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Carbonaceous asteroids are the source of the most primitive meteorites1 and 
represent leftover planetesimals that formed from ice and dust in the outer Solar 
System and may have delivered volatiles to the terrestrial planets2–5. Understanding 
the aqueous activity of asteroids is key to deciphering their thermal, chemical and 
orbital evolution, with implications for the origin of water on the terrestrial planets. 
Analyses of the objects, in particular pristine samples returned from asteroid Ryugu, 
have provided detailed information on fluid–rock interactions within a few million 
years after parent-body formation6–11. However, the long-term fate of asteroidal water 
remains poorly understood. Here we present evidence for fluid flow in a carbonaceous 
asteroid more than 1 billion years after formation, based on the 176Lu–176Hf decay 
systematics of Ryugu samples, which reflect late lutetium mobilization. Such late fluid 
flow was probably triggered by an impact that generated heat for ice melting and 
opened rock fractures for fluid migration. This contrasts the early aqueous activity 
powered by short-lived radioactive decay, with limited fluid flow and little elemental 
fractionation12. Our results imply that carbonaceous planetesimals accreted by the 
terrestrial planets could have retained not only hydrous minerals but also aqueous 
water, leading to an upwards revision of the inventory of their water delivery by a 
factor of two to three.

Carbon- and water-rich asteroids are the most abundant type in 
the main belt and are linked to rare and fragile carbonaceous chon-
dritic meteorites1. The volatile inventory of carbonaceous aster-
oids was probably accreted as ice together with dust beyond the 
snow line in the protosolar disk2. Their subsequent inwards migra-
tion may have brought a significant fraction of volatiles to the 
terrestrial planets2–5. The aqueous history of carbonaceous aster-
oids provides clues to their thermal, chemical and orbital evolu-
tion and has implications for the origin of water on the terrestrial  
planets.

The Hayabusa2 spacecraft conducted in  situ observations of 
near-Earth carbonaceous asteroid Ryugu13,14 and collected surface and 
subsurface samples during the first and second touchdowns, respec-
tively, with a total mass of 5.4 g (ref. 15). Ryugu is an approximately 1-km 
rubble pile formed from impact fragments sampled at various depths 
on a larger disrupted parent body13,14. Returned samples share miner-
alogical, chemical and isotopic characteristics with Ivuna-type (CI) 
chondrites, a group of meteorites that underwent the most extensive 
aqueous alteration but whose chemical compositions are closest to 
that of the solar photosphere6–9. In contrast to CI chondrites, however, 
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Ryugu samples are almost free of ferrihydrite, sulfates and interlayer 
water in phyllosilicates6–10. These differences are probably owing to 
alteration of CI chondrites during their residence on Earth. Thus, Ryugu 
samples provide an opportunity to investigate the indigenous aqueous 
activity on a carbonaceous asteroid.

The results of previous studies of Ryugu samples have shown that 
major secondary phases such as hydrous phyllosilicates and carbon-
ates were formed through reactions with carbon dioxide (CO2)-bearing 
alkaline (about pH 10) water at about 40 °C under water-saturated 
conditions6–10. The carbonate crystallization age has been determined 
by the short-lived 53Mn–53Cr decay scheme to be within the first 7 Myr 
of Solar System history7,9,11. Early fluid activity is a consequence of the 
melting of accreted water (H2O) and CO2 ice from the heat released by 
the decay of 26Al within the parent body8,12. However, little is known 
about the fate of water over long timescales. In this study, we present 
lutetium (Lu)–hafnium (Hf) isotopic data for Ryugu samples that reveal 
Lu transport by late fluid flow.

176Lu–176Hf evidence for fluid flow
The decay of 176Lu to 176Hf with a half-life of 37.19 Gyr (ref. 16) can be 
used as a chronometer and isotopic tracer for geologic processes that 
fractionate Lu from Hf over Solar System history17–19. We have measured 
the Lu–Hf isotopic compositions of 4 Ryugu aggregate samples of 
<1 mm particles, with an integrated mass of approximately 20 mg for 
each aggregate: A0106 and A0106-A0107 from the first touchdown 
site and C0107 and C0108 from the second site, which is covered with 
ejecta excavated from a depth of approximately 1 m by an artificial 
impact15. A0106-A0107 and C0108 were pristine samples, whereas 
A0106 and C0107 were processed for soluble organic matter (SOM) 

extraction using hexane, dichloromethane, methanol and water before 
acid sample digestion. We have also analysed similar amounts of six 
carbonaceous chondrites: CI chondrites Orgueil and Alais, Mighei-type 
(CM) chondrite Murchison, Vigarano-type (CV) chondrite Allende, 
and ungrouped (C-ung) chondrites Tagish Lake and Tarda. The Lu–Hf 
isotopic measurements were performed by inductively coupled plasma 
mass spectrometry (Methods).

The Ryugu and carbonaceous chondrite samples show a wide range 
of 176Lu/177Hf and 176Hf/177Hf compared with previously analysed carbo-
naceous chondrites with larger sample sizes (176Lu/177Hf = 0.0337 ± 17 
and 176Hf/177Hf = 0.282809 ± 98, 2 s.d. (refs. 18,20–23; Fig. 1 and Extended 
Data Table 1). In particular, our Orgueil and 3 Ryugu samples have 
remarkably high 176Lu/177Hf and 176Hf/177Hf values of 0.0408–0.0426 
and 0.283558–0.283802, respectively. The wide range of 176Lu/177Hf and 
176Hf/177Hf is most probably owing to the heterogeneous distribution 
of accessory apatite (Ca5(PO4)3(F,Cl,OH)), which is the major carrier 
of rare earth elements (REEs)7,8,24,25. In fact, the abundance of apatite 
significantly varies in Orgueil and Ryugu clasts7,10,25. The Lu–Hf data 
points for all carbonaceous chondrites, except for Tagish Lake, plot 
on a reference isochron of 4,565 Myr, which is the approximate age 
of the accretion of their parent bodies8,26. In contrast, Ryugu samples 
plot above the reference isochron beyond analytical uncertainty. The 
observed shifts from the isochron are equivalent to 176Hf excesses up 
to about 10 parts per ten thousand (ε units) at a given 176Lu/177Hf or 
alternatively to Lu deficits up to about 5% at a given 176Hf/177Hf.

Similar 176Hf excesses or Lu deficits have been found in a number of 
non-carbonaceous meteorites19,23,27, and four possible origins have 
been considered: (1) accelerated decay of 176Lu, (2) nucleosynthetic 
heterogeneity, (3) reactions with cosmogenic neutrons, and (4) sec-
ondary disturbances.

The 176Lu–176Hf decay can be accelerated via excitation of the 176Lu 
ground state to its short-lived isomer with a half-life of 3.7 h (refs. 28,29). 
Accelerated 176Lu decay accounting for a 10 ε excess of 176Hf should be 
accompanied by a 7‰ decrease in 176Lu/175Lu. However, all 176Lu/175Lu val-
ues obtained for our samples are identical within the range of 0.4‰ to 
values reported for non-irradiated terrestrial and meteoritic basalts30,31 
(Extended Data Table 2), eliminating this possibility.

The Ryugu and ungrouped carbonaceous chondrite samples have 
correlated anomalies in ε180Hf and ε178Hf (Fig. 2). Similar correlated 
ε180Hf–ε178Hf variations were observed in refractory inclusions, acid lea-
chates and residues of carbonaceous chondrites, and were attributed to 
heterogeneous contributions of presolar grains carrying Hf produced 
by the slow neutron-capture process (s-process)32,33. Our results reveal 
that the most primitive carbonaceous samples preserved nucleosyn-
thetic heterogeneity, even on an approximately 20-mg whole-rock 
scale. Nucleosynthetic effects on 176Hf/177Hf can be corrected using the 
theoretically predicted correlation between Hf isotopic ratios34 (Meth-
ods). The corrections change 176Hf/177Hf by −1.7 ε to +2.5 ε (Extended 
Data Table 1), leaving excess 176Hf in all Ryugu samples and Tagish Lake 
unexplained (Fig. 1).

Some of our Ryugu and chondrite samples show resolvable deficits in 
149Sm caused by cosmogenic neutron capture35. Neutron capture, par-
ticularly that in the epithermal energy range, raises 176Hf/177Hf and ε178Hf 
and lowers ε180Hf (Methods). Although both samarium (Sm) and Hf in 
returned lunar samples show isotopic variations arising from thermal 
and epithermal neutron-capture reactions36, our Hf isotopic data show 
no detectable cosmogenic effects (Fig. 2). The combined Hf–Sm isotope 
systematics indicate that the fluences of thermal and epithermal neu-
trons on the Ryugu samples are as high as 3 × 1015 n cm−2 and less than 
8 × 1015 n cm−2, respectively (Methods and Extended Data Fig. 1). Under 
these neutron-fluence conditions, cosmogenic 176Hf excess of no more 
than 1 ε can be accommodated (Methods and Extended Data Fig. 2).

Apparent 176Hf excess can be produced in a sample when its Lu/Hf 
decreases after significant accumulation of radiogenic 176Hf (Extended 
Data Fig. 3). The apparent 176Hf excesses observed in some meteorites 
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were attributed to the preferential loss of Lu over Hf through diffusion 
during high-temperature metamorphism on the parent bodies37,38 or 
through reactions with fluids during terrestrial weathering39,40. They can 
also be caused by terrestrial contamination41. However, samples directly 
returned from Ryugu would have resided at temperatures below about 
100 °C since their formation8,9, conditions under which solid-state dif-
fusion and vaporization of Lu and Hf are negligible. Although two of the 
four Ryugu samples were processed for the SOM extraction before Lu–
Hf isotopic analysis, independent tests using Orgueil and Tarda show 
that its effect on the Lu–Hf system is limited (Extended Data Table 3). 
Overall, the only plausible explanation for the deviations of all Ryugu 
samples from the reference isochron is secondary Lu removal by fluid 
flow on Ryugu or its parent body.

Mechanism and timing of Lu loss
Using the apparent excess 176Hf as a tracer and combined with previ-
ously reported data for Ryugu samples, we explore the mechanism 
and timing of Lu loss. The degree of apparent 176Hf excess in a sample 
relative to the 4,565-Myr reference isochron (Fig. 1) depends on the 
extent and timing of Lu loss:
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where λ = 1.864 × 10–11 yr–1 (ref. 16) is the decay constant of 176Lu, p is the 
proportion of lost Lu to the total Lu in the sample, t0 is the accretion age 
of the parent body about 4,565 Myr ago8, and Δt is the time interval from 
parent-body accretion to Lu loss (Extended Data Fig. 3). Smaller values 
of Δt require large values of p to account for the observed Δ176Hf/177Hf 
in a sample (Fig. 3 and Extended Data Fig. 4). Even in the case of recent 
Lu loss, about 5% of Lu needs to be lost from Ryugu samples. Compared 
with alkali elements such as sodium (Na) and lithium (Li), Lu is rather 
insoluble in aqueous fluids that react with common terrestrial rocks. 

Although Ryugu samples processed for the SOM extraction and Tagish 
Lake show remarkable depletion in these soluble elements, pristine 
Ryugu samples do not (Extended Data Fig. 5). This demands a process 
that preferentially mobilized Lu in Ryugu samples. Independent lines 
of mineralogical evidence suggest that this Lu mobilization was caused 
by the flow of fluids that dissolved apatite.

In Ryugu fragments and CI chondrites, apatite hosts the majority of 
the total REE budget and is closely associated with carbonate and mag-
netite, indicating their paragenesis during early aqueous alteration8,24. 
Ryugu apatite often exhibits grain-boundary corrosion, reflecting its 
partial dissolution by fluids during a later alteration episode10,24. The 
fluids were probably enriched in the constituent elements of apatite 
as well as in alkali elements. In addition, late circulation of the fluids 
is indicated by the occurrence of amorphous Na–magnesium (Mg) 
phosphates in the rare least-altered Ryugu fragments. Notably, Na–Mg 
phosphates occur as veins that cross-cut brecciated fabrics of altered 
lithology, demonstrating their formation after early alteration and 
impact events10. They sometimes contain voids owing to vaporization 
during their formation8. These observations suggest that amorphous 
Na–Mg phosphates precipitated from alkali–phosphorous (P)-rich 
fluids as the result of water consumption through the hydration of 
primitive silicates and the oxidation of reduced phases associated with 
hydrogen (H2) degassing. This process probably occurred during fluid 
migration in the shallow zone of the Ryugu parent body, where early 
aqueous alteration was limited by the restricted temperature increase. 
We expect that Na–Mg phosphates precipitated in the shallow zone are 
enriched in Lu and have apparent 176Hf deficits complementary to the 
excesses observed in our samples that would originate mainly from a 
deeper Lu-depleted zone of the parent body.

The earliest possible timing of Lu transport by fluids can be estimated 
from the probable range of the original Lu abundance in each sample. 
Despite the expected secondary Lu loss via apatite dissolution, current 
abundances of REEs and P in the Ryugu samples are comparable to or 
even higher than the mean CI chondrite abundances (Extended Data 
Fig. 5 and Extended Data Table 4). Our Orgueil sample is also enriched 
in REEs and P relative to mean CI chondrites. These REE-P enrichments 
are probably due to the sampling of apatite-rich lithology in our Ryugu 
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and Orgueil fragments42. The dispersion of the elemental abundance 
arising from such a nugget effect can be estimated as a function of 
the sample mass if the nugget abundance, composition and size are 
known43. Assuming that CI chondrites25 are a reasonable analogue 
of Ryugu fragments before apatite dissolution, the 95% confidence 
interval of the original Lu abundance can be estimated to be between 
0.0156 µg g−1 and 0.0398 µg g−1 for Ryugu A0106-A0107 (Methods). 
This allowable range, combined with the current Lu abundance in the 
sample, constrains the proportion of lost Lu to be less than 14%, which 
in turn sets a lower bound of 103 Myr for Δt (Fig. 3; see similar results 
for the other Ryugu samples in Extended Data Fig. 4). This age con-
straint is concordant with the rhenium (Re)–osmium (Os) isotopic data 
for Ryugu samples showing Re/Os fractionation within the past 2 Gyr  
(ref. 7), although Re/Os fractionation can occur during volatilization 
rather than during fluid flow44.

In a recent uranium (U)-series study45, 234U/238U and 238U/230Th higher 
than the secular equilibrium values were obtained from all analysed 
carbonaceous chondrites, among which Tagish Lake showed the largest 
disequilibrium. The disequilibria demonstrate that these chondrites 
underwent U isotopic and thorium (Th)/U fractionations within the 
past few 100,000 years, probably owing to the fluid transport of U. 
However, it remains unclear whether the fluid was generated by the 
breakdown of phyllosilicates or the melting of frozen aqueous water. 
In addition, some carbonaceous chondrites may have been exposed 
to water after fall on Earth. Because phyllosilicates in returned Ryugu 
samples remain intact9, our results provide evidence for the late flow 
of aqueous fluid generated by the melting of ice on a carbonaceous 
asteroid.

Fate of water in carbonaceous asteroids
The solar-like chemical compositions of CI chondrites except for 
volatile elements have long been taken as evidence of isochemical 
alteration by static aqueous fluids46. The lack of fluid motion can be 
attributed to the small parent-body size (<50 km; refs. 12,47) or to 
the low permeability of carbonaceous chondritic rock (≤10–17 m2;  
ref. 48). However, the mineral assemblage and depletion of inter
layer water in Ryugu samples indicate that they were initially altered 
in the presence of excess water, but the water was largely lost at some 
point8,9. This is also the case for CI chondrites if their interlayer water 
is of terrestrial origin12,49.

By revealing secondary Lu removal from Ryugu samples by fluids, our 
study suggests that they retained ice over a billion-year timescale and 
then underwent one or more events that caused melting of the ice and 
fluid flow (Fig. 4). Potential heat sources for melting ice at such a late 
time are (1) solar radiation at perihelion of Ryugu and (2) impacts on 
Ryugu and/or its parent body. We favour impact heating on the Ryugu 
parent body. Fluid generation by solar heating is viable only at depths of 
<40 cm on near-Earth objects50. However, both surface and subsurface 
Ryugu samples record secondary Lu loss, the latter of which would have 
resided at a depth of about 1 m since Ryugu migrated from the main 
belt to near-Earth orbit approximately 5 million years ago (Ma)51,52. The 
occurrence of Na–Mg phosphate veins in the least-altered Ryugu frag-
ments suggests that fluids flowed from the interior to the shallow zone 
of the Ryugu parent body. Moreover, impacts would fracture rocks and 
increase the effective permeability, thereby providing an explanation 
as to why fluids were static during early aqueous alteration but mobi-
lized later. Nonetheless, the impact-induced fluid flow should not be 
too pervasive, otherwise we cannot explain the rarity of the veins and 
the lack of highly soluble element depletion in pristine Ryugu samples. 
The preservation of solar-like elemental abundances despite the loss of 
excess water is explained if the water primarily escaped by degassing 
rather than by fluid exhalation. Conceivably, the near-surface degas-
sing of icy objects is a natural outcome of their inwards orbital migra-
tion that enhances the sublimation of ice and the transport of vapour 
through fractures and pores. Applying pore diameters of the order of 
1 µm (ref. 7) and an effective permeability of 10–15 m2, the ice sublima-
tion and vapour diffusion model of ref. 53 predicts water degassing to 
a depth of 102 m on Ryugu for about 5 Myr. This scenario is consistent 
with the presence of ice on the surface of the carbonaceous asteroid 
Themis in the outer main belt54,55.

The implication of Ryugu’s aqueous history (Fig. 4) is that CI chon-
drite-like planetesimals accreted by the terrestrial planets could pre-
serve both structural OH in hydrous minerals and (frozen) aqueous 
water, unless they were small (≤102 m) objects. Considering an initial 
water–rock mass ratio of 0.3–0.5 that reproduces the typical mineral 
assemblages of Ryugu and CI chondrites, the combined mass fraction 
of structural OH and aqueous fluid in the rock–fluid system would 
range from 20 wt% to 30 wt% (Methods and Extended Data Fig. 6). This 
water abundance is higher than the water inventory of about 10 wt% 
commonly used for the carbonaceous building blocks of the terrestrial 
planets4,5.
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Fig. 4 | Schematic of the aqueous activity on Ryugu and its parent body.  
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disk at about 2 Myr after Solar System formation8. (2) Ice melting by short-lived 
radioactive heating induced early aqueous alteration under water-saturated 
and isochemical conditions at ≤7 Myr (refs. 7,9,11). (3) The saturated water 

refroze upon cooling, forming interstitial ice. (4) More than 1 Gyr later, an 
impact generated heat for melting of interstitial ice and rock fractures for fluid 
pathways, resulting in a limited escape of fluid. (5) Ryugu migrated from the 
main belt to the near-Earth orbit about 5 Ma (refs. 51,52) and has significantly 
degassed water through ice sublimation and vapour diffusion since then.
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Methods

Samples and sample preparation
Ryugu fragments sampled during the first and second touchdown 
operations were stored in the chambers A and C of the Hayabusa2 space-
craft, respectively. Although both sampling operations were made on 
the surface, chamber C samples include subsurface material excavated 
from a depth of approximately 1 m below the surface by an impact 
experiment near the second touchdown site15,56. The Ryugu samples 
analysed in this study were taken from four aggregates of <1-mm parti-
cles catalogued as A0106, A0107, C0107 and C0108 with total masses of 
38.4 mg, 31.0 mg, 38.8 mg and 33.0 mg, respectively. A0106 and A0107 
were from the chamber A and C0107 and C0108 were from the chamber 
C. Sample A0106-A0107 was a powdered material from a combined 
aggregate of 1.6 mg A0106 and 27 mg A0107, among which a 23.88-mg 
aliquot was digested for a series of studies of the inorganic chemical 
and isotopic compositions by the Hayabusa2-initial-analysis chemistry 
team, including the present work. Sample C0108 was powdered from 
a 33.3-mg aggregate, and a 22.24-mg aliquot was digested after X-ray 
fluorescence analysis9. Samples A0106 and C0107 were 17.15-mg and 
17.36-mg powdered samples that were processed for sequential extrac-
tion of SOM using hexane, dichloromethane, methanol and water57. 
The residues with masses of 14.61 mg and 12.78 mg, respectively, were 
digested for the inorganic chemical and isotopic studies.

The six carbonaceous chondrite samples were investigated together 
with Ryugu samples. The Allende sample was taken from the Smithso-
nian bulk Allende reference powder that was homogenized from a 4-kg 
mass (USNM 3529, Split 20, Position 31). The Orgueil and Alais samples 
were powdered from approximately 50-mg crumbs provided by the 
National Museum of Natural History, France (n219 and n25, respec-
tively). The Murchison, Tagish Lake and Tarda samples were powdered 
from 1,645-mg, 1,055-mg and 212-mg chips purchased from the Michael 
Farmer Meteorites, Meteorite Market and Meteorite.fr, respectively. 
The masses of individual sample aliquots digested for Lu–Hf isotopic 
analyses are listed in Extended Data Table 1. In addition, 12 mg of powder 
of Orgueil and Tarda (aliquots different from those analysed for Lu–Hf 
isotopes) were used for SOM extraction tests, where the amounts of 
various elements recovered by the four-step procedures were measured 
(Extended Data Table 3). The total yields of Lu and Hf were ≤1%, indicat-
ing an insignificant effect of the SOM extraction on the Lu–Hf isotope 
systematics of the Ryugu samples A0106 and C0107. By contrast, we 
found significant elution of alkali and alkaline-earth elements into 
water as well as methanol (Extended Data Fig. 5).

The sample digestions were conducted with a mixture of concen-
trated hydrofluoric and nitric acids (HF and HNO3) in tightly capped 
teflon vials at 180 °C for at least 3 days until the colours of precipitates 
and solutions of the samples changed from black to white and from dark 
reddish-brown to pale yellow, respectively. The digested samples were 
converted to a soluble form by treatments with concentrated HNO3–HCl 
(hydrochloric acid) and concentrated HNO3–H2O2 (hydrogen peroxide 
solution) mixtures, and dissolved in 5 ml of 0.5 M HNO3. No visible 
precipitates were observed in the sample solutions. Approximately 
8% of the solutions were used for chemical analyses of ref. 9 and this 
study, whereas approximately 80% were processed through sequential 
column chemistry58 for individual isotopic ratio measurements of 
multiple elements including Mg (ref. 59), iron (Fe; ref. 60), titanium (Ti), 
chromium (Cr; refs. 9,61), molybdenum (Mo; ref. 62), neodymium (Nd) 
and Sm (ref. 35). Before splitting the sample solutions, ultrasonic agita-
tion was performed for about 1 h to prevent elemental fractionation 
even when invisible precipitates existed. In addition, other fractions 
of the solutions were analysed for calcium (Ca; ref. 63), copper (Cu) 
and zinc (Zn; ref. 64) isotopes after column chemistry. For this study, 
Hf for determination of its isotopic composition was purified from 
the Hf–zirconium (Zr) elution cut from DGA resin for the Ti column 
chemistry9,61, whereas Lu was purified from the heavy REE elution cut 

from Ln resin for the Nd–Sm column chemistry35. The Hf–Zr elution 
was dried down, re-dissolved in 2.5 M HCl, and loaded onto a Teflon 
column packed with approximately 0.1 ml of Ln resin (100–150 µm). 
On the basis of the protocol in ref. 65, Zr was released from the column 
in 6 M HNO3 + 0.06 M HF and subsequently Hf was collected in 2 M HF. 
The heavy REE elution was dried down, re-dissolved in 3.3 M HCl, and 
loaded onto an approximately 120-mm-long Teflon column packed 
with approximately 1 ml of Ln resin (20–50 µm). Following ref. 66, all 
REEs except Lu were eluted with 3.3 M HCl and then Lu was collected 
in 6 M HCl. This Lu process was repeated to further reduce the residual 
amount of ytterbium (Yb) that causes isobaric interference on 176Lu.

The sample solutions for elemental abundance determination were 
weighed and divided into three solutions for the measurements of  
(1) major elements, (2) high-field-strength elements (HFSE) including 
Hf, and (3) other elements including REEs, followed by weighing of the 
three solutions. The major element solutions were doped with approxi-
mately 60 ng Rh of the internal standard and diluted with 0.5 M HNO3. 
The HFSE solutions were spiked with a mixed 48Ti–91Zr–97Mo–179Hf– 
182W tracer for isotope dilution and diluted with 0.5 M HNO3–0.05 M 
HF. The REE solutions including Lu were doped with a mixed 113In–203Tl 
tracer for internal standardization and diluted with 0.5 M HNO3. These 
diluted sample solutions were measured with a Thermo Fisher Scientific 
X-series 2 quadrupole-inductively coupled plasma mass spectrometer 
(Q-ICPMS) at the Institute of Science Tokyo (Extended Data Table 4 
and Extended Data Fig. 5). The analytical method has been described 
in detail previously9,67. As for Hf abundances, the residual HFSE solu-
tions from Q-ICPMS analysis were processed through a tandem column 
extraction of Hf. An approximately 0.05 ml AG1-X8 resin (200–400 
mesh) column was placed on top of an approximately 0.1 ml Ln resin 
(100–150 µm) column. The samples were loaded onto the tandem col-
umns and washed with 6 M HCl, in which most matrix elements and 
Hf pass through the AG1-X8 column, whereas Fe and U are retained 
by the column. After decoupling of the columns, Ti retained by the 
Ln resin column was eluted with 0.5 M HNO3 + 1% H2O2, followed by 
Hf extraction in 2 M HF. The separated Hf fractions were analysed by 
multiple collector (MC)-ICPMS. These series of chemical processes 
for chemical and isotopic analyses of Ryugu samples are summarized 
in Extended Data Fig. 7.

MC-ICPMS
The Hf and Lu isotopic analyses were performed on a NEPTUNE plus 
MC-ICPMS (Thermo Fisher Scientific) attached to an Aridus II des-
olvating nebulizer (Cetac Technologies) at the University of Tokyo. 
The samples were introduced to the instrument with an uptake rate 
of approximately 150 µl min−1. All instrumental mass bias effects 
were corrected using an exponential law. For Hf isotopic analyses, 
high-transmission Jet-sample and X-skimmer cones were utilized, 
resulting in the sensitivity of 1 × 10–11–2 × 10–11 A per parts per billion 
(ppb) for total Hf. The separated Hf fractions for the determination of 
its isotopic composition (unspiked samples) were dissolved in 1.2 ml 
of 0.5 M HNO3 with a trace amount (about 0.001 M) of HF, resulting 
in the total Hf signal intensities of 2 × 10–11–4 × 10–11 A. The total Hf 
procedural blanks from sample digestion to final isotopic analysis 
were 2.6 ± 2.5 pg (2 s.d., n = 4), whose effects on the 176Hf/177Hf values 
of the Ryugu samples are less than approximately 50% of the reported 
errors. Data were acquired over about 100 cycles with an integration 
time of 4.0 s for the samples. Nine Faraday cups connected to ampli-
fiers with 1011-Ω resistors were set to monitor 172Yb, 174(Hf+Yb), 175Lu, 
176(Hf+Yb+Lu), 177Hf, 178Hf, 179Hf, 180(Hf+W+Ta) and 182W. We found that 
the interferences of Lu and tantalum (Ta) on Hf isotopes are negligible 
owing to efficient removal of these elements in the column chemistry. 
For the interference corrections of Yb and tungsten (W), we used the 
literature values of 176Yb/172Yb = 0.579397, 174Yb/172Yb = 1.45198 (ref. 68) 
and 180W/182W = 0.00452 (ref. 69), assuming that the mass bias factors of 
Yb and W are identical to that of Hf. The validity of this assumption was 



confirmed by measuring 2-ppb JMC-Hf 475 standard solutions doped 
with Yb and W at the levels of more than one order of magnitude higher 
than the analysed samples. The Hf mass bias factor was calculated by 
normalizing to 179Hf/177Hf = 0.7325. To ensure accurate comparison with 
literature values, sample 176Hf/177Hf values corrected for the isobaric 
interference and mass bias were further normalized to a reference value 
of 176Hf/177Hf = 0.282160 for the means of the bracketing 2-ppb JMC-Hf 
475 standard runs which averaged at 0.282150 ± 15 (2 s.d., n = 41) over 
the course of this study. Non-radiogenic Hf isotopic ratios corrected 
for the mass bias are reported in ε deviations from the standard:
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The separated Hf fractions spiked with a 179Hf tracer for the abun-
dance determination were dissolved in 0.5 ml of 0.5 M HNO3 with a 
trace amount of HF and analysed for 179Hf/178Hf. The sample solutions 
were doped with a SPEX Yb standard solution to correct for instru-
mental mass bias by normalizing to 173Yb/171Yb = 1.12346 (ref. 68). Data 
acquisition was performed in a static mode with an integration time 
of 2.0 s over about 80 cycles. Faraday cups with 1011-Ω amplifiers were 
used to monitor 179Hf, 171Yb and 173Yb, whereas that with a 1013-Ω ampli-
fier was used for 178Hf. The 178Hf signal intensities obtained during the 
sample analyses were approximately 2 × 10–13 A, whereas those of 5 
procedural blanks from the column chemistry were (1.9 ± 1.0) × 10–15 A. 
Uncertainties arising from the blank correction are included in the 
reported errors. The Hf abundances determined by MC-ICPMS for 
separated Hf solutions (Extended Data Table 1) were consistent within 
the uncertainty with less precise abundances obtained by Q-ICPMS for 
unseparated solutions (Extended Data Table 4). The 176Lu/177Hf values 
shown in Fig. 1 and Extended Data Table 1 were calculated from the 
former Hf abundances and the Lu abundances determined by Q-ICPMS9 
(Extended Data Table 4).

For the determination of Lu isotopic compositions of unspiked sam-
ples, we utilized a standard sample cone instead of the high-transmission 
Jet-sample cone. The typical sensitivity achieved with this cone set-up 
was approximately 2 × 10–11 A ppb−1 for total Lu. The separated Lu frac-
tions of the samples were dissolved in 0.5 ml of 0.5 M HNO3 and doped 
with NIST SRM 3163W standard for instrumental mass bias correction. 
The samples gave total Lu signal intensities of approximately 2 × 10–11 A, 
whereas the procedural blanks from the Ln resin column chemistry for 
Lu separation yielded approximately 2 × 10–15 A. Data were acquired 
using an integration time of 2.0 s over about 90 cycles. The collector 
array was set to monitor 172Yb, 173Yb, 175Lu, 176(Lu+Yb+Hf), 177Hf, 179Hf, 182W, 
184W and 186W. Faraday cups were used to collect all the isotopes except 
177Hf, for which a secondary electron multiplier was used. Amplifiers 
with 1013-Ω resistors were assigned to the Faraday cups monitoring 173Yb 
and 176(Lu+Yb+Hf), whereas those with 1011-Ω resistors were connected 
to the others. We found that the responses of the 1013-Ω amplifier are 
not fast enough to follow signal intensity changes even after applying 
the conventional τ correction, as illustrated by the correlation between 
the measured Lu isotopic ratio and rate of signal intensity change. Fol-
lowing the protocol in ref. 70, the differential responses of the 1013-Ω 
from 1011-Ω amplifiers were calibrated using the correlation factors 
determined from 235U/238U measurements of a monazite standard using 
laser ablation-MC-ICPMS under artificially fluctuated signal intensities 
by switching the spot size. This empirical calibration improved the 
internal precisions by factors of about two. The mass bias factor was 
calculated by normalizing to 186W/184W = 0.92767 (ref. 69). After the 
amplifier response calibration, the isobaric interferences by 176Yb and 
176Hf on 176Lu were estimated from 173Yb and 177Hf signals, respectively. 
For the interference correction, 176Yb/173Yb and 176Hf/177Hf were modified 
from the literature values to eliminate spurious isotopic anomalies 
for Yb- and Hf-doped Lu standard solutions. This is a practical way to 

account for the actual difference of the mass bias factors of Yb and  
Hf from that of W. To compensate the mass bias difference between 
Lu and W, one or two sample measurements were bracketed by six 
analyses of a SPEX Lu standard solution doped with NIST SRM 3163W 
standard. We found that the SPEX Lu standard has a lower 176Lu/175Lu by 
0.22 ± 0.08‰ (2 s.d.) relative to NIST SRM 3130a Lu standard solution 
used in previous studies31,66. For comparison with literature values, 
sample 176Lu/175Lu values are reported in δ values defined as:
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The total Lu yields of the chemical separation procedure were 
70–80% for Ryugu samples, except for C0108 with a 40% yield. These 
procedural yields were lower than in previous studies30,31,66, probably 
owing to incomplete Lu recovery during the REE separation using Ln 
resin. Such incomplete recovery could potentially be accompanied by 
176Lu/175Lu fractionation. To quantify the degree of Lu isotope fractiona-
tion induced by the Ln resin chromatography, the SPEX Lu standard 
solution was passed through the resin, and successive elution fractions 
were analysed for Lu isotope composition relative to the unprocessed 
standard. The results are presented in Extended Data Fig. 8, showing 
that even when the Lu recovery is as low as 10%, 176Lu/175Lu is fraction-
ated only by about 0.1‰, which is smaller than analytical uncertainties 
of about 0.2‰ for Ryugu samples.

Correction for the nucleosynthetic effect on Hf isotopes
Non-radiogenic Hf isotopic compositions of extraterrestrial samples 
are variable owing to either the heterogeneous distribution of an 
s-process component32,33,71,72 or the capture of secondary cosmogenic 
neutrons36,73. As nucleosynthetic and neutron-capture effects produce 
near-orthogonal trends in ε180Hf–ε178Hf space (Fig. 2), we can use those 
measurements to differentiate the two effects73,74. The positively cor-
related ε180Hf–ε178Hf variations in our samples can be attributed solely 
to nucleosynthetic effects. The range of allowable cosmogenic ε178Hf 
variations can be estimated by:

s
s s

ε Hf =
ε Hf − ε Hf

−
, (4)178

corr
ns,180/178

178 180

ns,180/178 nc,180/178

where the subscript ‘corr’ refers to corrected for nucleosynthetic 
effects, sns,180/178 = 1.215 (ref. 34) and snc,180/178 = –1.58 (ref. 36) are the 
slopes between ε180Hf and ε178Hf variations produced by nucleosyn-
thetic and neutron-capture effects, respectively. The obtained ε178Hfcorr 
values (Extended Data Table 1) show no resolvable variations within the 
limits of about 0.2 ε uncertainty. Hence, although mass-bias-corrected 
176Hf/177Hf could be affected by both nucleosynthetic heterogeneity 
and neutron captures, only the former effect was corrected for our 
samples by:
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where sns,176/180 = 2.57 (ref. 34) is the slope between ε180Hf and ε176Hf vari-
ations produced by the nucleosynthetic effect.

Constraints on cosmogenic neutron fluences and 176Hf excess
Samarium isotopic analysis of the same digestions of our samples 
revealed deficits in 149Sm accompanied by excesses in 150Sm as expected 
for cosmogenic neutron capture on 149Sm (ref. 35). Assuming that the 
Sm isotopic shifts reflect the capture exclusively of thermal neu-
trons, thermal neutron fluences of Ryugu samples were estimated to 
be from (0.22 ± 2.40) × 1015 n cm−2 to (3.43 ± 0.84) × 1015 n cm−2. This 
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assumption is supported by no resolvable variation in ε178Hfcorr because 
it is affected predominantly by epithermal neutron captures36,74. To 
constrain the thermal and epithermal neutron fluences more rigor-
ously, we modelled cosmogenic shifts in 178Hf/177Hf and 149Sm/152Sm 
using the approach of ref. 73, where the effect of spurious mass bias 
correction is included. Following ref. 35, the Sm mass bias was normal-
ized to 147Sm/152Sm = 0.56081. Taking into account all neutron-capture 
reactions relevant for the isotopes, the net changes in the isotopic 
abundances (N) were calculated as a function of the thermal (Φ) and 
epithermal (Θ) neutron fluences75:

∑N N σ Φ I Θ N σ Φ I Θd = ( + ) − ( + ), (6)i i i i i i i−1 −1
th

−1
th

where subscript i refers to a particular isotope, σth and I are the thermal 
neutron-capture cross-section and the resonance integral, respec-
tively. The σth and I values were taken from ref. 76. The modelling results 
(Extended Data Fig. 1) show that the ε178Hfcorr values of our samples con-
strain epithermal neutron fluences to less than 8 × 1015 n cm−2, and also 
that under such conditions 149Sm/152Sm shifts arising from epithermal 
neutron captures are smaller than the analytical uncertainty, validating 
the preceding estimates of thermal neutron fluence35.

We further assessed the limits of 176Hf excess in our samples that 
can be produced by reactions with cosmogenic neutrons. Two 
neutron-induced reactions potentially produce 176mLu that shortly 
decays to 176Hf (ref. 16). One is the neutron capture on 175Lu and the other 
is the neutron inelastic scattering on 176Lu. In addition, 176Hf is trans-
formed to 177Hf by neutron captures. Whereas the neutron-capture reac-
tions are caused by both thermal and epithermal neutrons, the inelastic 
scattering is induced by only epithermal neutrons with energy higher 
than 123 keV. Hence, the net change in 176Hf abundance is given by:

( )N N σ f Φ I f Θ

N σ Θ N σ Φ I Θ

d = +

+ − ( + ),
(7)
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where f176mLu
th  and f176mLu

ep  are the fractions of the short-lived isomer in 
all 176Lu produced by thermal and epithermal neutron captures, respec-
tively, and σ176Lu

in  is the inelastic scattering cross-section of 176Lu. The 
f176mLu and σ176Lu

in  values were taken from ref. 76 and the EXFOR data-
base77, respectively. Then, mass-bias-corrected 176Hf/177Hf values were 
calculated for the range of allowable neutron fluences on our samples 
(Θ ≤ 8 × 1015 n cm−2 and Φ ≤ 4 × 1015 n cm−2). The results (Extended Data 
Fig. 2) show that 176Hf excess due to neutron-induced reactions can be 
no more than about 1 ε, which is significantly smaller than the observed 
shifts of the Ryugu samples from the reference isochron.

The probable range of the original Lu abundance
In Ryugu fragments and CI chondrites, REEs including Lu are concen-
trated in accessory apatite7,8,24,25. Heterogeneous distribution of apatite 
leads to REE abundance variation between different samples especially 
when the analysed sample mass is small (the nugget effect). On the basis 
of REE-P co-enrichments in our Ryugu samples, we consider that their 
variable current Lu abundances resulted primarily from the apatite 
nugget effect and, to a lesser extent, from the secondary Lu loss. The 
dispersion of elemental abundance due to the nugget effect can be 
related to the sample mass m through the following relation43:
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where  f and d are the volume fraction and diameter of the nugget,  
ρnugget and ρmatrix are the densities of the nugget and matrix, and Cnugget 
and Cmatrix are the elemental mass fraction of the nugget and matrix, 
respectively. The bulk elemental mass fraction is given by:

C
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Ryugu apatite grains are up to 80 µm in length (d) and enriched in 
REEs approximately 150 times relative to the CI chondrite mean, cor-
responding to C ≈ 3.7 µg gnugget

Lu −1  (refs. 8,9,24). The original Lu mass 
fraction and apatite volume fraction of the bulk Ryugu sample are 
unknown but expected to be similar to those of mean CI chondrites. 
Although measured elemental abundances of CI chondrites could be 
also dispersed and biased owing to the nugget effect, such bias can be 
mitigated either by increasing the sample size or by taking the weighted 
mean of a number of measurements. Indeed, Lu abundances measured 
for large-sized (approximately 1 g) CI chondrite samples78,79 are identi-
cal within 8% to the weighted mean value of 0.0249 µg g−1 (ref. 80). 
Given that hydroxyapatite is the major host of P, the mean CI chondrite 
P abundance of 978 µg g−1 (ref. 80) indicates that the mass fraction of 
apatite is 0.528 wt%. Correcting for the 10% H2O depletion in Ryugu 
samples relative to mean CI chondrites9 and using the densities of 
hydroxyapatite (ρnugget = 3.16 g cm−3) and mean CI chondrite grains 
(ρmatrix = 2.42 g cm−3: ref. 81), we derive an  f value of 0.45%. Furthermore, 
the Cmatrix

Lu  value is set at 0.011 µg g−1 to be consistent with the mean CI 
chondrite Lu abundance (C = 0.0277 µg gLu −1 , a modified value of  
ref. 80 for the H2O depletion). The matrix Lu would be contained in or 
adsorbed on phyllosilicates and dolomite7,82. It is noted that Lu abun-
dance variation arising from uneven distribution of these phases would 
be minor because of their lower Lu concentrations relative to apatite. 
Substituting the above f, d, C and ρ values into equation (8), the origi-
nal Lu abundance in the Ryugu samples A0106 (17.15 mg), A0106-A0107 
(23.88 mg), C0107 (17.36 mg) and C0108 (22.24 mg) can be estimated 
to be in the ranges of 0.0234–0.0319 µg g−1, 0.0243–0.0310 µg g−1, 
0.0231–0.0322 µg g−1 and 0.0242–0.0311 µg g−1 at 95% confidence, 
respectively.

More conservative and robust estimates can be made by considering 
the presence of approximately 500-µm clasts with significantly  
high abundances of Ca-phosphate, most likely apatite (8.25 wt%), in CI 
chondrites25. When such an apatite-rich clast is regarded as a nugget, 
the parameters in equation (8) change as follows: f = 6.3%, ρnugget =  
2.47 g cm−3, C = 0.34 µg gnugget

Lu −1 and C = 0.0064 µg gmatrix
Lu −1. In addi

tion, because coarse clasts should be disaggregated during the sam
ple powdering process, masses of not acid-digested but powdered  
samples are assigned to m. Accordingly, the 95% confidence intervals 
of A0106 (17.15 mg), A0106-A0107 (28.89 mg), C0107 (17.36 mg) and 
C0108 (33.34 mg) become 0.0120–0.0434 µg g−1, 0.0156–0.0398 µg g−1, 
0.0121–0.0433 µg g−1 and 0.0164–0.0389 µg g−1, respectively. By com-
paring these original Lu abundance ranges with the present Lu abun-
dances in the samples, the upper limits on the proportion of lost Lu 
can be estimated to be 17%, 14%, 27% and 20% for A0106, A0106-A0107, 
C0107 and C0108, respectively (Fig. 3 and Extended Data Fig. 4).

Thermodynamic modelling
We conducted thermodynamic modelling of the aqueous alteration 
on the Ryugu parent body, following the approach of ref. 83. Chemi-
cal equilibria were calculated for a closed 14-element (H, C, O, S, Cl, Si, 
Mg, Fe, Ca, Al, Na, K, Mn, P) solid–liquid system. The initial rock was 
represented by H2O–CO2-free mean composition of CI chondrites (after  
ref. 80). This rock was mixed with water in different proportions. 
Reflecting the presence of a CO2-bearing fluid inclusion in a Ryugu 
pyrrhotite8, the water is assumed to contain CO2 at 3 mol%. Chemical 
equilibrium calculations were performed using the EQ3/6 software 
package84. The B-dot activity model was used in the calculations85,86. 
The temperature-dependent activity coefficient for aqueous CO2 was 
derived from the empirical relationship established by ref. 87.

The thermodynamic database for the calculations was generated 
by SUPCRT92 software88 with thermodynamic data for mineral and 



aqueous species and complexes83,89–95. Solid solutions are assumed 
as ideal mixing in the modelling. However, Fe–Mg substitution was 
not considered for saponite because of the Mg-rich composition of 
Ryugu saponite7,8. Calcium-phosphate and Fe-sulfide are assumed to 
be hydroxyapatite and pyrrhotite, respectively, as observed in Ryugu 
samples8–10. The precipitation of some minerals (for example, biotite, 
feldspar, chlorite and pyroxene) whose formation is kinetically limited 
at low temperatures, was inhibited. In this case, thermodynamically 
metastable minerals (for example, smectite group minerals) partially 
compose the alteration minerals96. In addition, Al hydroxides (for exam-
ple, gibbsite and diaspore) frequently occur even at low temperatures 
in terrestrial environments and are expected to appear even in the 
modelling results. However, they are generally absent or occur as minor 
phases in carbonaceous chondrites97. Thus, these minerals are not 
considered in our modelling.

During the fluid–rock reactions, the consumption of water through 
formation of hydrous and oxidized minerals substantially condenses 
the dissolved species in solutions under conditions of a low initial water/
rock mass ratio (W/R), which elevates ionic strength beyond the appro-
priate values of modelling (2–3 molal). Therefore, the initial W/R was 
changed from 0.2 to 10 in the modelling. The equilibrium temperature 
and pressure were set to be 40 °C (ref. 9) and 1 bar, respectively. The 
fugacity of H2 in the equilibrium state was set to an approximate value of 
quartz–fayalite–magnetite buffer at 40 °C (log f H2 = −1.5). For simplic-
ity, organic synthesis derived from CO2 reduction was not considered.

The assemblage and abundances of minerals change with W/R 
(Extended Data Fig. 6a). Serpentine and saponite are predominant 
as phyllosilicates at W/R of <2, whereas kaolinite and Fe-beidellite 
also exist as the minor phyllosilicates in some cases. Rhodochrosite 
numerically appears at all W/Rs but in natural systems it is probably 
incorporated into other main carbonate minerals as solid solution 
or impurity. Pyrrhotite is present at all W/R. As W/R decreases, the 
dominant carbonate minerals change from magnesite and siderite, to 
dolomite, to calcite. Hydroxyapatite appears at W/R values <0.8 as well 
as about 2, and its abundance is highest at low W/R values where calcite 
exists. The major lithology of Ryugu samples, which is characterized by 
the predominance of dolomite over calcite and magnesite7,8,10, matches 
the modelled mineral assemblage at W/R values of 0.3 to 0.5, which is 
consistent with the estimate from O isotope systematics of CI chon-
drites98,99. We further calculated the mass fraction of water existing as 
structural OH of hydrous minerals and aqueous fluid in the equilibrium 
system by accounting for fluid consumption through formation of the 
hydrous minerals and of oxide minerals associated with H2 degassing 
(Extended Data Fig. 6b). The total water content will be 20 wt% to 30 wt% 
at W/R values of 0.3 to 0.5 for Ryugu and CI chondrites. By contrast, 
the mineralogy and O isotope systematics of non-CI chondrites sug-
gest early aqueous alteration at lower W/R values98–100, where all initial 
fluid would have been consumed by formation of hydrous and oxide 
minerals. It follows that late fluid generation in the parent bodies would 
require the decomposition of the hydrous minerals.

Chemical consequences and possible causes of apatite 
dissolution
The mineralogical observations10,24 indicate that Ryugu apatite formed 
during early aqueous alteration together with carbonate and magnetite, 
and it was partially dissolved by fluids during a later alteration episode. 
Apatite would incorporate the majority of the bulk REE budget but little 
Hf into its structure during crystallization. Subsequent partial disso-
lution of apatite released REEs to the co-existing fluids. Although the 
released REEs could be re-partitioned into the residual apatite under 
equilibrium conditions, such re-partitioning was probably inhibited 
owing to freezing of REE diffusion in apatite at <500 °C (ref. 101). More-
over, when the fluids were alkaline (about pH 10) alkali–carbonate 
solutions as inferred for Ryugu samples8, they can dissolve signifi-
cant amounts (hundreds of micrograms per gram) of REEs, especially 

heavy REEs, as hydroxyl-carbonate complexes102. Although late apatite 
dissolution could release radiogenic Hf, it is extremely insoluble in 
weakly to moderately alkaline fluids103. Consequently, escape of the 
fluids that dissolved apatite probably caused preferential loss of Lu 
over Hf from the Ryugu samples, leading to the observed shifts from 
the reference isochron. Such fluid escape would be accompanied by 
loss of Sm and Nd, which potentially disturbed the 147Sm–143Nd decay 
system. This may account for the observed offset of one Ryugu sam-
ple A0106-A0107 from a reference 147Sm–143Nd isochron for 4.57 Gyr  
(ref. 35). It is noted, however, that because Ryugu apatite shows only 
weakly fractionated chondrite-normalized REE patterns7,8,24, fractiona-
tion of Sm/Nd owing to the fluid escape should be limited compared 
with that of Lu/Hf, rendering the Sm–Nd system less susceptible to the 
disturbance than the Lu–Hf system.

The ultimate cause of partial dissolution of once-formed apatite 
is unclear, but it probably involves changes in alteration conditions 
that control the stability of apatite. Our thermodynamic modelling 
(Extended Data Fig. 6) indicates that more abundant apatite is present 
at W/R values of <0.3 where the major carbonate phase is calcite instead 
of dolomite. Besides, the C, O and Mg isotopic signatures of Ryugu 
carbonates104–106 indicate that calcite precipitated during the earliest 
stage of aqueous alteration, whereas dolomite formed under a more 
CO2-rich environment when the system was approaching equilibrium. 
In addition, Ryugu apatite grains are often surrounded by dolomite, 
indicating earlier crystallization of the former107. On the basis of these 
results, it can be inferred that apatite was formed together with calcite 
during the earliest stage of early aqueous alteration, followed by its 
partial dissolution and replacement of calcite by dolomite when the 
system was approaching equilibrium. Furthermore, because apatite 
becomes less stable at lower temperatures108, it could be partially dis-
solved upon cooling during the retrograde stage. In the case of apatite 
dissolution during the middle and/or late stages of the early aqueous 
alteration that ended within a few million years after the parent-body 
accretion7,9,11, there should be a ≥1-Gyr gap from the apatite dissolution 
to the escape of the fluids for Lu removal. Alternatively, the apatite dis-
solution and fluid escape might be near-simultaneous if late-generated 
fluids could be reacted with pre-altered lithology under conditions 
where apatite is relatively unstable.

In light of the mineralogical and chemical similarities between Ryugu 
samples and CI chondrites, partial dissolution of apatite would be 
expected to have occurred in CI chondrites as well. Nevertheless, all 
but one CI chondrite data point plot on the 4,565-Myr reference Lu–Hf 
isochron (Fig. 1); the offset of one Orgueil data point was interpreted 
to reflect inaccuracy in isotope dilution 176Lu/177Hf analysis arising from 
incomplete equilibration between the sample and isotopic tracer18. The 
lack of apparent 176Hf excesses in CI chondrites may reflect either that 
impact events on the parent body were not intense enough to enable 
fluid migration or that the events were intense enough but too early to 
produce detectable apparent 176Hf excesses. Even in the latter case, no 
more than 20% Lu loss can be accommodated by the REE abundance 
match within uncertainty between mean CI chondrites and the solar 
photosphere80.

Data availability
The whole Ryugu Sample Database is available from the Hayabusa2 
Science Data Archives (DARTS; https://www.darts.isas.jaxa.jp/cura-
tion/hayabusa2/). The data generated in this study are provided in the 
Extended Data tables and are publicly available on Zenodo at https://
doi.org/10.5281/zenodo.16462056 (ref. 109). Source data are provided 
with this paper.
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Extended Data Fig. 1 | Plot of ε178Hfcorr versus ε149Sm for Ryugu and 
carbonaceous chondrite samples. The ε178Hfcorr values were calculated from 
measured ε180Hf and ε178Hf values using equation (4). The ε149Sm values are from 
ref. 35 Error ellipses represent the 95% confidence intervals. Also shown are 

predicted isotopic variations at different neutron fluence conditions.  
The dashed and dotted lines are loci of equal neutron fluences of thermal (Φ) 
and epithermal (Θ) neutrons, respectively.
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refer to the initial (at t0) and present values in the object, respectively. Notation 
is the same as equation (1). The (176Hf/177Hf)0 value of the object can be regarded 
as the same as the meteorite zircon value30. The degree of apparent 176Hf excess 
(∆176Hfsample) is a function of the extent (p) and timing (∆t) of Lu-loss.
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Extended Data Fig. 4 | Timing and extent of Lu-loss to produce apparent 
excess 176Hf. The Ryugu samples A0106 (a), C0107 (b), and C0108 (c) and the 
ungrouped carbonaceous chondrite Tagish Lake (d). Notation is the same  

as in Fig. 3. For Ryugu samples, the upper limits on the proportion of lost Lu  
are estimated to be 14–27%, and the resultant lower bounds on the interval 
between the parent body accretion and Lu-loss are 103 Myr.



Extended Data Fig. 5 | Elemental abundance patterns of Ryugu and 
carbonaceous chondrite samples. a. Elemental abundances normalized to 
the CI chondrite mean values80 are plotted on a log scale as a function of 50% 
condensation temperature110. For the SOM-extracted Ryugu samples A0106 
and C0107, open symbols represent elements for which total yields of the 
SOM-extraction test using carbonaceous chondrites exceed 5% (Extended 

Data Table 3). The depletion of alkali elements in these samples compared to 
the pristine Ryugu samples A0106-A0107 and C0108 can be attributed to their 
leaching out with SOM, especially by water. b. REE abundances normalized to 
the CI chondrite mean values are plotted on a log scale in order of atomic 
number. For both a and b, the data for A0106-A0107 and C0108 are from ref. 9. 
The data from this work are listed in Extended Data Table 4.
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Extended Data Fig. 6 | Thermodynamic modeling of the aqueous alteration 
on the Ryugu parent body. The volume fractions of minerals in the rock (a) 
and the mass fraction of water in the rock-fluid system (b) are plotted as a 
function of initial water/rock mass ratio.



Extended Data Fig. 7 | A flowchart of series of sample processing by the Hayabusa2-initial-analysis chemistry team. These chemical processes were applied 
for chemical and isotopic analyses of Ryugu and carbonaceous samples.
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Extended Data Fig. 8 | Lu isotope fractionation induced by Ln resin 
chromatography. (a) Elution profile for Lu during the isotope fractionation 
experiment using the SPEX Lu standard solution. (b) Isotope composition of 
eluted Lu represented as δ176Lu with respect to the unprocessed standard. Open 
symbols represent data for individual elution fractions, whereas solid symbols 
show those for the cumulative elution fractions. Error bars plotted on δ176Lu for 
individual fractions represent the 2 s.e. internal precisions. Grey band expresses 
the 2 s.d. external reproducibility of analyses (n = 14) of the unprocessed 
standard. Elution fractions are as follow: 3.3-(i), the first elution with 14 mL of 
3.3 M HCl; 3.3-(ii), the second elution with 4 mL of 3.3 M HCl; 6-(i) to 6-(V), the 
following successive elution sections with 0.5 mL of 6 M HCl; and 6-(vi), the  
last fraction eluted between 2.5 and 4.5 mL of 6 M HCl. The δ176Lu values 
changed from negative at early elution stages to positive at late elution stages. 
The observed variation is comparable to analytical uncertainties for Ryugu 
samples and an order of magnitude smaller than required to account for the 
observed 176Hf excesses by accelerated 176Lu decay.



Extended Data Table 1 | Lu–Hf isotopic data for Ryugu and carbonaceous chondrite samples

Sample weights are in mg unless otherwise stated. The Lu abundance data for A0106-A0107 and C0108 are from ref. 9 Subscript ‘corr’ refers to corrected for nucleosynthetic effects. 
*Errors on Hf abundances include uncertainties in measured 179Hf/178Hf, tracer composition, and blank amount. 
†Errors on 176Lu/177Hf values combine the errors on the Hf and Lu abundances in quadrature. 
§Errors on Hf isotopic ratios combine the 2 s.e. internal precisions and the 2 s.d. reproducibilities of the bracketing JMC-Hf 475 standard runs, added in quadrature.
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Extended Data Table 2 | Lu isotopic data for Ryugu and 
carbonaceous chondrite samples

Errors combine the 2 s.e. internal precisions and the 2 s.d. external reproducibilities of the 
bracketing standard runs, added in quadrature.



Extended Data Table 3 | Recovery yields of elements during the four-step SOM extraction

b.d.l., below detection limit. 
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Extended Data Table 4 | Elemental abundance data for Ryugu and carbonaceous chondrite samples

For the SOM-extracted Ryugu samples A0106 and C0107, elemental abundances were calculated using the sample weights before the SOM extraction. The measured abundances of elements 
for which total yields of the SOM-extraction test using carbonaceous chondrites exceed 5% (Extended Data Table 3) are shown in red. n.d., not determined due to contamination during the SOM 
extraction. Uncertainties represent the 95% confidence levels, which were estimated by propagating the 2 s.e. internal precisions of measurements and uncertainties of tracer composition. 
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