulfates, iron oxides and iron 
hydroxides. The discrepancy in the Δ17O values between Ryugu and Orgueil (~0.15 ‰ offset) 
persists despite heating both groups of samples to ~116 °C for 2–4 hours to remove adsorbed 
water, indicating that any terrestrial contamination in the Orgueil samples is part of the structure 
of the minerals, not adsorbed to surfaces.  
 Dolomite grains in the Ryugu samples are enriched in 18O relative to the whole rock 
values, but have Δ17O values consistent with the whole rock (Fig. 4). The constituent minerals 
are generally consistent with mass-dependent fractionation. The oxygen isotope ratios of 
dolomite in Ryugu overlap with those of dolomite from Ivuna (Fig. 4). Ryugu magnetite is 
depleted in 18O, relative to the whole rock value, with all but one measurement being consistent 
with mass fractionation. The oxygen isotope ratios of Ryugu magnetite grains are consistent with 
those of Ivuna (26, 27). The distributions of 18O/16O ratios and the consistency of Δ17O values 
indicate isotopic equilibrium during growth of the minerals produced by aqueous alteration.  
 In one polished section, dolomite and magnetite grains are located within ~100 µm of 
each another (Fig. S1). The dolomite Δ17O value is –0.7 ±0.9 ‰ (2SD) (12), while the magnetite 
grains have consistent Δ17O values, with a mean of –0.1 ±0.4 ‰ (2 standard error (SE)). Because 
the Δ17O values of dolomite and magnetite grains are within their mutual uncertainties, they may 
have precipitated from the same fluid. Assuming isotopic equilibrium, we use oxygen-isotope 
thermometry (28-31) to estimate the temperature at which the dolomite-magnetite pair 
precipitated. The δ18O values of the dolomite and magnetite are 29.9 ±0.9 ‰ (2SD) and –3.0 
±1.1 ‰ (2SD), respectively. The difference in δ18O values between the dolomite and magnetite 
is 32.9 ±1.4 ‰, corresponding to an equilibration temperature of 37 ±10 °C (Fig. S2). The 
temperature is in the range (10 – 150 °C) of previous estimates for aqueous alteration of CI 
chondrites (25, 32–34). We also estimate (12) the oxygen isotope ratios of the water and 
serpentine that would have been in equilibrium with magnetite and dolomite grains, finding 
(δ18O, δ17O) = (1.0 ±1.0 ‰, 0.3 ±1.0 ‰) for the water and (18.6 ±2.0 ‰, 9.2 ±1.0 ‰) for 
serpentine (Figs. 4 and S2). The value for serpentine is consistent with that of the whole rock, as 
we expected due to the high abundance of serpentine in the samples. These measurements 
indicate that oxygen-isotopes were in equilibrium, or close to it, during aqueous alteration of the 
Ryugu samples.  
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53Mn-53Cr dating  

The precipitation of dolomite and magnetite during aqueous alteration can be dated using 
the 53Mn-53Cr system (12), which is based on the decay of the short-lived radionuclide 53Mn to 
53Cr (half-life: 3.7 Myr). The 53Mn-53Cr system for dolomite in the Ryugu and Ivuna samples 
were measured by SIMS using the polished section used for petrology and mineralogy (12) and 
are shown in Figure 5.  

The slopes of plots correspond with initial 53Mn/55Mn ratios of (2.55 ±0.35) ×10–6 (2SD) 
for Ryugu and (3.14 ±0.28) ×10–6 (2SD) for Ivuna (see Supplementary Text). Both initial values 
are consistent with those of CI dolomites obtained in previous studies (35, 36). We compare the 
initial 53Mn/55Mn ratio to that of the D’Orbigny meteorite (37), an angrite which has been 
precisely dated and can be compared to ages of the oldest CAIs from CV (Vigarano-type) 
chondrites (38-40). We find that dolomite precipitation in the Ryugu sample occurred at 5.2!".$%".& 
million years after the oldest CAI formation, conventionally used to represent the formation of 
the Solar System. However, there is additional systematic uncertainty in this dolomite 
precipitation date because the initial Solar System ratio of 53Mn/55Mn is not precisely 
constrained. If we adopt different initial 53Mn/55Mn ratios than found for D’Orbigny, the 
dolomite precipitation date changes to 4.8 million years (41) or 6.8 million years (42) after the 
CAI formation. There may be additional systematic uncertainty in the 53Mn-53Cr age due to 
inherent analytical limitations of the measurement technique (12). Then the precipitation date 
may change to 3.1 to 6.8 million years after the CAI formation. 
H2O and CO2 sources 

 Gas release curves from Ryugu samples (particle samples of A0040 and A0094) of the 
first touchdown site and Ivuna sample were measured with increasing heating temperature by 
thermogravimetric analysis coupled with mass spectrometry (TG-MS) and combination analyses 
of pyrolysis and combustion (EMIA-Step) (12). Mass decrease of the samples during heating 
(mass loss) was also measured simaltaneously.  

 The mass loss curve and differential of mass loss (DTG) curve (12) for our Ryugu and 
Ivuna samples are shown in Figure 6 (see Supplementary Text). The results for Ivuna are similar 
to previous results (43). For Ryugu, we find a total mass loss of 15.38±0.50 wt.%, which is 
~30% smaller than that of Ivuna (Data S6). The species responsible for the mass loss are mainly 
H2O and CO2 for both Ivuna and Ryugu (Fig. 6). SO2 might also be substantial, but we were 
unable to quantify it due to lack of an appropriate standard (12).  

The total weight fractions of H2O and CO2 gases released from the Ryugu sample 
measured using mass spectrometry coupled with thermogravimetric analysis (TG-MS), are larger 
(20.78±1.40 wt.%) than the real total mass loss (15.38±0.50 wt.%) measured using TG alone 
(12), we interpret this as indicating that carbonates were not the only sources of CO2 during the 
TG-MS measurement, with organic carbon being oxidized to CO2 by residual O2 in the He gas 
flow used for the experiment, producing a spurious excess of CO2 in the mass spectrometry. 
Because decomposition of carbonates occurs within a small temperature range (43), we are 
confident that the sharp CO2 peaks at 600–800 °C (Fig. 6) are due to carbonates. We observed 
two carbonates peaks for the Ryugu samples, which the petrographic results above showed 
contain three types of carbonate (dolomite, breunnerite, and calcite). We were unable to attribute 
specific peaks to specific carbonates. The double peaks might arise from sealed pore spaces, 
because we analyzed intact chips, not powders.  
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The remaining broad continuum peak is probably due to oxidation of organic carbon by 
the indigenous oxygen in organics in the sample and by residual O2 in the He gas flow of the 
instrument. Therefore, we assign the CO2 peak to carbonates and the reminder to organics, as 
shown in Figure 6. The organic carbon contents are lower limits because the TG-MS leaves some 
organic carbon in the sample. The organic carbon and total carbon concentrations we found 
using the TG-MS were lower than those measured using the combination analyses of pyrolysis 
and combustion (EMIA-Step) (12) (Data S6). We estimate that 74±3% of Ryugu organic carbon 
was released in TG-MS as the broad organic carbon continuum, and 93±4% for Ivuna. The 
profiles of the broad organic carbon continuum are different for both samples, indicating 
differing organic components in Ryugu and Ivuna.  

Many peaks are apparent in the H2O release curves (Fig. 6). We identify adsorbed H2O 
from sulfates released at ~250 °C, and a larger amount of H2O from phyllosilicates at ~600 °C. 
Because the phyllosilicates consist of serpentine and saponite (Fig. 1C), serpentine contains 
structural OH sites in the crystal structure, while saponite contains interlayer H2O in addition to 
structural OH sites. The petrologic and mineralogic observations suggest that the sulfate 
contribution is negligible for Ryugu, but not for Ivuna. The SO2 and H2O peak releases coincide 
in Ivuna (at both 250 °C and 450 °C), but not Ryugu. We conclude that phyllosilicates are the 
dominant source of H2O released from the Ryugu sample.  

Dehydration of the interlayer H2O of saponite is complete at 170 °C (peaking at 90 °C) 
for Ryugu and complete at 350 °C (peaking at 100 °C) for Ivuna. Dehydroxylation of structural 
OH in saponite and serpentine occurs at 300 – 800 °C for Ryugu and at 350–800 °C for Ivuna. 
The structural OH is dominant (6.54±0.32 wt.% H2O) in the Ryugu sample, with smaller 
amounts of interlayer H2O (0.30±0.01 wt.% H2O). Both forms of H2O are present at similar 
levels in Ivuna (Data S6).  
Inorganic/organic correlations for hydrogen/carbon 

We performed an EMIA-Step analyses of the Ryugu and Ivuna samples (12). This 
showed the total carbon concentration in Ivuna is 3.31±0.33 wt.% (see Supplementary Text), of 
which 90 % is organic carbon (Fig. 7, Data S6), values which are consistent with prevuous 
results of (44). The total hydrogen in Ivuna is 1.59±0.08 wt.%, of which 89 % is inorganic 
hydrogen, which is also consistent with previous results (44). The total H2O for Ivuna is 
12.73±0.63 wt.%, distributed as 6.58±0.32 wt.% interlayer H2O and 6.15±0.30 wt.% as 
structural-OH or H2O in the phyllosilicates.  
 Ryugu contains less H2O than Ivuna. The total H2O is 6.84±0.34 wt.% including 
0.30±0.01 wt.% interlayer H2O and 6.54±0.32 wt.% structural-OH or H2O (Data S6). The latter 
value is similar to Ivuna. The total hydrogen is 0.94±0.05 wt.% for Ryugu, and the inorganic 
hydrogen (i.e., H2O) comprises 81 % of the total hydrogen. The amount of organic carbon in 
Ryugu is 3.08±0.30 wt.%, indistinguishable from that in Ivuna (2.97±0.29 wt.%) (Fig. 7, Data 
S6). This implies that inorganic/organic matter ratio is similar in the Ryugu and the Ivuna 
samples studied. This rules out the possibility that Ryugu’s low albedo is due to higher organic 
carbon contents than CI chondrites (45). However, the total carbon is higher in Ryugu 
(4.63±0.23 wt.%) than in Ivuna, due to the higher abundances of carbonates in the Ryugu 
samples.  
Formation history of Ryugu 
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 As mentioned above, aqueous alteration occurred in the Ryugu parent body because 
aqueous fluid is not stable in the asteroid Ryugu. The CI-like elemental abundances of Ryugu 
suggest that its parent body accreted all elements of the Solar System with 50 % condensation 
temperatures higher than 500 K, along with ice-forming elements (Fig. 2). Ryugu’s parent body 
was probably closely related to the parent body(ies) of the CI chondrites. We assume that the 
accreted material was mainly anhydrous dust and ice. Physical modeling of the thermal evolution 
of a water ice-bearing CI-like planetesimal (35), and our oxygen-isotope thermometry suggests 
that the Ryugu material accreted 2–4 million years after the birth of the Solar System. 
Approximately one to two million years later, or roughly 5 million years after the birth of the 
Solar System (Fig. 5), the Ryugu material experienced aqueous alteration resulting in 
precipitation of dolomite and magnetite from an aqueous solution at about 37 °C.  

 The aqueous alteration of the primary accreted Ryugu materials was very extensive. The 
saponite produced by this fluid-assisted alteration in the parent body of Ryugu must have 
contained large amounts of interlayer water (~7 wt.%) in its crystal structure when it formed 
under saturated water activity, as observed in Ivuna (Data S6). The low abundance of interlayer 
water in the Ryugu samples (0.3 wt.%) indicates that it later escaped to space, most likely after 
disruption of the parent body and formation of the rubble pile asteroid Ryugu. We cannot 
definitively identify the dehydration mechanism, but suggest it may have included some 
combination of impact heating, solar heating, space weathering, and long-term exposure of the 
asteroid surface to the ultra-high vacuum of space. An estimate of the dehydration temperature 
would be 170 °C because interlayer water of Ryugu dehydrates completely at 170 °C as 
mentioned above. The dehydration speed of the interlayer water is as that 20 % of total interlayer 
water is escaped per minute around the peak temperature of 90 °C (Data S7) (12). Moreover, 
ambient space pressure in Ryugu, which is much lower than the experimental pressure of 105 Pa, 
would accelerate the dehydration speed. Such high dehydration speed gives enough time to 
complete dehydration of the interlayer water for geological events that occurred in Ryugu. 
Therefore, it is possible that after aqueous alteration the Ryugu samples have never been heated 
above ~100 °C because a small peak of interlayer water is still emitted at 90 °C (Fig. 6). These 
temperatures rule out the previously proposed thermal history of Ryugu (6), which was based on 
laboratory heating experiments of carbonaceous chondrites. The temperatures we estimate are 
consist with Hayabusa2 observations of the surface temperature at the present orbit of Ryugu (7).  

 Some asteroids show comet-like activity, the origin of which is uncertain and might 
involve several mechanisms (46). This activity can be subtle, as in the B-type (bluish and 
spectroscopically similar to C-type) asteroid Bennu, where ejections of dust particles and rocks 
have been observed (47). Thermal fracturing, phyllosilicate dehydration, and meteoroid impact 
were proposed (47) as explanations for the ejection of solid particles from Bennu’s surface. Our 
finding that saponite in Ryugu is partially dehydrated supports the possibility that volatile release 
from phyllosilicates can induce comet-like activity at the surface of low-perihelion carbonaceous 
asteroids. Possible mechanisms to lift dust and rocks from asteroidal surfaces may be (i) 
anisotropic release of water molecules from phyllosilicate-rich dust particles, imparting a net 
momentum to those particles, and (ii) buildup of vapor pressure in sealed pore space, leading to 
the pore bursting and propelling dust particles away from the surface. Phyllosilicate dehydration 
could also play a role in the production of interplanetary dust particles and micrometeorites. The 
thermal release pattern of Ivuna (Fig. 6) shows that interlayer water is lost from saponite at a 
temperature of ~0 to 200 °C. The maximum surface temperatures of ~100 °C for Ryugu (7) and 
~170 °C for Bennu (48) would therefore be sufficient for such devolatilization to take place. If 
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so, the devolatilization is largely complete for surface particles on Ryugu, as particle ejections 
from the asteroid surface were not observed by the Hayabusa2 spacecraft.  
Implications for CI chondrites and cosmochemistry 

 The CI chondrites are the meteorites whose elemental compositions most closely 
matches measurements of the solar photosphere (49) except for noble gases, hydrogen, carbon, 
nitrogen, oxygen and lithium. CI chondrites experienced pervasive aqueous alteration, during 
water-rock interactions in the early Solar System. Less than a dozen CI chondrites are known and 
have all been on Earth for decades to centuries (the most recent fall was 1965). It is therefore 
unknown how far handling and exposure to atmospheric moisture has modified their 
mineralogies and elemental compositions. Unlike CI chondrites, the Ryugu samples are nearly 
free of sulfates, ferrihydrite, and interlayer water. This could be due to either CI chondrites 
having originated on parent asteroids with higher water contents than Ryugu, or having been 
contaminated by terrestrial moisture during residence on Earth (50, 51). The lower abundance of 
anhydrous silicates and the small but measurable offset in Δ17O between Ryugu and the Orgueil 
CI chondrite (Fig. 4) support the terrestrial contamination explanation. The slightly higher Δ17O 
values of Orgueil in this study compared to earlier studies could be explained if O-isotope 
exchange in structural-OH water of CI chondrites happened under room temperature conditions. 
The gas emission patterns measured in the TG-MS and EMIA-Step analyses of Ryugu differ 
from those of the Ivuna CI chondrite (Figs. 6 and 7). This suggests that the structures of the 
organic matter differ between Ryugu samples and Ivuna, possibly due to modification during 
residence on Earth.  

We conclude that the Ryugu samples are more chemically pristine that other Solar 
System materials analyzed in laboratories (including CI meteorites). The materials observed in 
CI chondrites may have been modified on Earth, so no longer reflect their states in space. 
Possible causes are phyllosilicate hydration, organic matter transformation and contamination, 
adsorption or reaction of atmospheric components, and oxidation. These modifications might 
have changed the albedo, porosity, and density of the CI chondrites, causing the observed 
differences with Ryugu observed by Hayabusa2 (5, 7), and the Ryugu samples returned to Earth 
(10).  
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Fig. 1. Petrography of the Ryugu sample. (A) Backscattered electron (BSE) image. The black 
space in the figure is pore. (B) Combined elemental map by characteristic X-rays of Ca Kα, Fe 
Kα, and S Kα lines assigned to RGB channels of Ryugu sample A0058-C1001 (12), showing 
carbonate (dolomite), sulfide (pyrrhotite) and iron-oxide (magnetite) minerals embedded in 
phyllosilicates as matrix and precipitated in small veins. The sulfide texture is similar to that in 
the ungrouped chondrite Flensburg (52). (C) Ternary diagram between Fe, Mg, and Si+Al 
showing bulk chemical compositions of phyllosilicates in A0058-C1001. Black lines are 
compositions of solid solution for serpentine and saponite. Each open red circle shows bulk 
chemical composition of phyllosilicates of various locations in Figs. 1A and 1B of 5–10 µm 
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square area. We chose the size of square excluding minerals other than phyllosilicates in the 
area. The plots show that the bulk compositions differ from place to place. The distribution 
shows that the phyllosilicates consist of serpentine and saponite with variable Fe/Mg ratios. 
Uncertainties of each point are smaller than the symbol size. (D) BSE image of Ryugu sample 
C0002-C1001, showing brecciated matrix. The texture is similar to CI chondrites (53).  

 

  

Fig. 2. Elemental abundances of Ryugu. (A) Measured abundances of elements in Ryugu  
normalized to CI chondrite values (49) plotted as a function of 50 % condensation temperature 
(49). There are no systematic trend with condensation temperature. Black squares are results 
from XRF analysis (12). Pink and orange circles are from ICP-MS analysis (12). Red triangles 
are from TG-MS and EMIA-Step analyses (12). TD#1 and TD#2 correspond to samples from the 
first and second touchdown sites, respectively. The high abundance of tantalum is indicated by 
upward arrow, due to contamination by the Ta projectiles used in the sampling process (12). The 
grey line shows representative values for CM (Murray-type) chondrites (49). The horizontal 
black line is the 1:1 ratio. The vertical dashed lines show condensation temperatures. (B) Rare 
Earth element abundances, plotted in order of atomic number. Numeric values and uncertainties 
for both panels are provided in Data S2. Uncertainties of quantified values are mostly much 
smaller than the observed variations among samples. 
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Fig. 3. Ti and Cr isotopes for Ryugu and other Solar System materials. Epsilon notations of 
axes are defined by Equations S1 and S2 (12). The Ryugu samples are most similar to the CB 
and CI chondrites, in the CC meteorites region. CC: Carbonaceous, NC: Non-carbonaceous. CI, 
CM, CO, CV, CK, CR, CB: groups of carbonaceous chondrite meteorites, OC: ordinary 
chondrite meteorites, EC: enstatite chondrite meteorites. The CC achondrites and NC achondrites 
are differentiated stony meteorites that have Ti and Cr isotopic compositions similar to CC and 
NC meteorites, respectively. The error bars are 2 standard deviations of the mean. Data are from 
(21, 54, 55), except Ryugu (this work). Numeric values are listed in Data S3 (12). 
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Fig. 4. Oxygen isotopes in Ryugu, Ivuna, and Orgueil. (A) δ17O vs. δ18O. δiO (i=17 or 18) is 
defined as the permil deviation from the iO/16O ratio of standard-mean-ocean-water by Equation 
S3 (12). TF: terrestrial mass fractionation line corresponding mass-dependent isotope-
fractionations on Earth. CCAM: carbonaceous chondrite anhydrous mineral line corresponding 
mass-independent isotope-fractionations observed in refractory inclusions in chondrite 
meteorites. The Ryugu samples are similar to the CI chondrites. (B) Δ17O vs. δ18O. Δ17O is 
defined as the permil deviation from the TF line by Equation S4 (12). Ryugu FL: mass-
dependent fractionation line of Ryugu fitted to the Ryugu whole rock values. Oxygen isotopic 
compositions of H2O (blue × mark) and phyllosilicates (blue + mark) in samples of Ryugu were 
calculated from values of dolomite and magnetite (blue symbols rimmed by yellow line), which 
locations are shown in Figure S1 (12). The error bars are 2 standard deviations. Numeric values 
are provided in Data S4.  
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Fig. 5. 53Mn-53Cr isotopes for dolomite in samples of (A) Ryugu and (B) Ivuna. Each symbol 
shape corresponds to measurements of a single crystal. The solid straight-line is a least squares 
regression line and the dashed curves show 2-sigma confidence limits (12). The regression for 
Ryugu (see Supplementary Text) indicates that dolomite precipitation occurred at 5.2!".$%".& 
million years after the birth of the Solar System (there are additional systematic uncertainties on 
the value, see text). The error bars are 2 standard deviations. Numeric values are provided in 
Data S5 (12). 
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Fig. 6. Thermogravimetric analysis coupled with mass spectrometry (TG-MS) for Ryugu 
and Ivuna. Mass loss (blue, left axis) and differential of mass-loss (DTG; red, right axis) curves 
for Ryugu (A) and Ivuna (B). Derived mass intensity curves for Ryugu (C) and Ivuna (D). H2O 
trace is for mass-to-charge ratio (m/z) =18, CO2 for m/z =44, SO2 for m/z =64. Contributions of 
CO2 are assigned to carbonates (red) and organics (pink). Numeric values are provided in Data 
S7 (12). 
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Fig. 7. Combination analyses of pyrolysis and combustion (EMIA-Step) for Ryugu and 
Ivuna. (A) Carbon release curve from Ryugu. (B) Carbon release curve from Ivuna. The carbon 
concentration (blue, left axis) released from sample changes with sample heating time (x-axis). 
The sample temperature (yellow, right axis) changes with time. The dushed line at 450 s shows 
the boundary between conditions of pyrolysis and combustion (12). The integral of bule curve 
corresponds to total carbon concentration in the sample. The blue curve is deconvoluted to 
release profiles of different carbon species (black, carbonates and pink, organics) in the sample 
(12). The integrals of the blue curve and the pink curves correspond to inorganic and organic 
carbon concentrations, respectively. Numeric values are provided in Data S8. 
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Materials and Methods 

Samples 
 Ryugu samples from the first touchdown site (small grain aggregates catalogued as  
A0106 (15.7 mg of the total 38.4 mg), A0107 (31.0 mg) and individual grains A0040 (3.0 mg), 
A0058 (3.3 mg), A0094 (1.8 mg)) and second touchdown site (small grain aggregates catalogued 
as C0107 (12.9 mg of the total 38.8 mg), C0108 (33.0 mg) and individual grain C0002 (28.8 mg 
of the total 93.5 mg)) were allocated in this study (Fig. S3). The small grain aggregate samples 
(A0106, A0107, C0107, C0108) consist of grains less than ~1 mm. The grain C0002 is the third 
largest grain among the samples returned by Hayabusa2. Grains A0040 and C0002 have rugged 
surfaces. Grain A0058 has smooth surface. Grain A0094 show elongated blocklike morphology. 
Preparations for each sample are described in each measurement method described below. Most 
of these Ryugu samples have been consumed in this study, but the rests not consumed will be 
returned to Institute of Space and Astronautical Science of Japan Aerospace Exploration Agency 
in June 2022. The returned samples will be available at the DARTS archive  
www.darts.isas.jaxa.jp/curation/hayabusa2 from August 2022.  

Samples of the CI chondrites were used for comparison. We obtained samples of Ivuna 
from the Natural History Museum, UK, and the University of Göttingen, Germany; and Orgueil 
from the University of California, Los Angeles, USA, and the University of Göttingen, Germany, 
were used as references. Samples of the CV chondrite Allende from Hokkaido University, Japan, 
was used to make a standard for carbon content measurements of X-ray fluorescence analysis. 
These meteorite samples have been consumed in this study.  

X-ray fluorescence (XRF) analysis 
 Ryugu samples from C0108 were used for XRF analysis. We have set the samples in an 
aluminum sample holder and used it for all XRF measurements in this study. The C0108 Ryugu 
sample was gently ground with a mortar and pestle made of quartz glass to a grain-size of 
approximately 10 μm. Subsequently, we carefully loaded 24 mg of powder into the sample cell. 
The sample cell is a 6 mm diameter hole drilled in a 0.6 mm thick acrylic plate. A thin PET film 
underneath the plate holds the sample in place. We then gently compacted the sample by hand 
with another flat acrylic plate. After sample loading, the cell was covered by a second piece of 
polyethylene terephthalate (PET) film. When we conducted XRF analysis at Rigaku and Horiba 
companies, the upper PET film was removed before placing the sample in the instruments. When 
we conducted XRF analysis at SPring-8 synchrotron facility, the upper PET film was not 
removed. 

 The concentrations of major and minor elements, including carbon, in the Ryugu samples 
were determined by X-ray fluorescence analysis using a wavelength-dispersive X-ray 
spectrometer (WDX). The Ryugu sample analysis was performed with a Rigaku ZSX Primus IV 
sequential WDXRF in the Osaka factory of the Rigaku Corporation. The instrument has 
overhead X-ray irradiation optics with a 4 kW Rh anode X-ray tube. A gentle evacuation 
procedure was applied that makes it possible to perform evacuation and leak sequences without 
scattering any particles from a non-pressed powder sample during the sample loading and 
unloading. The evacuation speeds were adjusted by analog rock powder samples finer than the 
Ryugu sample. We measured the concentration of 20 major and minor elements in the Ryugu 
sample: C, O, Na, Mg, Al, Si, P, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu and Zn. All 
measurements used a 3 mm diameter collimator mask and the voltage and current of the X-ray 
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tube were optimized to each element as follows: 30 kV-100 mA for C to Cl, 40 kV-75 mA for K 
to Ti, 50 kV-60 mA for V to Mn and 60 kV-50 mA for Fe to Zn. The pressure in the sample 
chamber was maintained at 13 Pa throughout the measurement of all elements. The total 
counting time was about 24 minutes for the 20 elements. 

The quantitative elemental abundances were determined using the fundamental parameter 
(FP) method (56, 57), because matrix-matched reference materials were not available for Ryugu 
samples. Fifty reference standards, including commercially available geological standards, ore 
standards, metal standards and pure reagents (Data S9), were used to establish the FP sensitivity 
calibration curves for the 20 elements. These reference standards were loaded into the sample 
cell in the same manner as the Ryugu sample and measured. The sensitivity curves of carbon and 
oxygen were obtained by measuring ferroalloy reference materials and pure oxide reagents, 
respectively. 

X-ray fluorescence analysis using an energy-dispersive X-ray spectrometer (EDS) was 
performed with a HORIBA XGT-9000 X-ray Analytical Microscope at the Horiba Techno 
Service Co., Ltd., Kyoto, Japan (58). The sample cell was loaded into the measurement position 
in vacuum. The primary X-rays, focused to 100 μm in diameter with a polycapillary, vertically 
irradiated the sample, and fluorescence X-rays from the sample were measured with the silicon 
drift EDS detector at an angle of 45°. The primary X-rays were scanned over an area of 3.072 × 
3.072 mm by moving of the sample cell at a step size of 24 µm to compensate for any sample 
heterogeneities in the cell. A Rh target X-ray tube was used to generate the primary X-rays. The 
measurement conditions of the X-ray tube voltages and currents were set to 30 kV and 250 μA, 
respectively. The measurement time and X-ray working distance was set to 60 ms per pixel and 
1.0 mm, respectively. The standard FP method was applied to quantify the following elements: 
Na, Mg, Al, Si, P, S, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu and Zn, using the geological reference 
sample JSd-2 as a standard. Quantification of the C contents was performed by the calibration 
curve method. Two standard samples with known C contents were prepared for the calibration. 
The standard samples were mixtures of powdered Allende CV3 chondrite and graphite powder. 
The Allende powder was preheated at 1000 °C in air to remove carbon before mixing with the 
graphite. The carbon concentrations in the two standards were quantified by EMIA-Step and 
were 0.00 wt.% and 4.79 wt.%, respectively.  

The heavy element compositions of the Ryugu sample were determined by high-energy 
(HE) synchrotron radiation (SR) XRF analyses at two beamlines in SPring-8, the Japan 
Synchrotron Radiation Research Institute (JASRI). The beamlines used were BL37XU, a hard X-
ray undulator beamline mainly used for X-ray micro/nano-spectrochemical analysis, and 
BL08W, a wiggler beamline, that provides higher energy X-rays. Monochromatic X-rays were 
obtained with crystal monochromators and their energy was set to 37.5 keV for the experiment at 
the BL37XU, and 116.0 keV for BL08W. For both beamlines, the incident X-ray beams were 
prepared by adjusting a four-quadrant slit to 500 μm (vertical) × 500μm (hirizontal). The XRF 
spectra were measured with a Ge solid state detector at 90° to the incident X-ray beam for 600 s 
or 1800 s in live time, for measurements at BL37XU and BL08W, respectively. Six spots on the 
Ryugu sample were measured at the BL37XU, while three spots were measured at the BL08W. 
Eight standard samples consisting of certified reference materials of silicate glass (NIST SRM 
610, 612, and 614) and geological standard samples (JG-1, JGb-1, JP-1, JR-2, and JSy-1) were 
prepared to calibrate concentration and calculate detection limit for each element (59). We 
obtained sensitivity coefficients from the standards for 32 heavy elements: Ga, Ge, Se, Rb, Sr, Y, 
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Zr, Ru, Rh, Pd, Ag, Cd, In, Sn, Te, Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, 
Hf, and Ta. Several other elements (As, Nb, Mo, In, Sb, Cs, and W) were excluded from the 
analysis due to interferences with peaks from the background materials or overlapping with 
scattered X-rays. All SR measurements were conducted nondestructively under atmospheric 
pressure. 
Acid digestion  

The aggregate sample A0106 (15.7 mg) was separated into two types of samples: one 
(1.6 mg) was intact portion and another portion (14.1 mg) was reserved for soluble organics 
extraction experiments. The intact portion was mixed with 27 mg of the aggregate sample A0107 
(hereafter A0106+A0107).  The Ryugu aggregate samples, A0106+A0107 and C0108, were used 
for destructive analyses of elemental abundances and isotopic compositions in bulk Ryugu 
samples. The sample A0106+A0107 was a powdered material prepared from a mixed aggregate 
of A0106 (1.6 mg) and A0107 (27 mg), while C0108 was the powdered sample in the XRF 
sample cell retrieved after the XRF analytical session. All of the sample digestion and chemical 
separation procedures were conducted in a class-100 clean laboratory at Tokyo Institute of 
Technology (Tokyo Tech). The two samples, 24 mg of A0106+A0107 and 22 mg of C0108, 
were weighed in clean Teflon vials, and a mixture of HF and HNO3 was added. The vials were 
tightly capped, agitated in an ultrasonic bath for 30–60 min, and heated at 120 °C on a hotplate 
for 12 h. Then, the vials were continuously heated on the hot plate at 180 °C for 3 to 4 days until 
the color of the sample and solution change from black to white and from dark reddish-brown to 
pale yellow, respectively. After sample dissolution, the vials were opened, and the sample 
solutions were dried at 120 °C. The samples were heated in closed vials with a mixture of HNO3 
and HCl at 120 °C for 12 h, and then dried at 120 °C. Subsequently, the samples were treated in 
closed vials with a mixture of HNO3 and H2O2 to facilitate the decomposition of organic matter. 
After the final treatment with HNO3, the samples were dissolved with 5 mL of 0.5 M HNO3.  
 Inductively coupled plasma mass spectrometry (ICP-MS) for elemental analysis 

The total mass of the dissolved sample solution was weighed. Then, 0.8 %, 2.4 %, and 
4.8 % aliquots of the solution were weighed into three clean sample tubes for the measurements 
of Group-1 (Na, Mg, Al, P, K, Ca, Cr, Mn, Fe, Co, and Ni), Group-2 (Ti, Zr, Nb, Mo, Hf, Ta, 
and W), and Group-3 (Li, Be, Sc, V, Cu, Zn, Ga, As, Se, Rb, Sr, Y, Ag, Cd, In, Cs, Ba, La, Ce, 
Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Tl, Pb, Bi, Th, and U) elements. An 
appropriate amount of Rh (60 ng) was added to the Group-1 sample tube as an internal standard, 
and the sample solution was diluted with 0.5 M HNO3 to make the dilution factor (DF) to be 
20000 for the measurement of P, K, Ca, and Co. A portion of this solution was diluted by a 
factor of 10 with 0.5 M HNO3 (DF = 200000) for the measurement of Na, Mg, Al, Cr, Mn, Fe, 
and Ni. A mixture of spike solutions enriched in 49Ti (96.25%), 91Zr (94.59%), 97Mo (94.19%), 
179Hf (86.87%), and 182W (94.07%) was added to the Group-2 sample tube for isotope dilution 
analyses. The amounts of individual spikes added to the sample are as follows: Ti = 250 ng, Zr = 
5 ng, Mo = 0.5 ng, Hf = 0.5 ng, W = 0.5 ng. The sample solution was diluted and conditioned to 
be 0.5 M HNO3–0.05 M HF (DF = 4000) because the Group-2 elements are not stable in the 
solution without F– ion as they hydrolyze. For the Group-3 sample, a mixture of spike solutions 
enriched in 113In (89.76%) and 203Tl (97.09%) was added, and the spiked sample solution was 
diluted with 0.5 M HNO3 (DF = 5000). The amounts of In and Tl spikes added to the sample are 
0.7 ng and 0.7 ng, respectively. 
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The measurement of elemental abundances in the sample solutions was conducted with a 
quadrupole-type ICP-MS instrument (X-series 2, Thermo Fisher Scientific) installed at Tokyo 
Tech. The analytical conditions of ICP-MS are summarized in Data S1. All of the ICP-MS 
measurements were performed in a normal solution mode without collision cell. The measured 
isotopes for individual elements were selected to minimize the influence of spectral interferences 
including oxides and doubly charged ions. Of the spectral interferences, oxides (Data S1) were 
corrected by following previously established procedure (60). Influences were < 2 % in most 
cases. Exceptions are 55MnO on 71Ga (~17 %), 59CoO on 75As (~6 %), 91ZrO on 107Ag (~5 %), 
141PrO on 157Gd (~7 %), and 143NdO on 159Tb (~3 %).  

For the measurement of Group-1 elements, we used a multi-elemental solution XSTC-13 
(SPEX CertiPrep, USA) and a single element P solution (Fujifilm-Wako) as the standards. 
Additionally, a single element Ca solution (Fujifilm-Wako) was used for a standard because 
measurement of 44Ca in XSTC-13 was hampered by the coexisting Sr in the solution which 
formed doubly charged ion 88Sr2+. With these standards, the abundances of Group-1 elements in 
the Ryugu samples were determined by the calibration curve method with 103Rh internal 
standardization. For the measurement of Group-2 elements, a custom-made multi-elemental 
solution XSTC-4043-100 (SPEX CertiPrep, USA) was used for a standard. The abundances of 
Ti, Zr, Mo, Hf, and W in the Ryugu samples were determined by the isotope dilution method 
while those of Nb and Ta were determined by internal standardization using the signals of 91Zr 
and 179Hf (61). For the measurement of Group-3 elements, XSTC-13 and another multi-
elemental solution XSTC-1 (SPEX CertiPrep, USA) were used as standards. The abundances of 
In and Tl were determined by the isotope dilution method while those of the other Group-3 
elements were determined by internal standardization using the signals of 113In and 203Tl (60). 
The abundances of Pb were determined by considering the non-terrestrial Pb isotopic 
compositions in the Ryugu samples (62). The analytical uncertainties of the determined 
elemental abundances were estimated by the propagation of uncertainties associated with the 
signal intensities and the concentrations of standards or spikes. The incorporation of chemical 
blanks was evaluated two times and corrected by subtracting the total analytical blank values, but 
the contributions to the total uncertainties were negligible (< 1 %) except for Mo (~2 %).  
Chemical separation for isotopic measurements of titanium and chromium 

The 80 % aliquots of the dissolved A0106+A0107 and C0108 samples were used for 
isotopic analyses of Cr and Ti with Thermal ionization mass spectrometry (TIMS) and Multi-
collector (MC)-ICP-MS, respectively. The sample solution was dried and treated with HBr to 
convert the chemical form, which was then dissolved with 1 mL 1.5 M HBr. The solution was 
loaded onto 0.1 mL of an anion exchange resin (AG1-X8, 200–400 mesh, BioRad) charged in a 
polyethylene column. Most of the elements were collected with the subsequent elution of 0.45 
mL 1.5 M HBr, followed by the collection of Zn with 1.5 mL 0.2 M HBr–0.5 M HNO3 and Pb 
with 1.5 mL H2O.  

After drying down the first cut of the Pb column chemistry, a 0.3 mL of a pure Al 
solution (10000 µg mL–1) was added. This is to convert the chemical composition of the sample 
to be Ca/(Ca + Al) < 0.43 and Mg/(Mg + Al) < 0.4, to avoid the incorporation of Ti, Zr, and Hf 
into insoluble fluorides (61). The sample was dried and treated with HNO3 and HF to convert the 
chemical form. Then, it was dissolved with 1 mL 0.4 M HCl–0.5 M HF and centrifuged at 10000 
rpm for 20 min to separate any insoluble fluorides. The supernatant was loaded onto the anion 
exchange resin AG1-X8 in a 1 mL polypropylene column. After the sample loading, 3 mL of 0.4 



 
 

7 
 

M HCl–0.5 M HF was eluted to collect major elements. Subsequently, Ti, Zr, and Hf were 
collected by eluting 5 mL 9 M HCl–0.05 M HF, followed by the collection of W and Mo with 10 
mL 9 M HCl–1 M HF and 5 mL of 6 M HNO3–3 M HF, respectively. The second cut containing 
Ti, Zr, and Hf was dried and dissolved with 0.5 mL 8 M HNO3–0.2 M HF, which was loaded 
onto 0.5 mL of an extraction chromatographic resin “DGA-Normal Resin” (50–100 µm, 
Eichrom Technologies Inc, USA) filled in a polypropylene column. Then, Ti was collected with 
2.0 mL elution of 8 M HNO3–0.2 M HF, followed by the collection of Zr and Hf with 6.0 mL 0.5 
M HF. The Ti fraction was further purified by repeating the initial Ti chemistry procedure with a 
reduction in column size and eluant volume to 30 % of the initial size. The overall recovery of Ti 
was > 90 %. 

The major element fraction obtained in the initial Ti chemistry was merged with the 
insoluble fluoride residue that was not loaded onto the column. The mixture was dried and 
attacked with HNO3 twice and 12 M HCl, then dissolved with 1 mL 6 M HCl. The solution was 
loaded onto the 1 mL anion exchange resin that was used in the Ti chemistry, followed by the 
elution of 3.0 mL 6 M HCl to collect major elements excluding Fe. Subsequently, 4.0 mL 0.1 M 
HNO3 was eluted to collect Fe and U. The first cut of Fe-U chemistry was dried and attacked by 
HNO3, and then it was dissolved with 0.5 mL 4 M HNO3. The sample solution was loaded on a 
0.3 mL “Sr Resin” (50–100 µm, Eichrom Technologies Inc, USA) placed on a 0.3 mL “RE 
Resin” (50–100 µm, Eichrom Technologies Inc, USA), followed by the elution of 1.0 mL 4 M 
HNO3 to collect major elements. Then, the tandem columns were disassembled. For the column 
filled with RE resin, 1.0 mL 6 M HNO3 was eluted to collect remaining major elements, which 
was merged into the same vial containing major elements. Then, 3.5 mL 0.1 M HCl–0.3 M HF 
was eluted to collect REEs and Th. For the column filled with Sr resin, 6.5 mL 8 M HNO3 and 
4.0 mL H2O were eluted to collect Ba and Sr, respectively.  

The major element fraction obtained in the Sr chemistry was dried and then dissolved 
with 1 ml 1 M HNO3–10 % H2O2 and it was left overnight at room temperature. In this step, an 
1.8 mL column filled with the DGA-Normal Resin was placed on the top of a cation exchange 
resin (1 : 1 mixture of AG50W-X8 200–400 mesh and AG50W-X12 200–400 mesh, BioRad) in 
an 1 mL polypropylene column. The sample solution was loaded onto the top of the tandem 
column, followed by the elution of 7.0 ml 1 M HNO3. The 1.8 ml column was removed at this 
point, and then 16 mL 1 M HNO3 and 2 mL 0.5 M HF were successively eluted onto the mixed 
cation exchange resin to collect major cations (e.g., Na, Mg and Ni) and Al, respectively. Next, 
Cr was collected by the elution of 4.0 ml 6 M HCl. The overall recovery of Cr was ~90 %. For 
the column filled with 1.8 mL DGA-Normal Resin, 4.0 ml 10 M HNO3 was eluted to collect Ca.  

Titanium isotopic analysis with MC-ICP-MS 
The Ti isotopic compositions in the Ryugu samples were measured by a MC-ICP-MS 

instrument (Neptune-Plus; Thermo Fisher Scientific) installed at the University of Tokyo. The 
separated Ti fraction was dried and dissolved in 0.5 M HNO3–0.001 M HF to a concentration of 
150 ng/mL. The dissolved sample was introduced into the MC-ICP-MS using a Cetac Aridus II 
micro-concentric desolvating nebulizer with an uptake rate of ~0.15 mL/min. Measurements 
were performed using a Jet sample cone and an X skimmer cone with high mass resolution, 
which resulted in 48Ti signal intensities of ~2.5×10–10 A. All five Ti isotopes together with 43Ca, 
51V and 53Cr were monitored in dynamic mode using Faraday cups connected to 1011 Ω 
amplifiers. Data were acquired from 40 cycles, 2 lines/cycle, 8.4 s integration/line, and 4 s idle 
time between lines. Instrumental mass fractionation was corrected relative to 49Ti/47Ti = 
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0.749766 (63) with an exponential law. Isobaric interferences on Ti isotopes from 46Ca, 48Ca, 
50V, and 50Cr were corrected for assuming that the mass bias factors of Ca, V, and Cr were 
identical to that of Ti. For the correction, the literature values of 50V/51V = 0.0251 (64) and 
50Cr/53Cr = 0.45732 (65) were utilized, whereas Ca isotope ratios were artificially modified to 
46Ca/43Ca = 0.02365 and 48Ca/43Ca = 1.4039 which eliminate artificial isotopic anomalies for Ca-
doped Ti standard solutions with Ca/Ti ratios of 1–5. Individual sample measurements were 
bracketed by analyses of a NIST SRM 3162a standard solution. The Ti isotopic ratios of samples 
were determined relative to the standard runs. It has previously been shown that NIST SRM 
3162a has an 0.28 ± 0.17 excess of 50Ti relative to Alfa Aesar Ti standard solution that is widely 
used in meteorite Ti isotope studies (66). For comparison with literature values, sample 50Ti/47Ti 
ratios are reported in the ε unit defined as: 

𝜀 Ti	
"# = % $%	"# $%	$% &'()*+&

$%	"# $%	$% ,-./0123'⁄ − 1( × 10( + 0.28.  (S1) 

Analytical uncertainties on sample Ti isotope ratios combined the internal precisions (2 standard 
error (SE)) and the dispersion of the mean of the bracketing standard analyses (2SE), added in 
quadrature. 
Chromium isotopic analysis with TIMS 

The Cr isotopic compositions in the Ryugu samples were measured by a TIMS 
instrument (Triton-Plus; Thermo Fisher Scientific) installed at Tokyo Tech. The instrument was 
equipped with eight movable Faraday cups and one center Faraday cup, which were all 
connected with 1011 Ω amplifiers with a dynamic range of 50 V. NIST SRM 979 was used as a 
Cr isotopic reference material. The Cr sample (2.5–3.0 µg per single analysis) was loaded onto 
the center of a prebaked single W filament together with Al and B-doped silica gel as an 
activator. The filament was first heated to 1000 °C, followed by the gentle heating of the 
filament until a stable Cr+ beam was obtained at ~1200 °C. The typical beam intensity of 52Cr+ at 
the beginning of the data acquisition was 1.5×10–10 A. The isotopic ratios of Cr (50Cr/52Cr, 
53Cr/52Cr, and 54Cr/52Cr) were acquired by dynamic multicollection and multistatic methods with 
a three-line cup setting. The effect of mass fractionation during the TIMS measurement was 
corrected with the exponential law by assuming that 50Cr/52Cr = 0.051859 (65). The spectral 
interferences on Cr isotopes (50Ti, 50V, and 54Fe) were corrected by monitoring 49Ti, 51V, and 
56Fe. The Cr isotope data were reduced by averaging 420 ratios (2 standard deviation (SD) 
rejection level = 4.55 %), acquired from 21 blocks of 20 cycles/block, 3 lines/cycle, and 16.667 s 
integration/line. A single isotopic measurement required 10 h, including the filament heating 
time. The 54Cr/52Cr isotopic ratios in Ryugu samples are reported in the ε unit: 

𝜀 Cr	"( = % )*	"$ )*	"3 &'()*+&
)*	"$ )*	"3 ,-./4%4⁄ − 1( × 10(.   (S2) 

Analytical uncertainties for the Ryugu samples are either the 2 SD of multiple sample 
measurements or the largest analytical uncertainty in multiple campaigns of NIST SRM 979 
measurements, whichever is larger.  
Laser-fluorination isotope-ratio mass-spectrometry (LF-IRMS) 
 The A0107 and C0002 Ryugu samples were used for LF-IRMS analyses at UCLA and 
University of Göttingen (UG), respectively.  
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Methods at UCLA 
Two aliquots from A0107 were analyzed, with masses of 1.50 mg (sample B) and 2.58 

mg (sample C), respectively. In addition, three aliquots of the Orgueil CI chondrite (3.06 mg, 
4.27 mg, and 4.31 mg) were analyzed using the same methods for comparison. The samples of 
Ryugu and Orgueil were chips of 1 to 2 and 3 to 6 pieces per aliquot, respectively, in order to 
simulate the material that we were analyzing from Ryugu. Samples were loaded into the vacuum 
chamber for analysis with a baseline pressure of ~ 5×10-7 mbar. The samples were then heated 
with an infrared lamp while actively pumping to drive off any adsorbed water. Heating duration 
was approximately 3 hours. The temperature of the samples inside the chamber during heating 
was ~110 to 120 °C as deduced by thermal imaging of analogous CI meteorite samples through 
the ZnSe window of the chamber under identical conditions. 
 Laser-heating assisted fluorination was used to liberate O2 for isotopic analysis. 90 mbar 
of F2 gas was used as the fluorinating agent. The F2 was purified by double distillation using 
KNiF6∙KF salt as a thermally activated source and sink for the fluorine gas. Blank oxygen was 
below detection. The heating laser is a 20 W CO2 laser (10.6 µm) (67) gated with a pulse 
frequency of 10 Hz. The duration of the laser heating was about 15 minutes for each sample. 
Following fluorination, the product gas was purified in the vacuum system by passing through a 
trap warmed to 110 °C containing granules of optical-grade KBr (to passivate excess F2) between 
two cryogenic traps (cooled with liquid N2) to remove SiF4 from the fluorination process, Br2 
from the fluorine trap, and any other condensable gaseous products. The liberated O2 gas was 
trapped on a glass cryotrap (liquid N2 temperature) filled with 13X molecular sieve for 60 
minutes, then heated to 210 °C for 30 minutes to allow expansion into a calibrated volume for 
measuring the recovered moles of gas. The purified O2 was trapped again at liquid N2 
temperature on silica gel for transport to the mass spectrometer. 

 Isotope ratios were determined by measuring 32O2+, 33O2+, and 34O2+ (as well as 36O2+) on 
a high-mass-resolution, double-focusing gas-source mass spectrometer at UCLA (Nu 
Instruments Panorama 001). The mass resolving power defined as mass M over difference of 
mass ΔM (M/ΔM) of 40,000 used for these measurements is sufficient to resolve mass 
interferences, including trace NF+ that is a potential mass spectrometric isobar for 33O2+ (i.e., 
17O16O+ + 16O17O+). The 32O2+, 33O2+, and 34O2+ ion beams were measured using Faraday cups 
with amplifier resistors of 1010 Ω, 1013 Ω, and 1011 Ω, respectively. Analyses were obtained from 
6 and 3 blocks for samples C and B, respectively, with each block comprising 30 cycles of 
sample/reference gas comparisons, and each measurement in a cycle consisting of 30 s 
integrations. 

 The reference gas was calibrated using O2 purified by gas-chromatography from air, and 
O2 liberated by fluorination using the same procedures as those outlined above. We report 
18O/16O and 17O/16O relative to standard mean ocean water (SMOW) as δ values (permil 
deviations from the standard) in which  

δ18OSMOW = 103((18O/16O)Sample/(18O/16O)SMOW –1)   (S3) 
and similarly for δ17OSMOW. We calculate the deviations in 17O/16O for a given 18O/16O value 
from the terrestrial oxygen rock reservoir using the cosmochemical definition 

Δ17O = δ17OSMOW – 0.52 × δ18OSMOW,    (S4) 
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with 0.52 representing mass-dependent fractionation. San Carlos olivine (SC olivine), a 
commonly used reference for rock and mineral oxygen isotope analyses, has a Δ17O of ~ –0.05 to 
–0.1 ‰ relative to SMOW (68). As SC olivine is considered representative of Earth’s mantle, 
bulk silicate Earth (BSE) also has a Δ17O lower than SMOW by as much as ~ –0.1 ‰. During 
the analytical sessions for the two Ryugu samples at UCLA, analyses of SC olivine yielded δ18O 
= 5.26 ±0.13 ‰ (1SD), δ17O = 2.72 ±0.06 ‰, and Δ17O = –0.065 ±0.005 ‰, respectively. Two 
analyses of air during this interval yielded δ18O = 23.82 ±0.05 ‰ (1SD), δ17O = 12.122 
±0.006 ‰, and Δ17O = –0.265 ±0.032 ‰.  

 To compare our results to previous work, it is important to refer to a more accurate 
depiction of Δ17O values relative to different oxygen reservoirs based on a mass fractionation 
relationship. This uses the logarithmic definitions of fractional deviations from standards, in 
which  

δ¢18OSMOW = 103ln((18O/16O)Sample/(18O/16O)SMOW),   (S5) 

and similarly for δ¢17OSMOW, and  

Δ¢17O = δ¢17OSMOW – β  ×  δ¢18OSMOW    (S6) 

where β is mass-dependent fractionation coefficient. Mass-dependent fractionation then 
corresponds to β = 0.528 (69, 70). With these definitions for departures from the SMOW 
fractionation line, our SC olivine analyses obtained during the Ryugu analytical session give 
Δ¢17O = –0.104 ±0.006 ‰ and the value for air is –0.380 ±0.031 ‰. Both values are consistent 
with the previous work (68). The two A0107 Ryugu samples B and C have Δ¢17O values of 0.576 
±0.056 ‰ and 0.574 ±0.019 ‰ using this notation.  
Methods at UG 

 An aliquot (1.42 mg) from Ryugu sample C0002 were analyzed along with two aliquots 
of the Orgueil CI chondrite (1.21 mg and 1.14 mg) and an aliquot of the Ivuna CI chondrite (0.92 
mg) for comparison. The oxygen isotope composition was determined by infrared laser 
fluorination (67). Because of the potentially high reactivity of the Ryugu samples and potential 
of cross contamination, analyses were conducted using small, 2-pit sample holders that were 
transferred from an evacuated air lock into the fluorination chamber. The air lock was pumped 
down to ~5 × 10–6 mbar and heated using heating tape to ~100 °C for 24 h. The empty 
fluorination chamber was evacuated and heated to about 60 °C for 24 h before being exposed to 
~ 50 – 100 mbar BrF5 for ~ 15 min to remove any moisture sticking to the inner walls of the 
chamber. The amount of released O2 (blank) was monitored by means of continuous flow mass 
spectrometry until it stabilized after ~ 7 fluorination steps at 0.01 to 0.02 µmol O2.  

After the air lock cooled to room temperature, sample holders (~5 × 10 × 8 mm) were 
introduced through a gate valve into the fluorination chamber. Samples were then exposed to 
BrF5 (100–300 mbar) without laser heating for ~ 10 min to react the labile oxygen which was 
collected with the O2 from laser-assisted fluorination. This procedure was used to collect oxygen 
from hydrous silicates that otherwise might be lost by prefluorination and to facilitate the 
successive laser heating step (reduce sputtering of sample material). Then, the sample was 
fluorinated by scanning the laser beam across the sample pit and successively increasing the laser 
energy up to 45 W. Despite the pre-fluorination, some sample material sputtered during the 
application of the laser.  
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After visible reaction ceased, sample O2 gas was transferred via cold traps and an NaCl 
getter (for F2 removal) to a 5 Å molecular sieve trap. From this trap, sample O2 was transferred 
via a He gas stream (10 mL min–1) through a 5 Å molecular sieve packed gas chromatography 
column (3 m, 1/8 inches, 50 °C) into a second 5 Å molecular sieve trap located connected to the 
Thermo 253 Plus mass spectrometer. After evacuation of He from this trap, sample O2 was 
expanded at 50 °C into the bellows of the mass spectrometer.  

Samples were measured relative to reference gas that was calibrated using O2 released 
from SC olivine (δ18O = 5.23 ‰, Δ¢17O = –0.052 ‰; see (73)). About 60 cycles (with 26 s 
integration time for sample and reference) were measured for each sample. During acquisition, 
sample and reference gas pressures were kept constant within ~ 1 %. For quality control, we ran 
SC olivine, CI chondrites Ivuna and Orgueil using the same technique. During this analytical 
session, air O2 was measured (with complete separation of N2 and partial separation of Ar; Ar 
could not be completely separated from O2 at 50 °C). However, contamination of O2 by Ar may 
lead to erroneously high Δ¢17O; we measure Δ¢17O of –0.440 ‰, lower than the –0.432 ‰ value 
found in previous work (68). The timings of the entire fluorination, gas transfer and 
measurement procedure were controlled using LabVIEW software to avoid any user-specific 
effects. The sizes of the SC olivine and CI chondrite samples were adjusted to the amount of O2 
released from Ryugu, which corresponded to ~ 0.9 mg of SC olivine. The small samples sizes 
may have resulted in contamination by fluoro-organic components, leading to analytical 
uncertainties of ~ 0.5 ‰ for δ18O and ~0.05 ‰ for Δ¢17O (2SD). The δ17O and δ18O data are 
reported relative to SMOW. 

Electron Microscopy 
 Three polished sections (A0058-C1001, A0058-C2001 and C0002-C1001) were made 
from Ryugu samples A0058 and C0002, respectively. The Ryugu grains were individually 
embedded in 1-inch epoxy disks using the Buehler EpoxiCure 2 Resin. The sample disks were 
polished with an automatic polishing machine (Musashino Denshi MA-200e) at Hokkaido 
University. Diamond slurries with polycrystalline diamond particles of ~3 µm and then ~1 µm 
dissolved in ethylene glycol and polishing plates composed of copper and tin-antimony alloy 
were used for polishing. > 99.5 % ethanol was used for cleaning during and after the polishing. 
Polished sections of Ivuna were made by the same procedure. The polished sections were coated 
with a thin (~5 nm) gold film using a Leica EM ACE600 coater for backscattered electron (BSE) 
imaging and elemental analysis using an EDS detector. 
 BSE images were obtained with a field-emission scanning electron microscope (FE-
SEM; JEOL JSM-7000F) at Hokkaido University. Quantitative X-ray elemental measurements 
were conducted with a 15 keV electron beam and an EDS detector (Oxford X-Max 150) installed 
on the FE-SEM. Beam currents of ~2 nA and ~1 nA were employed for the X-ray mapping and 
quantitative analysis, respectively. Mineral standards coated with a gold thin film (~5 nm) were 
used for standardization. BSE images and pseudo color images made by elemental mapping were 
used to determine petrologic and mineralogical characteristics of the samples (Fig. 1).  

Secondary ion mass spectrometry (SIMS) 
 After electron microscopy was completed, the polished sections were recoated with an 
additional thin (~65 nm) gold film for SIMS measurements of oxygen and Mn-Cr isotope 
systematics. 
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 The oxygen isotope compositions of dolomites and magnetite grains were measured with 
the Cameca ims-1280HR SIMS instrument at Hokkaido University with the analytical and 
instrumental settings same as previous work (71) as: A ~150 pA Cs+ primary ion beam focused 
to ~5 µm was used. Primary and secondary acceleration voltages were set to +10 kV and –10 kV, 
respectively. We applied a 1 μm square raster to the primary beam during analyses to ensure a 
shallower depth of sputter crater, which suppresses changes in secondary ion intensity ratios 
during measurements. The typical 16O count rates for dolomite and magnetite were ~1.7×108 
counts per second (cps) and ~1.5×108 cps, respectively. The secondary 16O–, 17O–, and 18O– ions 
were measured simultaneously using the multicollection system consisting of a Faraday Cup 
(FC) (1011 Ω), an axial electron multiplier (EM), and a FC (1012 Ω), respectively. The mass 
resolving power (10 % valley) was set to ~6000 to resolve 17O– from 16OH–. The data were 
collected for 30 cycles with 4 seconds integration time per cycle. The automatic centering 
program (dynamic transfer field aperture and magnetic field) was applied before data collection. 
The data were corrected for FC background and EM deadtime. The FC background was 
monitored during the presputtering of every measurement for ~30 s. Because the tail of the 
16OH− peak overlaps the 17O− peak, we made a small tail correction (typically ~0.1 ‰, up to 
~0.6 ‰) on 17O− based on 16OH− count rate measured at the end of each measurement.  
 The instrumental mass fractionation (IMF) for the O-isotope measurements of dolomite is 
sensitive to the iron contents (72). A series of dolomite-ankerite standards from University of 
Wisconsin-Madison (72) were used to calibrate the dependence of IMF on Fe# (=Fe/(Fe+Mg)). 
We measured 7 standards with different Fe# from 0 to ~0.8 and constructed a calibration curve 
using the fitting protocol with a Hill function (72). The δ18O from the standards are normalized 
to those measured on the standard 6250 (Fe# = 0). The calibration curve we find is similar to 
previous results (72). We applied the IMF factor to each measurement of dolomites using the Fe# 
obtained in the electron microscopy measurements. The uncertainty of the calibration curve is 
less than 0.5 ‰. 

 The IMF for O-isotope measurements of magnetite was corrected using a polycrystalline 
magnetite standard from Chile (73). Due to possible crystallographic orientation effects (74), the 
IMF from magnetite grains varies more than the statistical uncertainties of the measurements. 
Because of this, we measured ~60 points from different crystals of the magnetite standard to 
determine the mean value and uncertainty (~2.1 ‰ in δ18O; 2 standard deviation, 2SD) involved 
in these measurements. The reported uncertainties in the O-isotope ratios were the larger of the 
external reproducibility of standard measurements (2SD) or internal precision (2 standard error, 
2SE, of cycle data) of samples.  

 The 53Mn-53Cr isotope systematics of dolomite were measured with the ims-1280HR 
SIMS instrument at Hokkaido University. A ~100 pA 16O− primary beam focused to ~5 µm was 
used for data collection. Prior to the data collection, a ~1 nA beam was rastered over a 10×10 µm 
area for presputtering (250 s) to minimize the surface contamination of chromium. The 
secondary ions of 52Cr+, 53Cr+, and 55Mn+ were measured simultaneously using three electron 
multipliers. The mass resolving power was ~6800, sufficient to resolve 53Cr+ from interfering 
52CrH+. Isotope ratios were calculated using the total counts. Instrumental mass fractionation and 
Mn/Cr relative sensitivities were corrected using a synthetic calcite standard MACS-3NP (75). 
The relative sensitivity factor (RSF) of Mn/Cr may include a systematic error because of lack of 
suitable dolomite standards with identical matrix effects (76). The RSF values previously 
reported for dolomite are variable over ranges from 0.64 to 0.91 relative to the RSF of calcite 
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(75-79). This introduces uncertainties in the dating of the Ryugu samples.  Therefore, we used 
the RSF of calcite, which is determined accurately with high precision and has been used to 
determine the 53Mn-53Cr isotope systematics of dolomite in previous studies (34, 35). The 
reported uncertainties (2SD) in chromium-isotope and 55Mn/52Cr ratios include both the internal 
precision of an individual analysis (2SE) and the external reproducibility (2SD). Linear 
regression models were fitted to the data using the IsoPlot model-1 software (80). The true age 
may lie over a range of 0.6 to 1.1 times the statistical value due to this uncertainty. 
Thermogravimetric analysis coupled with mass spectrometry (TG-MS), and combination 
analyses of pyrolysis and combustion (EMIA-Step) 
 The A0040 Ryugu samples were used for TG-MS, and the A0040 and A0094 samples 
were used for EMIA-Step. The A0040 Ryugu (0.977 mg) and Ivuna (0.912 mg) samples were 
analyzed using a Thermo plus EVO2 TG-DTA8122 TG-MS Instruments at the Rigaku Co., 
Tokyo, Japan. Each sample of one or several chips was loaded into a Pt crucible and analyzed 
under a He flow of 200 ml min–1. Mass loss from the samples was recorded as they were heated 
from 40 °C to 1000 °C at a rate of 20 °C min–1. The uncertainty on the measured mass loss 
fraction is ~0.5 %. Evolved gases during TG were introduced into a quadrupole mass 
spectrometer without time loss to acquire a mass spectrum over the range m/z = 10–300 by 
electron ionization. Mass peaks of H2O (m/z = 18) and CO2 (m/z = 44) are calibrated to wt.% 
using calcium oxalate monohydrate CaC2O4·H2O. The relative uncertainty due to this calibration 
is estimated to be 5 %. 

Carbon and sulfur abundances were determined at the Horiba Techno Service Co., Ltd., 
Kyoto, Japan using a HORIBA EMIA-Step instrument for pyrolysis and combustion analyses. 
For carbon analysis, each sample of one or several chips was loaded into a quartz boat, covered 
with 60 mg of glass wool, and introduced into a quartz furnace at 800 °C with continuous flow of 
N2 at a flow rate of 3.0 L min–1 (approximately 180 kPa). The sample was heated at 800 °C for 
100 s. Then, the temperature of the heating element was increased linearly from 800 °C to 
1000 °C at a rate of 1 °C s–1, and held at 1000 °C for 250 s. The temperature change monitored at 
the sample position in the furnace was delayed relative to the programed heating profile due to 
the heat capacity of the furnace. The gas flow was then changed to O2 at a rate of 3.0 L min–1 
(approximately 180 kPa) at 450 s. The generated gases were sequentially transported into a 
copper oxide converter maintained at 600 °C with N2 or O2 flow and carbon species in the gas 
converted to CO2. The gas flow containing CO2 was dehydrated and the time variation of CO2 
intensity measured with a non-dispersive infrared (NDIR) detector. The NDIR signals were 
converted to carbon concentrations (wt.%) using a sodium hydrogen carbonate NaHCO3 
standard. The time sequence of the generated gases was controlled by kinetics of pyrolysis and 
combustion reactions of the sample under the experimental condition. The timing of CO2 
generations from carbonates, organic matter and graphite were calibrated using reference 
materials (Precipitated calcium carbonate CaCO3, purity >96%, particle size 12-15µm, The 
Association of Powder Process Industry and Engineering Japan, for carbonates; L-Tyrosine, 
purity>99.0%, Nacalai Tesque, Inc. for organic matter; Graphite, purity>99%, particle size 100-
200 mesh, Rare Metallic Co., Ltd. For graphite) and their mixtures under the experimental 
condition. Therefore, the carbon present in different chemical forms in the sample is released at a 
different time, producing a time spectrum. The spectrum was deconvoluted into multiple peaks 
by fitting Voigt function models. Carbon concentration for each chemical state was determined 
by integrating fitted model.  
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For sulfur analysis, each sample of one or several chips was loaded into an alumina boat 
and introduced into a ceramic furnace under a continuous flow of O2 at a rate of 3.0 L min–1 
(approximately 180 kPa) maintained at 1450 °C at the sample position for 120 s. The generated 
gases including SO2 gas were sequentially dehydrated and the time variation of the intensities 
was measured using the NDIR detector. The NDIR intensity is calibrated to sulfur concentration 
(wt.%) using a potassium sulfate K2SO4 standard. Integrated intensities with time correspond to 
the sulfur concentration in the sample. 

The sample masses for carbon analyses were 0.91 mg (from A0040) for Ryugu and 0.80 
mg for Ivuna; and for sulfur analyses, they were 0.89 mg (from A0040 and A0094) for Ryugu 
and 0.92 mg for Ivuna. The main source of uncertainty comes from the sample weighing that has 
a relative error of 10 % for samples of 1 mg.  

 

Supplementary Text 

Results 
The chemical compositions of bulk Ryugu samples determined by XRF and ICP-MS are 

listed in Data S2. The elemental abundances, normalized to CI chondrite (50), are plotted in 
Figure 2. The representative composition for CM chondrites (50) is also plotted for comparison. 
High concentrations of tantalum for the Ryugu samples were observed, which reflect 
contamination from the Ta projectiles used in the sampling apparatus of Hayabusa2 that 
impacted the Ryugu surfaces (11). Trace elements compositions of a spare Ta projectile from the 
same lot as those used at Ryugu were determined by ICP-MS (Data S2). A mass-balance 
calculation shows that no other element was affected by the projectile contamination. 
Measurement uncertainty for individual data is smaller than the observed variations between 
independent measurements in most cases (Data S2). The observed variations are most likely due 
to heterogeneity at the small scales sampled and analyzed.  

The isotopic ratio of 50Ti/47Ti and 54Cr/52Cr determined by MC-ICP-MS and TIMS are 
listed in Data S3 and plotted in Figure 3. The bulk Ti and Cr isotopic compositions of the Ryugu 
samples are similar to the CB (Bencubbin-like) and CI chondrite values in the CC meteorite 
region. However, the metal-rich nature of CB chondrites likely precludes their kinship with the 
Ryugu samples. The slightly lower ε54Cr values for Ryugu than CI chondrites could be due to 
heterogeneous distribution of isotopically anomalous carrier phases in Ryugu and CI chondrites. 
The presence of such phases in CI chondrite has previously been confirmed for Orgueil, which 
showed a large variation in ε54Cr values ranging from –8 to +90 (81). 

The chromium isotope compositions and Mn/Cr ratios of dolomites in Ryugu and Ivuna 
are listed in Data S5. The data are plotted on 53Mn-53Cr isochron diagrams (Fig. 5). The slopes 
(53Mn/55Mn)0 of isochron are regressed as (2.55±0.35)×10–6 with mean squared weighted 
deviation (MSWD) of 1.1 for Ryugu and (3.14±0.28)×10–6 with MSWD of 1.5 for Ivuna. The 
initial δ53Cr0 is 12±29 for Ryugu and –41±51 for Ivuna.  

The mass loss and differential thermogravimetry (DTG) curves for Ryugu and Ivuna 
determined by TG-MS are shown in Figure 6. Figure 6 also shows the mass-intensity curves 
generated during the measurements. The mass intensities were corrected by the blank run 
signals, and, therefore, they were generated from Ryugu and Ivuna. The mass spectra are 
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dominated by peaks at 18, 44, and 64 (Fig. S4). The peaks of m/z = 18 and 64 corresponded to 
H2O generated from phyllosilicates and sulfates, and SO2+S2 generated from sulfates and 
sulfides, respectively. The SO2+S2 profile was much smaller in Ryugu than that in Ivuna, 
suggesting that abundance of sulfates is small in Ryugu because sulfides are abundant in the 
Ryugu sample (Fig. 1). Therefore, contribution of SO2+S2 to mass-loss is negligible for Ryugu, 
but not for Ivuna. The peaks at m/z = 44 corresponds to CO2 generated from carbonates and 
organics. The CO2 from organics was produced by oxidation of gases with the indigenous 
oxygen as well as with residual O2 in the He flow atmosphere. The intensities are calibrated to 
concentrations in weight (Data S6).  

The CO2 curves generated from the Ryugu and Ivuna samples by EMIA-Step are shown 
in Figure 7. As in the TG-MS analysis, the first peak in the CO2 curves is the result of 
decomposition of organics and the second peak is due to carbonate decomposition after which 
the CO2 curves gradually decreased, suggesting progressive graphitization of organics and loss 
of labile functional group. The graphitized organics was completely combusted at ~500 s. The 
CO2 curve was deconvoluted into multiple peaks by fitting Voigt models. The peak at 140 s 
corresponds to CO2 generated from carbonates, i.e., inorganic carbon peak, and the other peaks 
corresponded to carbon species generated from organics, i.e., organic carbon peaks. The area of 
each peak corresponds to the carbon concentration for a chemical state of carbon in the samples 
(Data S6). The total sulfur contents of Ryugu and Ivuna were also determined (Data S6). Using 
the organic carbon contents coupled with the composition of insoluble organic matter (IOM) in 
CI chondrites (82), we calculated the organic hydrogen contents in the sample. The total 
hydrogen contents were calculated from the organic hydrogen contents and the H2O contents 
obtained by the TG-MS. Recommended values of inorganic hydrogen, total hydrogen, inorganic 
carbon, organic carbon, and total carbon for the Ryugu and Ivuna samples are summarized in 
Data S6.  
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Fig. S1. Measurement position of oxygen isotopes for a dolomite equilibrated with 
magnetites in Ryugu sample A0058-C1001. dol: dolomite, mgt: magnetite with measurement # 
in Data S4. The resulting measurements are shown in Fig. 4.  
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Fig. S2. Oxygen isotope fractionation of δ18O for dolomite-magnetite, dolomite-H2O, 
magnetite-H2O, and serpentine-H2O as a function of temperature. Each curve corresponds to 
the mineral pair or mineral-H2O pair shown in the figure. The curves used were from previous 
works (27-30). The oxygen isotope fractionation of the Ryugu sample is indicated as horizontal 
blue line with uncertainty. The shaded region is temperature range corresponding to the 
fractionation, suggesting dolomite-magnetite coprecipitation occurred at 37 ±10 °C.  
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Fig. S3. Opitical images of allocated samples. Whole quantities for A0107, A0040, A0058, 
A0094, C0108 are allocated, whereas 15.7 mg for A0106, 12.9 mg for C0107 and 28.8 mg for 
C0002 are allocated.  
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Fig. S4. Mass spectrum of released gas during TG-MS analyses. (A) Ryugu. (B) Ivuna. m/z = 
10–300 are measured. Major signals are assigned as molecules in figures. Signals of N22+, O22+, 
N2+, O2+, O18O+, and Ar+ are due to minor Air contamination into the He flow during 
measurements. A small peak of m/z = 27 may be HCN+. 
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Supplementary Data are provided by excel files (.xlsx). 

Caption for Data S1. (separate .xlsx file) 
Conditions for ICP-QMS operation. 

Caption for Data S2. (separate .xlsx file) 
Chemical composition (µg/g) of Ryugu samples. 

Caption for Data S3. (separate .xlsx file) 
Isotopic ratios for Ti and Cr of Ryugu samples and meteorites. 

Caption for Data S4. (separate .xlsx file) 
Oxygen isotopic composition (‰) of Ryugu, Ivuna and Orgueil. 

Caption for Data S5. (separate .xlsx file) 
Manganese-chromium isotope data of dolomites from Ryugu and Ivuna. 

Caption for Data S6. (separate .xlsx file) 
Hydrogen, carbon, and sulfur concentrations of Ryugu and Ivuna determined by TG-MS and 
EMIA-Step. 

Caption for Data S7. (separate .xlsx file) 
Thermogravimetric analysis coupled with mass spectrometry (TG-MS) for Ryugu and Ivuna. 

Caption for Data S8. (separate .xlsx file) 
Carbon concentration curves (wt. %)  released from Ryugu and Ivuna by combination analyses 
of pyrolysis and combustion (EMIA-Step). 

Caption for Data S9. (separate .xlsx file) 
Standards used for XRF analyses using Rigaku ZSX Primus IV. 
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