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Abstract:

Noble gas and nitrogen isotopes in individual grains sampled by the Hayabusa2 spacecraft from
asteroid (162173) Ryugu are dominated by presolar and primordial components that were trapped
into various Ryugu’s ingredients before or after the solar system formation. The concentrations of
the primordial noble gases are comparable to or higher than those in CI chondrites, the chemically
most primitive meteorites. Various nitrogen carriers with different isotopic ratios exist, as
indicated by heterogeneous concentrations and isotopic ratios among the samples. Cosmic-ray
exposure ages of ~5 Myr and the rare signs of the solar wind record the recent regolith evolution
after the transit to near-Earth orbit. The volatile compositions of the Ryugu grains record the origin
of the source materials and the recent geological activity of Ryugu.

One-Sentence Summary:

We present the first results of noble gas and nitrogen isotope analyses of Ryugu grains returned by
the Hayabusa2 spacecraft.
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Main Text:

The Hayabusa2 spacecraft returned to Earth on December 6, 2020, after successfully collecting
surface and subsurface materials from asteroid (162173) Ryugu (/), a C-type asteroid thought to
have chemical and mineralogical compositions similar to carbonaceous chondrites (2).
Carbonaceous chondrites contain abundant volatile elements and molecules, such as hydrogen,
carbon, nitrogen, noble gases, and organic compounds. As such they may be an important source
of volatiles delivered to Earth and the other terrestrial planets (3, #). Nitrogen and noble gases in
different carbonaceous chondrites show significant variations in their chemical and isotopic
abundances. The diversity is thought to be primarily inherited from primordial source materials
but may also record many of processes occurring in the interior of parent bodies after the accretion,
such as thermal metamorphism and aqueous alteration (5, 6).

In addition to providing insight into the chemical make-up of the parent body and the
subsequent processes that may have occurred during thermal and aqueous alterations, noble gas
isotopes can be used to assess asteroid surface activities, e.g., degrees and durations of meteorite
bombardments, gardening, brecciation, and solar/galactic energetic-particle irradiation. Remote-
sensing observations by Hayabusa2 revealed signs of meteoritic bombardment, space weathering,
and heating in Ryugu (7—/0). Based on noble gas isotopes originating from solar wind (SW)
implantation, and those produced by galactic cosmic rays (GCRs) and solar cosmic rays (SCRs)
via spallation/neutron capture reactions, we can trace the duration and conditions of SW and
cosmic ray exposures. These exposure durations may play an important role in possible alterations
of surficial materials, because energetic particle irradiation could cause alteration of susceptible
materials, such as organics, which affects the interpretation of their evolution history.

Here, we present the first report of abundances and isotopic compositions of nitrogen and
noble gases in solid grains returned by JAXA from asteroid Ryugu. Ryugu’s source materials,
parent body processes, orbital evolution, and Ryugu surface activities will be discussed.

Individual-grain analyses by a combination of non-destructive observations and destructive
isotope measurements

We measured noble gas and nitrogen isotopes in 21 individual Ryugu grains (Table S1), typically
0.8 mm-sized, not clumps of powders, that were collected during the 1st and 2nd touchdown (TD)
operations. The samples of the 1st TD (hereafter denoted Ryugu-A samples, A0105-series) were
collected from surface layer of Ryugu and stored in Chamber A of the sample catcher, while the
2nd TD samples were collected from subsurface layer and stored in Chamber C (denoted Ryugu-
C samples, C0106-series) (//, /2). Because asteroid surface materials are generally breccia
consisting of different lithologies, we carried out a combination analysis of non-destructive
analyses, as well as conventional isotope analyses that are destructive, but have advantages in their
high-precision determination of absolute abundances and isotope ratios of volatile components.
For the non-destructive observations before destructive isotope analyses, each of the samples was
pressed onto diamond disks and pelletized to obtain a flat surface (/3). Fourier-Transform Infrared
(FT-IR) spectroscopy and Field-Emission Scanning Electron Microscope (FESEM) observations
were performed with greatest attention to contamination and sample damage due to photon and
electron exposures (/3). After these examinations, abundances and isotopic compositions of noble
gases and nitrogen were measured in individual Ryugu pelletized samples in several laboratories
(Fig. S1). The total (i.e., organic and inorganic) carbon content was also determined for two
samples (A0105-07 and C0106-07) based on the CO2 pressure evolved during the combustion
(/3). It should be emphasized that the pelletized samples were treated without exposure to Earth’s
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atmosphere throughout the entire processes, including sample preparation, transportation,
weighing, and introduction to the instruments for all analyses (/3). The fragments of material
generated during pelletization were also collected and prepared for noble gas analyses, albeit in
atmosphere (/3 and Table S1).

Mineralogical/petrographic and spectroscopic similarities with CI chondrites

The FESEM observation shows that the pelletized Ryugu grains are mainly composed of fine-
grained matrices, in which phyllosilicates occur as the major mineral phase (Figs. 1, S2, and S3).
The modal abundances of magnetite and sulfide grains in Ryugu-A samples are similar to those of
Ryugu-C samples, and both are similar to those in CI chondrites (/3), but are distinct from those
in CM and dehydrated CI-like carbonaceous chondrites (/4).

The FT-IR spectra of our Ryugu samples show O-H stretching of phyllosilicates (/5) at
3698.8 cm! (2.70 um) and C-H stretching (/5) at 2968.4 cm™! (3.37 um) (Fig. 2), which is
consistent with the results reported for the bulk Ryugu samples (e.g., /2). These results indicate a
close relationship between Ryugu and CI chondrites, which is consistent with the observations
from other techniques (/6—/9). Further spectral features are presented in Figs. S4 and S5.

These FESEM and FT-IR studies indicate that our samples are typical Ryugu samples with
a CI lithology, containing no clasts with CM or dehydrated CI-like chondrite characteristics (/).

Noble gas isotopic compositions

The bulk isotopic ratios of He can be explained by superpositions of primordially trapped He, i.e.,
the so-called P1, (or “Q” gas, residing in an enigmatic [most likely carbonaceous] carrier phase,
Q: 20, 21) and presolar HL (carried by presolar nano-diamonds: 27), along with SW (22), and
SCR/GCR-produced (cosmogenic) components (Fig. S6). Most of the samples appear to contain
HL-Ne and P1-Ne as the major Ne components (Fig. 3A), though it is difficult to determine their
relative abundances, which affect the estimation of SW-Ne abundances. Although the presence of
implantation-fractionated SW (FSW: 23) cannot be ruled out, elemental abundances of the Ryugu
samples (Fig. S7A) are consistent with the mixing between the HL and P1. Two samples (A0105-
01 and C0106-06) record contributions from presolar G- and/or R-Ne components (essentially pure
22Ne carried by presolar graphite/SiC and graphite, respectively: 2/) as revealed by the stepped
heating Ne data (Fig. 3B and Table S2). Only A0105-06 and A0105-15 show a clear contribution
of SW-Ne in their bulk compositions (Fig. 3A), in contrast to the rest of samples, which only show
a minor contribution from SW, if at all, in their step heating data (Fig. 3B).

The 38Ar/°Ar ratios of the bulk Ryugu samples range between 0.186+0.001 and
0.194+0.007 (Table S2), which are similar to the corresponding value of P1 (0.188: 20) or other
trapped components. The SW-rich samples also show this range of *Ar/*°Ar (Table S2). The
higher *8Ar/*°Ar ratios (>0.188) are not correlated to cosmogenic >'Ne abundances, which may be
due to higher abundances of the target elements for cosmogenic 3¥Ar, such as K and Ca, in some
of the samples. The bulk “°Ar/**Ar ratios range from 4 to 70, probably with large contributions of
the instrumental blank due to the small amounts of *°Ar in the Ryugu samples. Bulk “°Ar
concentrations were variable from 1 to 5x10-° ¢m? STP (Standard Temperature and Pressure) /g
after blank correction, suggesting heterogeneously distributed potassium in the samples and
variable atmospheric contamination from the instrument.

Isotopic ratios of Xe are interpreted to be dominated by P1 with variable contributions of
HL and SW components (Fig. S8 and Table S2), although a small contribution from terrestrial
atmosphere cannot be excluded. Some of the samples may have cosmogenic contributions, but
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large uncertainties and the dominant presence of trapped Xe preclude unambiguous identification
of their presence. Sample A0105-15 (rich in SW-Ne) has a Xe composition similar to that of SW-
Xe in %Xe to 3Xe isotopes, (Fig. S8) but is depleted in '**Xe and '*6Xe isotopes (Table S2).
Excesses in '?Xe from the decay of short-lived '*° with 1Xe/!32Xe >1.042 of (1*Xe/"**Xe)p
(20) are observed in some samples. [sotopic ratios of Kr are dominated by the P1 and SW
components (Fig. S9). Some variations from P1 are observed for Kr and Xe isotopes, likely due to
interferences from hydrocarbons which can significantly affect the less abundant Kr and Xe
isotopes when measuring such small sample masses (Figs. S8 and S9).

Nitrogen abundances and isotopic composition

The bulk 8'>N values of A0105-07 and C0106-07 are +1.02 and -0.16 %o, respectively, and are
low compared to the other Ryugu samples (+39—+43 %o, observed range in C-rich grains: /8; +43.0
+ 9.0 %o, averaged value for mg-sized aggregates: /9) and CI chondrite values (+31—+52 %o: 24—
28), but similar to that of the dehydrated CI chondrite Yamato (Y)-980115 (-2.8 %o: 29) (Fig. 4).
The bulk 35N of A0105-05 and C0106-06 are between the other two samples (A0105-07 and
C0106-07) and CI chondrites (Fig. 4). The nitrogen contents in our samples are between 700 and
900 ppm (Table S3), 2-3 times lower than the CI values (24-28), but similar to that of the
dehydrated CI chondrite Y-980115 (29) and the highly altered CM1 chondrite Meteorite Hills
MET 01070 (28) (Fig. 4). A linear trend is observed in the nitrogen isotope ratios and inverse of
the nitrogen concentrations (Fig. 4), suggesting the presence of at least two indigenous end
members; one with a 3'°N value as high as +70 %o, and the other with a 3'°N value equivalent to
the terrestrial composition. The former '>N-rich component appears to be depleted in our sample
grains.

The lighter 8'5N value observed in some of our samples cannot be due to a fractionation
process, such as Rayleigh fractionation, which would result in enrichment of heavier isotopes in
nitrogen-poor fractions. Atmospheric contamination would increase nitrogen concentration
(decrease 1/N), and shift the 3'°N value closer to zero. Hence, the variation in §'°N among our
samples cannot be attributed to atmospheric contamination or diffusive loss of nitrogen (Fig. 4).

Source materials and evolution history of the Ryugu parent body

Our Ryugu samples are depleted in >N compared to CI chondrites. The difference in 8'°N values
between the bulk samples and the [OM (acid-Insoluble Organic Matter) of individual CI chondrites
(30) suggests that nitrogen in IOM samples is also slightly '’N-depleted. Furthermore, the '’N-rich
phase is likely to have been lost from the dehydrated CI chondrite Y-980115 through a
devolatilization process. Hence, a possible carrier phase of the '’N-rich end member absent to
varying degrees in our samples is soluble organic/inorganic phases. The FESEM observation
indicates that our Ryugu samples have CI chondrite mineralogy and lithology (Figs. | and S2),
and hence the "N-poor material of Ryugu is different to that of Y-980115.

The measured total carbon contents are 6.8 and 6.4 wt% for the samples A0105-07 and
C0106-07, respectively. The atomic C/N ratios are 112 and 88, respectively. The carbon contents
are 1.5 times higher than those in CI chondrites (C/N ranging between 17 and 32: 24-25), other
Ryugu samples (/6—/9), and Y-980115 (29). This suggests that some decoupling between nitrogen
and carbon carrier phases could have occurred. Variations observed in the §'°N, and the nitrogen
and carbon contents can be attributed to sample heterogeneity at a small spatial scale of samples,
since the sample masses used for the measurements are between 0.12 and 0.17 mg (Table S1). The
heterogeneity indicates that various carrier phases of nitrogen with distinct isotopic ratios are likely
still present in other Ryugu grains. The heterogenous effects of aqueous alteration and dehydration

7



10

15

20

25

30

35

40

45

Science

or devolatilization on Ryugu materials are likely to be responsible for the variation. The similarity
to the dehydrated CI chondrite Y-980115 suggests that some devolatilization process may be
responsible for the depletion of the '>N-rich phase from our samples. This is consistent with the
results of thermogravimetric analysis of a Ryugu-A sample (/6), in which the release of interlayer
water was found only above 90 °C. Such devolatilization could occur on Ryugu surface and in
subsurface layers rather than in the interior of the Ryugu parent body; based on thermal modeling
(17) the internal heating did not reach 50 °C, and hence devolatilization more likely occurred on
Ryugu by some heating mechanism, such as solar radiation heating (/6). However, the total carbon
content in Y-980115 is lower than those in our Ryugu samples (29), which suggests that the
devolatilization condition in Y-980115 is different from that in Ryugu where some enrichment in
carbon relative to CI chondrites is observed. In addition to devolatilization, variable degrees of
aqueous alteration may have also played a role. Most fractions of the Ryugu parent body
experienced considerable aqueous alteration, but some fractions exhibit less alteration effect. This
is possibly due to temperature increase at the subsurface layer of the parent body or lesser amount
of water available being insufficient to drive alteration reactions (/7). Such less altered materials
are found as clasts (/7) that might be a '>N-rich carrier.

The noble gas isotopic ratios in the Ryugu samples show that Ryugu materials contain
phase Q, presolar diamonds, SiC, and graphite as carriers of P1, HL, G, and R components (27/).
These are the components present in the early Solar System (2/) prior to the formation of the
parent planetesimal. The bulk Ne and Xe isotopic compositions mimic isotopic patterns seen in
other CI chondrites (Fig. 3 and Table S2), supporting a genetic linkage between the noble gas
carriers of the Ryugu parent body and those in CI chondrites. The elemental ratios of the heavy
noble gases, *°Ar, 8Kr, and '*’Xe most resemble the P1 noble gas component (Fig. S7B).
Furthermore, except for the SW-rich sample (A0105-15), the heavy noble gas concentrations are
similar to those found in other CI chondrites (3/). Some of the samples have heavy noble gas
concentrations ~2—3 times higher than those in CI chondrites (Fig. 5), and are even higher than the
highest concentrations observed in CM chondrites (3/—33). In contrast to the depleted nitrogen
abundances, the P1 gas in the Ryugu samples shows no evidence of being lost during potential
alteration episodes. The P1 gas in the Ninggiang ungrouped C3 chondrite has been shown to be
resistant to aqueous alteration (34), which is consistent with the high P1 abundances in the Ryugu
samples. In contrast, concentrations of P1 gas in CM chondrites are correlated with their petrologic
types, decreasing with higher degrees of aqueous alteration effects (33). Mineralogical studies
suggests that the degree and condition of alteration should be different among CI, CM, and CR
chondrite parent bodies (6). A working hypothesis is that the difference in the degree and
conditions of aqueous alteration controls the P1 gas abundances. Evidently, the degree of aqueous
alteration seen by the Ryugu parent body is similar to that for CI chondrites.

In addition to P1 and presolar noble gas components, Ningqiang contains another noble
gas component, referred as “Ar-rich gas”, which is lost during experimental hydrothermal
treatments (34, 35). The Ar-rich gas is also found in some less altered CR and CM chondrites (33,
36). These observations suggest that the carrier phase of Ar-rich gas is susceptive to aqueous
alteration, and amorphous silicate is suggested to be one of its carrier phases (35, 30).
Measurements made to date on the Ryugu samples do not show the presence of Ar-rich gas, but
do indicate the presence of SW gas recently acquired during surface exposure on Ryugu. Even if
the Ryugu source material contained such amorphous silicates, the Ar-rich gas could have been
easily removed and lost. The absence of Ar-rich gas in the Ryugu samples is not surprising given
the occurrence of the Ar-rich gas only in less altered carbonaceous chondrites.
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All these lines of evidence suggest that the Ryugu’s parent body formed from similar
volatile components and experienced similar alteration processes to CI chondrites in the early Solar
System.

Cosmic-ray produced and solar-wind derived noble gas and surface geological processes

Bulk concentrations of “He and *Ne vary significantly from 4x10- to 6x103 ¢cm?® STP/g, and from
3%x10% to 1x10° cm® STP/g, respectively (Table S2), which is essentially caused by variable
contributions of SW-derived gases. Based on the Ne isotopic ratios, we calculated the SW-derived
20Ne and cosmogenic 2'Ne concentrations by subtracting contributions of the other Ne components
(Table S4). The smallest cosmogenic >'Ne concentration is found in a SW-?’Ne rich grain (A0105-
15). No systematic differences in the cosmogenic >'Ne concentrations are observed between the
Ryugu-A and Ryugu-C samples (Fig. 6), although the higher SW->*Ne concentrations were
observed only in the surface samples, Ryugu-A.

The SW-2Ne and cosmogenic >'Ne concentrations are expected to be positively correlated
as seen in regolithic meteorites (e.g., 37, 38), if the grains have been well mixed through surface
layer of the meteorites’ parent bodies and experienced negligible grain-surface modification. No
correlation is observed within the Ryugu samples between the SW->’Ne and cosmogenic 2'Ne
concentrations (Fig. 6). Most of the Ryugu samples plot to the lower left of the trend defined by
lunar soils and regolithic meteorites (37—417), implying a shorter exposure history with occasional
exposure to SW. We calculated SW exposure ages to be ~3500, ~250, and ~1-10 year for the
A0105-15, A0105-06, and the other samples (Fig. 6), respectively. A SW-2Ne flux of 4x10? ¢m?
STP/cm?/yr was calculated for the semi-major orbital axis of Ryugu (1.19 au: 42, 43) based on the
Genesis data (44). The sample grains are assumed to be 0.8 mm-sized (the present actual size) with
a 1.8 g/cm? density (/7) during SW irradiation. We assumed that the samples did not experience
any grain-surface modification by pulverization or fragmentation; we regard the SW exposure ages
as the lower limits.

The concentrations of cosmogenic 2'Ne ranges from 3x10? to 8x10 ¢cm® STP/g. This
excludes the SW-rich sample A0105-15, but even so this variation is somewhat smaller than those
observed in the SW-2"Ne concentrations. We calculated the weighted means of the cosmogenic
2INe concentrations for each of the Ryugu-A and Ryugu-C samples, using the sample mass as the
weighting factor. The cosmogenic 2'Ne concentrations are (4.84+0.8)x10" and (4.3£0.7)x10* cm?
STP/g for the Ryugu-A and Ryugu-C samples (except for A0105-15 and C0106-01), respectively.
The Ryugu-A samples are surface materials collected during the 1st touchdown sampling
operation at an equatorial region by shooting a 5 g tantalum projectile at a velocity of ~300 m/s (/,
11), which can collect surface material (/7). The Ryugu-C samples were recovered from a site
near the artificial crater (/) generated during kinetic impact by the Small-Carry on Impactor (SCI:
45). Since the depth of the artificial crater from the original surface is ~1.7m (46), the Ryugu-C
samples may include subsurface materials as well as surface materials similar to the Ryugu-A
samples. The different sampling condition between the Ryugu-A and C suggests a different history
concerning SW/cosmic-ray exposure, brecciation, and meteoroid impacts. Abundances of the
cosmogenic radionuclide '°Be were reported to be ~12.8 and ~7.3 dpm/kg for the Ryugu-A and
Ryugu-C samples, respectively (47), which can be explained by their different shielding depths
during their residence at the surface or in the subsurface layers.

Considering the rare occurrence of a SW signature in the Ryugu samples, it is assumed that
the materials recovered by the Hayabusa2 have not been transported vertically, mixed to shallower
and deeper levels, by meteoroid impacts, but instead resided at a specific depth. A shielding depth
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of 150 g/cm? is applied for the Ryugu-C samples. This corresponds to a physical depth of 1.3 m
assuming a Ryugu surface layer density of 1.2 g/cm? density (+2), close to the artificial crater depth
of 1.7 m (46). The calculated production rate of 2'Ne (P21) at 150 g/cm? depth is 0.79x10” ¢cm?
STP/g/Myr (48) assuming the 27 exposure at 1.19 au (42, 43) and CI chondrite chemistry (49).
For the Ryugu-A samples, we assumed that the Ryugu-A samples resided at a shallow depth of 2-
5 g/cm?, not just at the surface. At this depth, cosmogenic >'Ne is produced by GCRs and SCRs
but SW-implanted Ne would not be a ubiquitous feature. The calculated P»; at this depth is
0.90x10" cm?® STP/g/Myr. Using these production rates, we obtained cosmic ray exposure (CRE)
ages of 5.3£0.9 and 5.5£0.9 Myr for the Ryugu-A and C samples, respectively. These CRE ages
are averaged values of each sampling site, whereas individual grains show some variations in their
cosmogenic 2'Ne concentrations. The variation can be explained by variable shielding depth and
variation in chemistry. For the SW-rich samples A0105-15, its CRE age of more than several
hundreds of kyr was obtained using a P2; of ~3x10" ¢cm® STP/g/Myr for the depth of 0-1 g/cm?
(45), where SW can be implanted at the grain surface. The CRE age of A0105-15 is longer than
its SW exposure age, suggesting that the SW-rich sample was temporarily brought to the surface
but was mostly buried to a deeper depth as the other samples. Because only a small fraction (~10
vol.% inferred from two SW-rich grains out of the 16 grains studied) of surface material seems to
be mixed with subsurface material, a large fraction of surface layer materials down to several cm
could have been liberated to interplanetary space or moved to gravitationally low-potential regions,
i.e., the mid-latitude region, in ~5 Myr (the CRE ages of the samples).

Comparison with the CRE ages of meteorites is important in the interpretation of the CRE
ages of Ryugu samples. Note that CRE ages for most of the meteorites would primarily reflect the
duration of exposure in interplanetary space during their transit to Earth, rather than exposure on
their parent bodies, as is the case for Ryugu. The cosmogenic >'Ne concentrations in CI chondrites
are calculated 11-25x10" (Alais), 3—6x10 (Ivuna), 6-11x10~ (Orgueil), and 3x10” (Tonk) cm?
STP/g using literature data (/4, 50). Using the production rate of 1.5 x10* ¢cm® STP/g/Myr for a
100 cm-sized body with 4w geometry (57), these concentrations correspond to CRE ages of 2—17
Myr. No SCR contribution and a constant GCR flux are assumed in the calculation of the
production rate. Similar CRE ages for CI chondrites were obtained based on cosmogenic
radionuclides (52), indicating that the CRE ages of CI chondrites reflect their space exposure
histories, with little contribution of the parent body exposures. In the case that the parent body
exposure duration are comparable to the space exposures, abundances of cosmogenic stable
isotopes should be higher than those of radionuclides. Only Ivuna is thought to experience a
complex exposure history (52). Also, it is reported that two out of the five CI chondrites have
extremely short CRE ages, 0.1-0.2 Myr (52), and >50% of CM chondrites also have short (<10
Myr) CRE ages (33, 53, 54), suggesting a similar mechanism to transport CI and CM chondrite
fragments into Earth-crossing orbit. Although many CM chondrites contain SW noble gases (e.g.,
33) that should be accompanied with cosmic-ray exposure on the CM parent body, the duration is
not well understood. It is obvious that the Ryugu surface layer has been irradiated by SCRs and
GCRs for a time duration comparable to the space exposure duration of CI, and possibly of CM
chondrites. The lower collision frequency at the near-Earth orbit (55, 56) is responsible for the
long surface residence time of Ryugu. Parent bodies of CI and CM chondrites could have
experienced frequent collisions at the main belt orbit, which leads to short surface residence time
on their parent bodies. Lunar surface materials likewise record a low-frequency collision history
because the Moon is also a near-Earth object. The higher concentrations of SW-?’Ne and
cosmogenic >'Ne in lunar soils reflect their longer residence time, compared to those of Ryugu
(Fig. 6), between surface and subsurface layers (39—4/).
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The CRE ages of the grains constrain the timing of orbital evolution of Ryugu from the
main belt to the near-Earth orbit. Because the crater production rate within the asteroid belt is about
30 times higher than that in near-Earth orbits (55, 56), the regolith residence time in the uppermost
1 m layer on Ryugu is estimated to be 2—8 Myr for near-Earth bombardment, but for main asteroid
belt bombardment it is ~0.1-0.3 Myr (7, &, 70). Our noble gas study gives the surface residence
time of ~5 Myr, which clearly supports the near-Earth bombardment.

After the change from main asteroid belt to near-Earth orbit, Ryugu may have experienced
some surface evolution processes, in addition to meteoroid bombardment. The geographical and
spectral red-blue distribution of Ryugu suggests that temporal orbital excursion near the Sun in the
past may have driven reddening due to intense heating and migration of surface materials (7, &).
The stepped pyrolysis measurements revealed that ~30 % of cosmogenic >'Ne was released at
100 °C from some samples (Fig. 3B and Table S1), indicating that the present surface and
subsurface materials of Ryugu have not experienced heating above 100 °C in the past ~1 Myr.
Therefore, our data support surface alteration and migration more than 1 Myr ago, rather than
recent processes, being responsible for the spectral-color distribution, if the surface heating was
the cause of the reddening.

The absence of a correlation between SW-"Ne and cosmogenic >'Ne, and the scarcity of
SW in the bulk Ne isotopic ratios indicates that only a limited number of the Ryugu grains were
exposed to solar wind. At this time though, it cannot be ruled out that the fraction of SW-rich
grains decreased after having experienced SW exposure due to escape to space or migration from
the sampling sites to other regions of Ryugu. Thermal and/or mechanical effects, such as
atmospheric heating of the reentry capsule, fragmentation and pulverization in the sample catcher
may also have altered the SW inventory. The CRE ages of the Ryugu grains are shorter than those
of lunar soils and regolithic meteorites (37—47), which may also be explained by their mechanical
vulnerability on Ryugu. Grain-surface modification on Ryugu is possibly related to the processes
and mechanisms for the particle emissions observed on the C-type asteroid (101955) Bennu (57).
Grain destruction by meteorite bombardment and/or phyllosilicate dehydration (76, 57) can be
more efficient on the C-type asteroid Ryugu than on S-type asteroids.

Comparison with cosmic dust recovered on Earth

Meteoroids and micrometeorites are inevitably exposed to SW and SCRs/GCRs during their transit
from their parent bodies to the Earth. Solar-wind signatures are also commonly observed in
unmelted micrometeorites (UMMSs) (55—67), most of which are similar to CI and CM chondrites
in their mineralogy and chemistry. Unlike the Ryugu samples, the SW->’Ne concentrations in
UMM s are correlated with cosmogenic >'Ne concentrations (Fig. 6). Although some fractions of
the SW-?'Ne and cosmogenic >'Ne were lost from UMMs by heating during atmospheric entry
(62) and recoil effects (6.3), most of the UMM s contain higher amounts of SW-2°Ne concentrations
than the Ryugu samples. This indicates that the UMMs acquired most of their SW and cosmogenic
Ne not on the surface of their parent bodies but in interplanetary space, where they are always
exposed to SW and cosmic rays. Unlike the UMMs, only a limited fraction of the Ryugu samples
was exposed on the surface to SW, but considerable cosmogenic 2'Ne was produced and
accumulated in the Ryugu’s surface and subsurface layers. Therefore, the Ryugu surface material
cannot be the major source of UMM s. Late exposure to SW in interplanetary space after liberation
from Ryugu would increase abundances of SW Ne, which may explain the lower SW abundance
in Ryugu material compared to those in UMMs.

Survival of pristine Ryugu material as inferred from its low-temperature released gases
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Although the nitrogen compositions suggest some devolatilization effects, low temperature
extraction steps (<200 °C) released 35-70 % of >>Ne with isotopic ratios represented by mixing of
SW and cosmogenic components (Fig. 3B and Table S2). CI chondrites also release considerable
but smaller fractions of Ne below 300 °C, around 20-30 % of the total concentrations (64). It is
possible that CI chondrites have lost some fraction of their low-temperature released noble gases
during/after the fall on to Earth, whereas the Ryugu grains still retain a fraction of highly volatile
noble gases acquired during the Ryugu’s surface evolution. These findings imply that the Ryugu
samples have not suffered from heating higher than ~100 °C since the exposure to SW and GCRs.
The release temperature is consistent with abundant primordial and presolar noble gases in the
Ryugu samples that are released higher temperature >900 °C (Table S2). Accordingly, Ryugu
samples are the most pristine solar system materials so far. Atmospheric entry heating and/or
terrestrial weathering may be responsible for the difference in the low-temperature released gases;
CI chondrites have lost the most labile components during atmosphere entry, or terrestrial
weathering that would produce secondary minerals and increase the retention of He and Ne in CI
chondrite falls (65).

Conclusions

First measurements of noble gas and nitrogen isotopic compositions were performed on individual
grains returned from the surface and subsurface layers of near-Earth asteroid Ryugu. The isotopic
ratios of Ne and Xe are characterized by enrichments in primordial and presolar noble gases,
specifically the P1 and HL components. These isotopic compositions and their concentrations are
similar to those in CI chondrites, indicating a genetic relationship between the Ryugu source
materials and CI chondrites. Nitrogen isotopes exhibit marked difference from CI chondrites: Part
of the samples are depleted in nitrogen, and show lower 8'°N values. The noble gas and nitrogen
isotope features suggest that Ryugu contains various and abundant carrier phases that have not lost
their volatiles and are not mixed with each other. Thus, Ryugu contains pristine volatile carriers
that could be one of the major sources of the Earth’s volatiles.

Records of SW, GCR, and SCR irradiations after the formation of Ryugu were deciphered
from the He and Ne isotopic compositions. The CRE ages of ~5 Myr for the grains are compatible
with regolith residence time estimated for near-Earth bombardment, indicating that Ryugu left the
main belt orbit several Myr ago. The current surface and subsurface materials on Ryugu have not
experienced heating above 100 °C within the last ~1 Myr.

This study, combined with companion papers of other Ryugu sample analyses and remote-
sensing approaches, suggests that the volatile compounds originally incorporated in the primitive
bodies were continuously processed during the asteroid evolution processes. The pristine volatile
carriers in Ryugu offer clues to uncovering the evolution of solar system volatiles.
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Fig. 1. Back scattered electron image of a Ryugu pellet sample (A0105-10). The sample is
mainly composed of phyllosilicates. Framboidal and plaquette magnetites and sulfides are also

ubiquitously present. Carbonates tend to coexist with magnetites and sulfides. "mt" stands for
magnetite, "po" for pyrrhotite, iron sulfide, "ca" for carbonate, and "ph" for Ca-phosphate,
respectively.
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Fig. 2. A typical IR spectrum of a Ryugu pelletized sample (A0105-05). The O-H stretching of
phyllosilicates at 3698.8 cm™! (2.70 um) was commonly observed in all samples. The aliphatic C-
H stretching at 2968.4 cm™! (3.37 pm) was also observed in almost all samples. The white square
in the image indicates the analyzed area (aperture size 450 x 450 pm?).

20



Science

@ Ryugu-A
@ Ryugu-C
O Alais
N lvuna
B Orgueil
B Tonk

I GR Ny,
g Eeezm

;" A0105-01
6 ‘,"‘ Oco106-06 O Low-T (Ryugu-A) @ High-T (Ryugu-A)
L O Low-T (Ryugu-C) @ High-T (Ryugu-C)
\/ to G/R-Ne
4 L L L 1 L L L L 1 L L L L 1 L L L L 1
0.00 0.05 0.10 0.15 0.20

2"Ne/*’Ne

Fig. 3. Isotopic ratios of Ne in the Ryugu samples. Most bulk Ne isotope data (Fig. 3A) are
consistent with mixing of P1, HL, and cosmogenic Ne, though some samples clearly require a
contribution from solar wind (SW) Ne. Low-T data (for 50-200 °C fractions or the first laser
extraction steps) indicate a contribution from SW in all samples whereas High-T data (for >900
°C fractions or the later laser extraction steps) exhibit contributions from P1 or HL, and G-Ne in
two cases (Fig. 3B). Compositions of galactic- (GCR) and solar-cosmic ray (SCR) produced Ne
(for an exponential rigidity shape of 100 MeV: 66), and fractionated SW (FSW: 23, calculated
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using TRIM simulation [67] for the CI chemistry and the depth between 20 and 100 nm [/3]) are
shown. Error bars are 16. Data sources: /4, 20-22, 50, 66, 68.
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Fig. 4. Nitrogen isotopic compositions and inverse of nitrogen concentrations of the Ryugu
pellet samples determined by stepped combustion analysis. The bulk 3'°N values of A0105-07
and C0106-07 are ~0 and ~+20 %o, lower than those of CI chondrites (2&), but plot close to the
dehydrated Cl-like chondrite Y-980115 (29) and the highly altered CM1 chondrite MET01070
(28). The other two samples (A0105-05 and C0106-06) plot intermediate between A0105-
07/C0106-07 and CI chondrite compositions. Uncertainties (1o) for our data are smaller than the
symbols’ size. Data sources: /9, 2429,

23



Science

O Ryugu-A
[ O Ryugu-C
i A0105-15
% 10000F 4 cm ol
o E ¢ CR
= Y,
ko [ e CO @:
£ 1000f . Coung @
2 AhS . "
N 4 =
< 100} / . ? 4100
- @ E o
Ar BD ] =
i A g@; ] =
10 oL 0 =
i 3 ©
T o ’ v Q
*e 4 Bw
119
] o
/ ] Q
Kr ] —~
Y SRS VI

0.1 1 10 100
132Xe (10° cm® STP g7)

Fig. 5. Concentrations of heavy noble gases. The Ryugu grains contain higher concentrations of
primordial noble gases compared to any other chondrites, including CI chondrites. C2-ung denotes
ungrouped C2 chondrites. AhS denotes a carbonaceous-chondrite-like clast from the Almahata
Sitta polymict ureilite (32). Uncertainties (1) are 10%. Data sources: 3/—33.

24



Science

1000 ¢
© Ryugu-A Cl chondrites © Regolithic meteorites
[ O Ryugu-C Lunar soils Unmelted MMs
100 |
= A0105-15
o 10 ¢ o
o
|_
w
® 1L A0105-06
& @)
S
AN O
z ®
(\II I
% 0.01 k C0106-01 @
s O O
I @
0.001 |
00001 L e L e Ll L L1111
0.1 1 10 100 1000

Cosmogenic ?'Ne (10° cm® STP g™)

Fig. 6. Bulk concentrations of solar wind (SW) origin 2°Ne and cosmogenic ?!Ne. Two Ryugu
samples (A0105-06 and -15) show clear excess in SW->"Ne. No positive correlation between the
SW-?Ne and cosmogenic 2'Ne was found. The concentrations in C0106-01 are preliminary (Table
S4). Uncertainties (1o) are 10%. Data sources: 374/, 55-61.



Science

AVAAAS

Supplementary Materials for

Noble gases and nitrogen in Ryugu grains — Records of its past and recent
geological activity

Ryuji Okazaki'”, Bernard Marty?, Henner Busemann?®, Ko Hashizume*, Jamie D. Gilmour>, Alex
Meshik®, Toru Yada’, Fumio Kitajima', Michael W. Broadley?, David Byrne?, Evelyn Fiiri?, My
E.I Riebe?, Daniela Krietsch®, Colin Maden?, Akizumi Ishida®, Patricia Clay®, Sarah A.
Crowther’, Lydia Fawcett’, Thomas Lawton®, Olga Pravdivtseva®, Yayoi N. Miura’, Jisun
Park!'®!!| Ken-ichi Bajo!'?, Yoshinori Takano'?, Keita Yamada'#, Shinsuke Kawagucci'>!®, Yohei
Matsui'>'¢, Mizuki Yamamoto', Kevin Righter!”, Saburo Sakai'3, Naoyoshi Iwata'®, Naoki
Shirai'?2°, Shun Sekimoto?', Makoto Inagaki?', Mitsuru Ebihara®?, Reika Y okochi?*, Kunihiko
Nishiizumi®*, Keisuke Nagao®’, Jong Ik Lee?®, Akihiro Kano?®, Marc W. Caffee?’-*, Ryu
Uemura®®, Tomoki Nakamura®, Hiroshi Naraoka!, Takaaki Noguchi®**3!, Hikaru Yabuta®?,
Hisayoshi Yurimoto'?, Shogo Tachibana’?, Hirotaka Sawada’, Kanako Sakamoto’, Masanao
Abe’, Masahiko Arakawa®*, Atsushi Fujii’, Masahiko Hayakawa’, Naoyuki Hirata**, Naru
Hirata®, Rie Honda®, Chikatoshi Honda*, Satoshi Hosoda’, Yu-ichi lijima’’, Hitoshi Ikeda’,
Masateru Ishiguro®’, Yoshiaki Ishihara’®, Takahiro Iwata’, Kosuke Kawahara’, Shota Kikuchi*’,
Kohei Kitazato®®, Koji Matsumoto**#!, Moe Matsuoka*?, Tatsuhiro Michikami**, Yuya Mimasu’,
Akira Miura’, Tomokatsu Morota?®, Satoru Nakazawa’, Noriyuki Namiki**4!, Hirotomo
Noda**#!, Rina Noguchi**, Naoko Ogawa’, Kazunori Ogawa’, Tatsuaki Okada’, Chisato
Okamoto**f, Go Ono’, Masanobu Ozaki’#!, Takanao Saiki’, Naoya Sakatani*’, Hiroki Senshu*°,
Yuri Shimaki’, Kei Shirai’>4, Seiji Sugita®®, Yuto Takei’, Hiroshi Takeuchi’, Satoshi Tanaka’,
Eri Tatsumi?®*, Fuyuto Terui’, Ryudo Tsukizaki’, Koji Wada*°, Manabu Yamada®’, Tetsuya
Yamada’, Yukio Yamamoto’, Hajime Yano’, Yasuhiro Yokota’, Keisuke Y oshihara’, Makoto
Yoshikawa’, Kent Yoshikawa’, Shizuho Furuya’, Kentaro Hatakeda*®, Tasuku Hayashi’, Yuya
Hitomi*%, Kazuya Kumagai*®, Akiko Miyazaki’, Aiko Nakato’, Masahiro Nishimura’, Hiromichi
Soejima*®, Ayako Iwamae*®, Daiki Yamamoto’#°, Kasumi Yogata’, Miwa Y oshitake’, Ryota
Fukai’, Tomohiro Usui’, Harold C. Connolly Jr.*°, Dante Lauretta’!, Sei-ichiro Watanabe?’, and
Yuichi Tsuda’.

Correspondence to: okazaki.ryuji.703@m.kyushu-u.ac.jp
This PDF file includes:
Materials and Methods

Supplementary Text
Figs. S1 to S9



Tables S1 to S4



Materials and Methods

Sample preparation and analysis flow

The Hayabusa2 sample catcher/container was brought back to the JAXA curation facility after
the recovery operation in Woomera, South Australia (/7). The Ryugu samples were collected
and treated within a vacuum chamber and ultra-pure nitrogen chambers (/2). Eight milligrams of
the Ryugu grains were allocated to the volatile sub-team and used for chemical analysis of
volatile components, along with infrared spectroscopic and electron-microprobe observations.

The Ryugu grains allocated to the volatile sub-team are ~1 mm-sized grains in diameter.
Twenty-two grains (~4 mg total weight) were picked up from the chamber A (samples #A0105-
01 — A0105-22), in which the surface materials of Ryugu sampled from the first touchdown site
were stored. Twelve grains (samples #C0106-01 — C0106-12: Table S1), including one large
grain (2.5 mm in size), were collected from the sapphire dish of the chamber C (/2), in which
samples were stored from the second touchdown site after the Small Carry-on Impactor (SCI: 45)
operation (/, 46) that made an artificial crater on and excavated sub-surface materials from
Ryugu. Hayabusa2 sampled solid asteroidal materials by two methods; by kicking up material
with a tantalum projectile (~5g) with 300 m s™! injection velocity, and by hooking and lifting up
it with a bent tip of the sampler horn (//, 69). The allocated Ryugu grains were transferred to
Kyushu U. from the JAXA, and were pelletized to obtain flat surfaces for the surface analyses.
Pelletization operation might change the microstructure of hydrous minerals, but leaves those of
magnetites (framboidal) and pyrrhotite (platy) (Fig. 1). The force employed for pelletizing (0.6 N
with a 4 mm screw) is too small to change the volatile compositions, which is confirmed by the
presence of low-temperature released gases from Ryugu samples and by the rehearsal analysis of
the Murchison pellet sample. Details about the method of the pelletization will be presented
elsewhere (in preparation).

Individual pelletized samples (samples #A0105-01 to -16, and C0106-01 to -08: Table S1)
were analyzed by FT-IR and FESEM installed at the JAXA curation facility. After the
examinations/analyses, the pellet samples were distributed to each laboratory of the volatile sub-
team in order to carry out noble gas, nitrogen, and other light element analyses (Fig. S1).
Preliminary results of cosmogenic nuclide measurements coupled with noble gas analysis were
reported by (52). The full data and discussion will be presented elsewhere.

Fourier-Transform Infrared Spectroscopy

Fourier-Transform infrared (FT-IR) spectra were obtained using a JASCO IRT-5000
spectrometer with a mercury-cadmium-telluride (MCT) detector at JAXA/ISAS. The microscope
uses a Schwarzschild-Cassegrain objective (x16). Pelletized samples were mounted in a viewport
equipped with a CaF, window developed for this analysis to eliminate the exposure of the
samples to terrestrial atmosphere. The spectrometer was housed inside an acryl box with
continuous nitrogen flow. Mid-IR reflectance spectra (5000-600 cm™!) of the bulk samples were
obtained under the following conditions: A total of 256 scans of spectra at 2 cm! spectral
resolution were accumulated. The aperture sizes for bulk analyses were chosen in order to cover
the sample surfaces as widely as possible, for A0105-01 ~ 16; 400 X400 (-01,-06,-09), 380x380
(-02), 450%x450 (-03,-05,-07,-08,-12), 360x380 (-04), 280x430 (-10), 500%380 (-11), 500x500 (-
13,-16), 450x400 (-14), 400x320 (-15) pm?, for C-0106-01 ~ 08; 350 X350 (-01), 400 X 400 (-
02,-05,-07,-08), 500x500 (-03), 300x500 (-04), 450x450 (-06) pm2. Mapping analyses were also
carried out under the following conditions: Aperture size was 75%75 um? for each section and a




total of 64 scans of spectra were accumulated for each section. The results of the mapping
analyses will be discussed in elsewhere.

In the region from 2000 to 600 cm-!, in particular, the peaks of the spectra were distorted
to look like those of a first derivative curve, therefore the Kramers-Kronig relation was used to
transform them into ordinary spectra (e.g., 70)). The vertical axis K in S5 represents the extinction
coefficient of complex index of refraction.

Scanning electron microscopy

Each of the pelletized samples was analyzed using a Hitachi Schottky field emission
scanning electron microscope (FE-SEM) SU6600 equipped with an energy-dispersive X-ray
spectrometer (EDS) Oxford Instruments X-MAX150 in the Extraterrestrial Sample Curation
Center (ESCuC) of JAXA. The FE-SEM has a custom equipped air lock that can be evacuated
and purged with nitrogen gas in which one can set and remove a cap of a seal-type sample
holder. Utilizing this system, all the samples were analyzed without exposure to air. The
pelletized samples were analyzed in low vacuum mode (~60 Pa) without any conductive coating,
with 9 kV in acceleration voltage and 0.2 nA in beam current. In order to avoid possible
contamination and damage by electron beam irradiation, we only performed point analyses and
avoided map analyses. Figure S2 shows backscattered electron (BSE) images of some of the
pelletized samples. The grains are pressed into a holder made of copper to be flat and smoothed
on their surfaces. As mentioned in the main text, they are mainly composed of matrices (shown
gray in the images) containing ubiquitously distributed Fe-sulfides and magnetites (showing
white inclusions). Four to six representative areas were selected from each of the samples for
point analyses to identify chemical compositions of phases and minerals. Several square areas of
the matrix of 5 to 10 pm in size were analyzed in each area for analyses of matrices. Figure S3
shows a (Si+Al)-Mg-Fe ternary plot for analyzed matrices in the pelletized samples of A0105
and C0106. The saponite and serpentine solid solution lines, as well data from analyses of
matrices of CI, CM and CR chondrites, are indicated in the plot (7/, 72). The compositions of
the pelletized samples are mostly distributed between the saponite and serpentine line, although a
certain amount of them are plotted toward Fe-enriched and Mg-enriched compositions over the
serpentine line. Those of Fe-enriched composition are likely due to presences of Fe sulfides,
magnetites and serpentine-tochilinite intergrowth phases (73) at sub-micron scales. Those of Mg-
enriched could be due to sub-micron carbonates such as dolomites in the analyzed area.
Although compositional data in this study may be more qualitative than quantitative (EDS
compared to wave dispersive spectrometer, WDS), the chemical composition of matrices of
Ryugu samples studied here are comparable to CI chondrites, which would be consistent with the
previous reports and companion papers (/2, 16, 17).

Noble gas and nitrogen analyses

Noble gas isotopes were measured at five laboratories, Kyushu U., Ibaraki U., CRPG-
Nancy, ETH, U. of Manchester, and Washington U. Nitrogen isotopes were measured at Ibaraki
U. and CRPG-Nancy.

At Kyushu U.:

Noble gases were extracted by using an infrared lamp and a small-sized furnace, called Pot-pie
furnace (74). The Ryugu samples wrapped in Al foils were installed at the sample holder
attached to the Pot-pie furnace, and heated at 50 °C in vacuo for 11 hours prior to the



measurements. The IR lamp was used to heat the samples at 100 and 200 °C, while the higher
temperature extractions were performed with the Potpie furnace. Evolved gases were purified
with Ti-Zr getters and an Al/Zr getter (NP 10: SAES®). The noble gases were separately
introduced to a modified MM-5400 mass spectrometer using charcoal traps. Blank levels by
using the IR lamp were 3 x 10712, 1 x 10713, 1 x 10719, 2 x 10-'4, and 2 x 101> cm3STP (Standard
Temperature (0 °C) and Pressure (1 bar)) for “He, >°Ne, “°Ar, 3Kr, and '3?Xe, respectively. Blank
gases of the Pot-pie were 2 x 10711, 8 x 10713, 4 x 10-1°, 5 x 10"'*, and 1 x 10-'* cm3STP for *He,
20Ne, 9Ar, 34K, and 13?Xe, respectively. Details about the NG-MS at Kyushu U. are given in
(749).

At CRPG-Nancy:

Noble gases and nitrogen were extracted from grains A0105-05 and C0106-06 by CO» laser
heating and analyzed using Helix MC+ (Thermo Scientific) and Noblesse HR (Nu Instruments)
noble gas mass spectrometers respectively. He-Ne-Ar-Kr-Xe-N> abundances and isotope ratios
were determined for two laser heating extraction steps of grain A0105-05 using the Helix MC+
mass spec. After laser heating, ~10% of the extracted gas was isolated in a glass cold finger for
nitrogen analysis, while the rest was exposed to series of hot Ti-sponge getters for purification.
Noble gases were separated using a stainless steel cryogenic trap and a charcoal cold finger held
at -196°C, and were introduced sequentially into the Helix MC+ for analysis. The remaining
aliquot was introduced into a quartz-glass line and purified for N> analysis using a CuO furnace
cycled between 450°C and 950°C, and two cold fingers held at -180°C, before being introduced
into the Helix MC+. Procedural blanks were 9.45 x 10-1! ¢cm3 STP for “He, 2.40 x 10712 cm3 STP
for 2'Ne, 8.83 x 10-13 ¢cm? STP for °Ar, 1.3 x 10"'* cm3 STP for 3*Kr, 3.8 x 10-1° ¢cm? STP for
130Xe, and 6.3 x 108 cm? STP for 2Na. Ne-Ar-N; abundances and isotope ratios of grain C0106-
06 were determined sequentially on the Noblesse HR at a trap current of 150 pA. Noble gases
were purified using two hot (600 °C) Ti sponge getters and two cold (room temperature)
SAES™ Ti-Al getters. Argon was separated from neon by adsorption onto a charcoal finger at -
196 °C. Nitrogen was purified in a Pyrex and quartz-glass line using a CuO furnace cycled
between 723 and 1173 K and a U-shaped cold trap held at 93 K. Procedural blanks for the
Noblesse line were 1.28 x 10”7 cm? STP for 28N>, 3.20 x 10712 ¢cm?® STP for *°Ne, and 7.17 x 10-!!
cm? STP for #Ar.

At Ibaraki U.:

The solid sample wrapped in a platinum foil was installed in a branch of a furnace made of a
double-walled quartz tube. During the baking of the quartz tube at 1000 °C under the vacuum,
the sample at the branch was heated at around 50 °C by the radiation. After the preheating of the
sample, the sample dropped into the quartz tube was heated at designated temperatures in
approximately 1 Torr pure oxygen, by the stepwise combustion method. The bulk sample results
reported in this paper represent the totals of 15 or 17-step analyses performed using this method.
During the combustion, the extracted gas was in contact with a platinum foil heated at 800 °C.
The condensable gases were removed by a cryogenic trap. After absorbing the remaining oxygen
gas by CuO, a fraction of the gas that mainly consist of nitrogen and noble gases was put into
contact with a Ti-Zr getter before argon isotope measurement. Another fraction of the gas, after
pressure adjustment, was finally introduced to the mass-spectrometer operating in static-mode
for nitrogen mass-spectrometry. (See 75 and references therein for further procedural details and
analytical performances.) Standard gas measurements were performed 21 times in total during



the analytical session of the two Hayabusa2 solid samples. The reproducibility for the nitrogen
isotope ratio during this session was 0.7 %o (10) for 60 picomole standard N> gases. System
blank levels of nitrogen vary by the combustion temperature, but are as low as 1 picomole at 8§00
°C when approximately 80 % of the nitrogen gas was extracted from the samples. Carbon
concentrations were determined from the CO; pressure evolved during the combustion. CO»
along with other gases including H>O and SO» were first trapped by the cryogenic trap cooled at
liquid nitrogen temperature. After absorption of the oxygen gas by CuO, only CO» were then
liberated from the trap maintained at a temperature for ice-liquid mixture of isopropyl alcohol.
The CO; pressure measurement were done using a crystal pressure gauge calibrated using the
CO; gas generated from weighted amounts of pure-carbon.

At U. Manchester:
Xenon isotopic compositions were analyzed using the RELAX mass spectrometer (76, 77).
Three sapphire dishes containing fragments produced during the production of pellets were
loaded into the laser port of the spectrometer and baked (< 150 °C) prior to analysis. Gas was
extracted from the samples using an infrared Fiber Laser (JK Lasers, JKSOFL, A = 1080 nm) with
a spot size large enough to cover all material visible in the dishes. Two samples (A0105-03 and
A010512) were heated at low temperature to remove any surface adsorbed gases, and at high
temperature to attempt to fully degas the particles in a single heating step. The high temperature
step was repeated while moving the position of the dish relative to the laser to ensure all material
had been heated and fully degassed. The third sample (C0106-02) was step-heated in roughly
equal temperature increments to see if it was possible to separate different xenon components.
Each aliquot was purified by exposure to a getter (Zr—V—Fe alloy SAES®), then the
xenon was condensed on a cold spot (~80 K) within the ion source of the mass spectrometer.
After 45 s the spectrometer was isolated and the cold sport warmed by pulsed heating laser (A =
1064 nm) to desorb the condensed gases. Analysis then proceeded as discussed in 77 and 7§.
Sample gas heating steps were punctuated by procedural blanks (~3300 atoms or ~1.2 x
10-1% cm?STP '*2Xe) and measurement of an air standard (1.2 x 10° atoms or ~4.5 x 10-1
cm?STP 32Xe). Air standards allow absolute quantities of gas to be calculated, and for a
correction to be made for instrument dependent mass fractionation. The data we present are
corrected and calibrated accordingly.
The material in the sapphire dishes was too small to weigh using the balances available. Sample
mases were estimated from images taken using an optical microscope prior to analysis. ImageJ
was used to estimate the areas of individual grains, the grains were assumed to be spherical, and
a density of 1.8 gcm (/7) adopted to estimate masses.

At ETH:

The three samples (two Ryugu pellets, A0105-02 and C0106-01, and a Murchison pellet
allocated for rehearsal purposes) were wrapped in Pt foil, weighed, and loaded into the laser
sample chamber all in a nitrogen atmosphere. The PE glove bag was purged and refilled three
times from a 5N nitrogen supply before each use. We determined masses of 0.0632+0.0004 mg
and 0.1589+0.0010 mg for the Murchison sample and A0105-02, respectively. For sample
C0106-01, we encountered a mass deficit likely caused by a loss of Pt foil during the loading
process (we found remnants of metal in the loading device). We assigned a nominal mass of
0.100 mg for this sample. Small fragments of C0106-01 were produced in the pelletization
process, once analyzed, the concentrations of noble gases in these will provide us with further



constraints on the mass of pellet C0106-01. Once attached to the extraction line, we pre-heated
the samples to ~110 °C in ultra-high vacuum for several days prior to analysis. During analysis,
gases were released by heating with an Nd:YAG infrared laser (A=1064 nm, ~60 um laser spot)
for 2 min at 66 % output power (100 % = 16 W; e.g. 79). These conditions are sufficient to degas
the sample material, while the Pt remains essentially unaffected. We measured re-extractions
(“step-2"; Table S2) for all samples at 68 % laser power for 2 min. The re-extractions yielded
negligible gas amounts for all samples in all elements, except for Ar, Kr, and Xe in Ryugu
sample A0105-02 (Table S2). For this sample, we measured, thus, an additional re-extraction
(“step-3”) at 69 % laser power for 2 min to confirm full gas extraction. Prior to the measurement,
the gases were purified using a cold trap (kept at ~—50 °C) and successively in a series of SAES
getters and separated into three fractions (He-Ne, Ar, Kr-Xe) by freezing at different
temperatures. Typically, we measured 13 % of the total Ar in the Kr-Xe fraction and 8 % and 2
% of the total Kr and Xe, respectively, in the Ar fraction, which was corrected for. The three
noble gas fractions were sequentially analyzed using the ETH Zurich inhouse-built static-
vacuum sector-field noble gas mass spectrometer “Albatros” that is equipped with a Baur-Signer
ion source (80). For details on the instrument and the measurement procedure (see, e.g., §7).
Several calibration measurements using noble gas standards with known amounts and
compositions were performed to determine the mass discrimination and sensitivity of the
instrument. Blanks were measured by heating empty Pt foil packages following the same
procedure as the sample measurements. Typical blank corrections amounted to <0.4 % for He,
<2.3 % for 3-38Ar, <59 % for *°Ar, <6.4 % for Kr, and <2.9 % for Xe. The Ne blank was
unsatisfactorily high (~15.8 x 10712 cm3STP for 2°Ne, resulting in ~40 % correction) when
measuring Murchison and Ryugu sample C0106-01. We identified the cover glass, installed
within the sample chamber on top of the sample holder to protect the laser viewport, as the
source of the high Ne blank. The cover glass was removed before measuring Ryugu sample
A0105-02. This significantly reduced the Ne blank (~0.9 x 10712 ecm3STP for 2°Ne) resulting in
Ne blank corrections <2.8 % for this sample.

At Washington U.

High sensitivity (5 mA/Torr at 0.25 mA electron emission) 21 c¢cm radius 90° magnetic sectors
mass-spectrometer was used for these analyses. This, built in-house, instrument is equipped with
> 90 % ion transmission ion source without e-focusing magnet (50). It operates at 3 kV
acceleration voltage for Kr, Xe and Ar and at 4 kV for light noble gases. This configuration
results in low memory and long (> 1 hour for Xe and Kr) useful ion-counting time. Instrumental
mass discrimination is extremely small (~0.06 %/u for Xe) and stable due to the absence of
magnetic field in the ion source region. Gas was extracted in miniature oven separated from all-
metal (except for 17 dia, ¥4 thick sapphire view port for pyrometery) sample loading device.
Chemically active gases were removed using a series of SEAS getters and freshly deposited Ti-
films. Hot tungsten filament facilitated cracking of complex hydrocarbons into fragments that are
more readily react with getter material. Noble gases were separated cryogenically before the
isotopic analyses. Typical Xe blank (1770 °C x 10 min) was ~3x10-13 cm3STP. It was
determined by melting Pt foil having the same weight as the Pt capsules containing samples
A0105-04(P) and C0106-05(P).

Calculation method of TRIM simulation




The isotopic composition of implantation-fractionated solar wind (FSW: 23) was
calculated using TRIM simulation (67). The condition of the TRIM calculation is as follows:
Implantation isotopes are 3He, “He, ?’Ne, 2'Ne, and *?Ne. Their speed of the isotopes is 446.0
km/s, corresponding to 3.109, 4.126, 20.608, 21.641, 22.669 keV for kinetic energies of *He",
“He", *°Ne*, 2'Ne', and >*Ne", respectively. No variation in the energies was considered. The
total number of these ions is 1 x 10°. The chemical composition of the target material is assumed
to be that of the CI chondrite average (49) regarding H, C, N, O, Na, Mg, Al Si, S, Ca, Cr, Mn,
Fe, and Ni. The incidence angle between the ions and the target is 0°.

Supplementary Text
Electron microprobe observations and infrared spectroscopy of the Ryugu samples

The FESEM observation shows that the Ryugu grains are mainly composed of fine-
grained matrices, in which phyllosilicates occur as the major mineral phase (Fig. | and S2).
Chondrules and refractory inclusions (Ca-Al-rich inclusion, CAI) were not observed so far.
Magnetites, sulfides, carbonates, and Ca-phosphates are ubiquitously distributed throughout the
matrices (Fig. 1). Modal abundances of magnetite and Fe sulfides were estimated based on the
BSE images (Fig. S2) by decreasing the color depths to 7 gray levels and counting the number of
pixels of each color. Although this estimation has an uncertainty larger than those obtained by
EDS mapping, it is possible to distinguish whether the modal abundances of these minerals in the
Ryugu samples are similar to those in CI chondrites or not. The abundances of magnetites and
sulfides in Ryugu-A are 5£2 and 2+1 % (n=16), respectively, while those in Ryugu-C are 542
and 3£2 % (n=8), with no systematic differences between Chamber-A and C samples. These
abundances are similar to those in CI chondrites, clearly different from those in CM and
dehydrated Cl-like carbonaceous chondrites (/4). The Energy-dispersive X-ray spectroscopy
(EDS) data shows that the chemical compositions of the matrices and typical minerals are
similar/identical to those of the CI chondrite matrices (/3 and Fig. S3).

The FT-IR spectrum of A0105-05, obtained for an area of 450 x 450 pm?, is typical of
the allocated samples (Fig. 2). In the region of 5000-2500 cm™! (Fig. 2), O-H stretching of
phyllosilicates (75) at 3698.8 cm™! (2.70 um) and C-H stretching (/5) at 2968.4 cm™! (3.37 pm)
are observed, which is essentially consistent with the results reported for the bulk Ryugu samples
(e.g., 12). The position of O-H stretching from phyllosilicates is at slightly shorter wavelength
compared with the value (2.72 pm) of the previous remote-sensing report (§2). That position
closely resembles that of CI chondrites centered at ~2.71 um due to Mg-serpentine and clay
minerals than that of CM chondrites centered at ~2.80 um likely due to the presence of Fe-
serpentine - cronstedtite (§3). Also, the position of the 2.71 um feature of our samples is
different from those of heated CM and CY chondrites (~2.9 pm after heating at 150 °C: §4, and
~2.80 um after 400 °C heating: §5). The differences in the 2.71 pm feature may be attributed
partly to adsorbed water on these meteorites (56, §7). The 3.1 pm feature (e.g., /2) was not
observed in our Ryugu samples, which may be due to the insufficient sensitivity of the
spectrometer.

Calculation of the cosmogenic 2'Ne and trapped Ne abundances
Isotopic ratios of Ne in the Ryugu samples can be explained by mixing of P1, HL, SW,
G/R, and cosmogenic Ne (Fig. 3 and Table S2). We calculated the abundances of each




component in the samples by assuming that each extraction step contained cosmogenic, SW, and
one trapped Ne component. A different trapped Ne component is assumed for different
extraction steps and samples. Because in most of the cases, it is difficult to identify the most
likely trapped component, we applied two models with a different trapped component (7able
S4). Trapped components are selected not to obtain negative cosmogenic 2'Ne concentrations,
considering that the Orgueil CI chondrite contains HL and P1 Ne components as the main
components (2/). Model 1 considers the release temperature of the components (e.g., lower
temperature of HL. compared to that of P1 component) and hence is more preferable case than
Model 2.

Air contamination effects on noble gas isotopic compositions of the Ryugu samples

Similar to the light noble gases, considerable fractions of heavy noble gases were released at
lower temperature (<200 °C), up to ~30% (7able S2). The elemental ratios of the 200 °C
fractions of the fragmental samples (treated under atmospheric environment) of A0105-06(F)
and C0106-04(F) are enriched in 34Kr compared to those of P1 gas (Fig. S7B), suggesting a
contribution of elementally fractionated Earth’s atmosphere. Three pelletized samples of A0105-
10(P), -15(P) and C0106-08(P) also show the enrichment of $Kr. Contribution of Earth’s
atmosphere can be seen in the step-heating Xe data for A0105-10(P), -10(F), -11(F), -15(F), and
C0106-08(P). The contribution from atmospheric gases are not common in the pelletized
samples, indicating that the contamination could have happened during operations handling each
sample, i.e., during and/or after the pelletization, and that the Ryugu samples were not initially
contaminated by Earth’s atmosphere.



Volatile team analysis flow
w/o Air-exposure

Collection of particle samples @JAXA

Pelletization @Kyushu U.

‘ , @TITECH/IAMSTEC
@JAXA

@ETH, U. Manchester, Washington U.,
CNRS-Nancy, Ibaraki U., Kyushu U

@UC Berkeley/KOPRI
Neutron irradiation @ MURR = NanoSIMS analysis -

=0

Manchester Ar-Arand I-Xe da’ting, and halogen
abundance measurement

Fig. S1. Analytical flow of the volatile team of the Hayabusa2 initial analysis. Our analytical
plan consists of three approaches; 1) native volatiles and I-Xe/halogen analyses by using samples
that were treated WITHOUT air-exposure throughout the whole process (blue boxes), 2)
combined analyses between NanoSIMS, neutron activation analysis (NAA), and Ar-Ar dating
(orange boxes), 3) cosmogenic long-lived nuclides and noble gas isotopes (red box).
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(u) CO106-05

Fig. S2. Backscattered electron images of pelletized Ryugu samples. The width of each image
is ~1 mm. (a)-(p) are A0105 particles obtained from Chamber A, first touchdown samples and
(q)-(x) are C0106 particles from Chamber C, the second touchdown samples. There is no
significant difference between those from Chamber A and C. They are mostly composed of
matrices (gray) with ubiquitously distributed magnetites (most of the bright spots/minerals) and
sulfides (the brightest spots/minerals). A0105-04 and C0106-04 contain large magnetites and Fe
sulfides. The surrounding bright area is the sample holder made of cupper, in which each sample
grain was mounted during the pelletization procedure.
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Fig. S3. A Si+Al-Mg-Fe ternary diagram of chemical compositions of matrix areas of
A0105 and C0106 (atomic mol ratio). For references, saponite and serpentine solid solution
lines as well as chemical compositions of CI, CM and CR chondrites are also displayed (72, 73).
Ryugu matrix areas plot mostly in the CI region, although some are plotted toward Fe-enriched
or Mg-enriched compositions.
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Fig. S4. FT-IR spectrum for A0105-15. A notable broad absorption around 2651.6 cm™! (3.77
pum) was observed only in A0105-15, in which the highest concentrations of SW-derived He and
Ne amongst the samples were detected.
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Fig. SS. Kramers-Kronig transformed FT-IR spectra of A0105-05 and C0106-08. In the
region of 2000-780 cm™!, the absorption at 1717.3 cm! (5.82 pm), 1557.2 cm! (6.42 pm), and
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1441.5 cm™ (6.94 um) can be found in the major fraction of the spectra of allocated samples. As

a typical example, Fig. S5a shows the spectrum obtained for A0105-05. Although these
absorptions have not yet been assigned, the 1441.5 cm™! and the 1717.3 cm™! absorptions may
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correspond to carbonate (§7) and C=0 stretching (/5) respectively. The absorption due to Si-O
stretching can be found at 1018.2 cm! (9.82 pm).
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Fig. S6. Isotopic ratios of He and Ne in the Ryugu samples. The bulk isotopic ratios of He and
Ne can be explained by mixing of SW, P1, HL, and cosmogenic gases. A compositional range of
implantation-fractionated solar wind (FSW: 23) calculated using TRIM simulation (67) is shown
with a dashed line. Error bars are 16. Data source: 2/, 22.
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shifted towards the SW composition (A and B). There are variable contributions of elementally-
fractionated terrestrial atmosphere that are evident in low temperature (low-T) fractions (B). The
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blue-gray area shows a range of the P1 composition. “P*> and “F” in the parentheses following
each sample name denote “pelletized” and “fragmented” samples, respectively. Data sources:
20-22, 88.
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Fig. S8. Bulk Xenon isotopic ratios. The Ryugu grains contain P1-Xe as a major component,

while most of the fragment samples are scattered due to their small sample weights (less than 10
ng). Data sources: 20—22, §5. Error bars are 1.
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Fig. S9. Bulk Kr isotopic ratios. Most of the data plot around P1, solar wind (SW), and

terrestrial atmosphere compositions, while some samples with larger uncertainties plot away
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from these components (Fig. S9A). Three samples (A0105-04, -05, and C0106-05) lie on a
mixing line between SW and P1 components (Fig. S9B). Data sources: 2022, §§.
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Table S1. List of the samples allocated to the volatile sub-team.

Sample# Weight (mg) Pellet/Fragment

A0105-01 (P)
A0105-06 (F)
A0105-08 (F)
A0105-10 (P)
A0105-10 (F)
A0105-11 (F)
A0105-14 (F)
A0105-15 (P)
A0105-15 (F)
C0106-03 (F)
C0106-04 (F)
C0106-08 (P)
A0105-02 (P)
C0106-01 (P)
A0105-03 (P)
A0105-03 (F)
A0105-12 (P)

A0105-12 (F)

0.1104

0.0070

0.0035

0.0968

0.0163

0.0395

0.0057

0.1487

0.0035

0.0032

0.0028

0.1020

0.1589

=0.1"

0.0006™

0.0027"*

Kyushu U.
Kyushu U.
Kyushu U.
Kyushu U.
Kyushu U.
Kyushu U.
Kyushu U.
Kyushu U.
Kyushu U.
Kyushu U.
Kyushu U.
Kyushu U.
ETH

ETH

U. Manchester
U. Manchester
U. Manchester

U. Manchester

Noble gas
Noble gas
Noble gas
Noble gas
Noble gas
Noble gas
Noble gas
Noble gas
Noble gas
Noble gas
Noble gas
Noble gas
Noble gas

Noble gas

Noble gas

Noble gas

Pellet #01
Fragment #06
Fragment #08
Pellet #10
Fragment #10
Fragment #11
Fragment #14
Pellet #15
Fragment #15
Fragment #19
Fragment #20
Pellet #24
Pellet #02
Pellet #17
Pellet #03
Fragment #03
Pellet #12

Fragment #12
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A0105-13 (P)

C0106-02 (P)

C0106-02 (F)
A0105-04 (P)
C0106-05 (P)

A0105-05 (P)

C0106-06 (P)

A0105-06 (P)

A0105-07 (P)

A0105-08 (P)

A0105-11 (P)

A0105-14 (P)

C0106-03 (P)

C0106-04 (P)

C0106-07 (P)

A0105-09 (P)

A0105-16 (P)

A0105-17

0.0115™

0.1729

0.0817

0.140

0.168

0.118

0.119

U. Manchester

U. Manchester

U. Manchester

Washington U.

Washington U.

CRPG-Nancy

CRPG-Nancy

Ibaraki U.

Ibaraki U.

Ibaraki U.

Ibaraki U.

Ibaraki U.

Ibaraki U.

Ibaraki U.

Ibaraki U.

TITEC/

JAMSTEC

TITEC/
JAMSTEC

TITEC/
JAMSTEC

I-Xe dating/
halogens

I-Xe dating/
halogens

Noble gas
Noble gas
Noble gas

Noble gas
/Nitrogen

Noble gas
/Nitrogen

NanoSIMS/
NAA/Ar-Ar

Noble gas
/Nitrogen

NanoSIMS/
NAA/Ar-Ar

NanoSIMS/
NAA/Ar-Ar

NanoSIMS/
NAA/Ar-Ar

NanoSIMS/
NAA/Ar-Ar

NanoSIMS/
NAA/Ar-Ar

Noble gas
/Nitrogen

Volatile
molecules

Volatile
molecules

Volatile
molecules

Pellet #13

Pellet #18

Fragment #18
Pellet #04
Pellet #21

Pellet #05

Pellet #22

Pellet #06

Pellet #07

Pellet #08

Pellet #11

Pellet #14

Pellet #19

Pellet #20

Pellet #23

Pellet #09

Pellet #16

Non-processed
particle



A0105-18 TITEC/ Volatile Non-processed

JAMSTEC molecules particle
A0105-19 UC Berkeley/ Cosmogenic Non-processed
KOPRI nuclides particle
A0105-20 UC Berkeley/ Cosmogenic Non-processed
KOPRI nuclides particle
C0106-09 UC Berkeley/ Cosmogenic Non-processed
KOPRI nuclides particle
C0106-10 UC Berkeley/ Cosmogenic Non-processed
KOPRI nuclides particle
C0106-11 UC Berkeley/ Cosmogenic Non-processed
KOPRI nuclides particle

*Nominal mass. See section SOM — Noble gas and nitrogen analyses — at ETH for details.
**Sample masses for Manchester samples were estimated from grain diameters measured
photographically by assuming grains were spherical adopting a density of 1.8 g/cm? (/7). “P”
and “F” in the parentheses following each sample name denote “pelletized” and “fragmented”
samples, respectively.



Table S2. Noble gas compositions of the Ryugu pellet samples.

4

22

36

Sample&Temp. He  ’He/'He Ne _ *’Ne/“Ne *'Ne/Ne Ar A Ar YA Ar Kr Xe

Kyushu Univ. data

A0105-01(P) [0.1104 mg]

100 °C 2.13E-05 N gggg;g 1.91E-08 N (9);1; N g(l)?Z) 1.88E-07 N g(l)gi; N 2;é 7.53E-09 9.14E-09

200 °C 7.32E-06 N ggggg;g 5.87E-09 N lgzi N gg?i 1.14E-07 N géggi N 3;? 1.14E-09 6.77E-10

900 °C 5.02E-05 N ggggg(l);i 2.22E-08 N (9)23 N 88(5)421; 3.64E-07 N 8(1)(9)2(5) N E (5)(2’2; 3.69E-09 3.62E-09

1800 °C 3.97E-05 N ggggéfg 2.42E-08 N g;z N ggéig 1.34E-06 N gégig N é;i 1.72E-08 2.20E-08

Total 1.19E-04 N gggggif 7.14E-08 N 3(1);1 N gggzz 2.01E-06 N géggz N (5);3 2.96E-08 3.54E-08

A0105-06(F) [0.0070 mg]

200 °C 7.14E-04 N gggg;}i 5.50E-07 N 1(2]32 N ggg;g 5.83E-07 N g(l)gg}‘ N 3:; 8.42E-09 4.14E-09

1800 °C 3.80E-04 N 883(0)(3):2 2.18E-07 N l(l)gg N ggg;i 2.36E-06 N 8(1)346;2 N 123 2.16E-08 2.11E-08

Total 1.09E-03 N gggggggz 7.68E-07 N légg N 8332(7) 2.94E-06 N g(l)g(;; N 2(7);‘ 3.00E-08 2.52E-08

A0105-08(F) [0.0035 mg]

200 °C 4.75E-05 N ggggggz 3.72E-08 N lji N 8(1)2471 2.50E-07 N géfgz N E 9;2; 2.48E-09 7.52E-09

1500 - soomas DM gqopan 92 000 e 0N U7 gy s

Total 1.37E-04 N ggggg;g 8.32E-08 N 1(1)2 N géi; 1.73E-06 N 8(1]21;2 N E 8(2)3; 2.07E-08 2.63E-08

A0105-10(P) [0.0968 mg]

100 °C 4.41E-05 N ggggg?z 3.37E-08 N 13?2 N 8(1)411(1) 1.57E-07 N gégig N 14(5):; 1.12E-08 4.84E-09

200 °C 1.01E-05 N ggggg;i 7.58E-09 N l(l)zz N gg?ﬁ 6.30E-08 N gégg N 5‘;3 1.11E-09 3.20E-10
. 9. . .19 .

900 °C 6.34E-05 N gggg;gég 3.59E-08 N Oii N gggzi 3.78E-07 N géOiT N 3;;‘ 6.28E-09 3.19E-09

1800 °C 3.17E-05 N ggggg?;‘ 1.56E-08 N zz; N g(l)}? 1.01E-06 N gégig N TZ 1.65E-08 1.75E-08

Total 1.49E-04 N ggggggé; 9.28E-08 N lgg N gggi 1.61E-06 N géigz N 2(1);1 3.51E-08 2.59E-08

A0105-10(F) [0.0163 mg]

200 °C 6.82E-05 N ggggg;g 4.47E-08 N l(l]fé N g(l)g;;é 1.78E-07 N gégi; N 3 3.76E-09 3.55E-09

600 °C N ggggi; 2.16E-09

1800 °C 8.08E-05 N ggggéz 4.20E-08 N gg; N ggé;‘g 1.15E-06 N gég?; N E 2??; 1.42E-08 1.06E-08

Total 1.50E-04 N gggggﬁ 8.67E-08 N 18;‘3 N ggg:z 1.33E-06 N gégié N 3(1); 1.80E-08 1.42E-08

T o P L Jiae UEUEE e TBE W0 e s

A0105-11(F) [0.0395 mg]

200 °C 6.93E-05 N gggggfz 5.56E-08 N léig N g(l)(S);Z 2.85E-07 N géggg N 3(3)22 5.96E-09 5.78E-09

1800 °C 1.01E-04 N gggggfz 5.16E-08 N 3(1)3 N ggg;z 1.38E-06 N gégg N ;3 1.73E-08 1.97E-08

Total L0E04 o0 roeor N0 DO ereos 00 S 233808 255808
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(Table S2 continued)

4, 36

84

Sample&Temp. He  ’He/'He “Ne  *Ne/"Ne *'Ne/Ne Ar A Ar YA Ar Kr Xe
Kyushu Univ. data
A0105-14(F) [0.0057 mg|
200 °C 2.52E-05 N ggggg?; 2.44E-08 N Zg N 8(2)2: 2.24E-07 N g(l)?gg N E 823; 3.07E-09 5.74E-09
1800 °C 6.35E-05 N ggggégg 2.82E-08 N l(z)i N gg;: 1.03E-06 N gégé N E 63;; 1.30E-08 7.55E-09
Total 8.87E-05 N ggggggg 5.26E-08 N ?g N g(l);g 1.25E-06 N géi;l) N E 723; 1.61E-08 1.33E-08
A0105-15(P) [0.1487 mg|
100 °C 4.03E-03 N ggggg?g 4.06E-06 N 1382}‘ N 83(3):7‘2 1.84E-06 N g(l)ggé N 14:2 1.16E-08 6.52E-09
200 °C 8.51E-04 N 8888(3){1;3 2.81E-06 N 1(2)?2 . 88(3);1 1.22E-06 N g(l)gzg N (7)22 3.14E-09 8.32E-10
o0 -c prspar OO0 ypeo 2T 00T g OO0 09 n g
1800 °C 5.76E-05 N ggggéggi 1.76E-07 N 1(1)1(6) N gggg;g 2.25E-06 N géggg N (l)i; 1.91E-08 1.89E-08
Total 5.71E-03 igggggg; 1.24E-05 N lég; igggég 1.42E-05 N gégzg N (3):3 4.62E-08 2.99E-08
A0105-15(F) [0.0035 mg|
200 °C 3.18E-03 N ggggg?g 4.62E-06 N 1332 N gggi 2.44E-06 N géggz N E lggg 5.50E-09 6.26E-09
1800 °C 6.56E-04 N ggggégg 5.41E-06 N 1(2)4112 . 88(3)3 8.89E-06 N g(l)gi N E 1(7)38; 2.08E-08 1.94E-08
Total 3.84E-03 N gggggggz 1.00E-05 N 133(6)‘7) N ggéﬁ 1.13E-05 N 8(1)(2;52 ig 1(7)(5)2; 2.63E-08 2.57E-08
neghted wverge 5% pooooorr VB9 L 008 oopes V405 Lgoppe o o) 4SSEOR 29808
C0106-03(F) [0.0032 mg|
e oee OB e 230 aawe DNR g
1800 °C 1.47E-04 N ggggé?g 1.00E-07 N li; N ggié 1.65E-06 N gégé N E 8;;; 1.80E-08 1.96E-08
Total 2.50E-04 iggggg?é 1.65E-07 N l(l)fé iggﬁ(l) 1.87E-06 N 8(1)323 N 9;; 1.80E-08 2.28E-08
C0106-04(F) [0.0028 mg|
200 °C 5.67E-05 N ggggggg 4.94E-08 N 112 N ggg}) 2.72E-07 N gg?g; N E 12(5)23 1.59E-08 4.49E-09
woceasieas O ipe 00 000 g D0 (U89 g sy
Total 1.32E-04 N ggggg;; 8.05E-08 N lié N gggg 1.35E-06 N gégzg iE 11?2 2.97E-08 2.23E-08
C0106-8(P) [0.1020 mg]
200 °C 3.85E-05 N gggggiz 3.25E-08 N g;i N g(l)giz 3.56E-07 N gégi; N 163:? 1.44E-08 4.83E-09
1800 °C 8.49E-05 N 8888(3)(3); 4.65E-08 N zﬁ N 88(6)471(7) 1.55E-06 N g(l)zg N ITZ 3.25E-08 2.04E-08
Total 1.23E-04 N ggggggg 7.90E-08 N g?; N 8(1)(1)(3)1 1.91E-06 N gégg; N 4?3 4.69E-08 2.52E-08
(Table S2 continued)
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4.

22

36 84 132

Sample He ‘He/'He Ne  “Ne/’Ne  *'Ne/’Ne Ar ParAr "ArAr Kr Xe
CRPG-Nancy data
A0105-05 [0.140mg]
Total 1.70E04 g:gggg‘g 9.09E-08 lg:?g . g:ggfg 1L46E-06 g:éﬁgﬂ: . (3):(5)‘7‘3 1.40E-08 1.70E-08
C0106-06 [0.168mg]
Tou 9B oo 4 oo B L goom - 039
Sample&Temp. ‘He  “He/'He “Ne  *Ne/*Ne  *'Ne/”Ne Sar ParAr “ArSAr Ykr  "Xe
ETH data
A0105-02 [0.1589 mg]
Step-1 LOSE-04 g:ggggi’g 6.07E-08 z:zg . g:(l)gig L74E-06 g:éﬁﬁ‘;g . gég 1.83B-08 1.92E-08
Step-2 nd. 1.48E-00 1;:; . g:gjﬁj 383607 gégfg . l(l):ig 3.78E-09 5.62E-09
Step-3 nd. 1.83E-09 ?12 . g:gzgg 6.70B-09 g:éig . lg 4.40B-10 2.20E-10
Total LOSE-04 g:ggggig 6.40E-08 g:?; . g:(l)gg; 213806 gjégﬁzg . g:;g 2.25E-08 2.50E-08
C0106-01 [0.1 mg]
Step-1 43705 g:ggggig 2.66E-08 2:3 . g:gz;g LOSE-06 gjéﬁfg . 1‘1‘:; 1.29E-08 1.47E-08
Step-2 nd. 243E-09 23 LISE-08 g:éig . 12;2 1.44B-10 1.60E-10
Total 43705 g:ggggig 2.90E-08 ?:; . g:ggﬁ LI0E-06 gjég?z . Ii; 1.31B-08 1.48E-08
Murchison [0.0632 mg]
Step-1 63SE-05 g:gggggg 5.08E-08 ?:g . 8:(2)13 LIIE-06 g:éﬁig . izg 1.12B-08 1.35E-08
Step-2 nd. L79E-08 g:;(l) . g:gég 4.19E-08 g:égzi . lﬁgg 4.27B-10 4.70E-10
Total 63SE-05 g:gggggg 6.86E-08 g:gé . 8:(2);‘5‘ LISE-06 g:éﬁzg . ‘1‘:3 1.16E-08 1.40E-08
Sample ‘He *He/'He “Ne “Ne/’Ne *'Ne/*’Ne *Ar SarAr YArfAr YK 2Xe
Washington U. data
A0105-04 [0.1729 mg]
Total LI6E-04 8:883?5 7T12E-08 3:32 8:23; LE4E06 g:éggg 319  224E-08 2.31E-08
C0106-05 [0.0817 mg]

. . 0. .
Total 1L97E-04 8_888‘2‘4 1.23E-07 giz . o_ggg 203B06 g_(l)gﬁi 513 349E-08 3.15E-08

(Table S2 continued)
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Sample&Temp. ke PreMkr Yketxr PxieMkr . Pk KoM 'Kr
Kyushu Univ. data
A0105-01(P) [0.1104 mg]
100 TSE0 (000 . oo0ss  soots  ools  +o00
200 C LME® 000 L G0l o0 sooh = oom
900 °C OB (050 oot s0017 ool + 00
1500 °C LPE0S 00 L Gonso - ooors  « o008t = 0ole
Toul 296508 (000 L 00 s 0006 < 00067 s o0l
A0105-06(F) [0.0070 mg]
200 C BB (U0 0o so010 =008+ o0os
1500 °C 2U6E08 (000 4 ooim s 000 s0085 s oo
ol OB L U001 oole  s00% 00t +oom
A0105-08(F) [0.0035 mg]
200 C 24509 OOD L oma s 008 = 00%) - (006h
1500 °C LRS00 L oame oo .o - ooel
ol 20708, (6 . oms  so00 =00 +ooss
A0105-10(P) [0.0968 mg]
100 LIEOS 0 L gole ool oo < 00ls
200 °C LIE® (000 o0 soom  soos = oo
5
90 C 0B/ (UL 00l soms  =ome  + oo
1500 °C LOSEOS (0 4 0005t s 0oose s 001+ o0
Tonl SIS L (000 L ooosy s 000m =000+ ool
A0105-10(F) [0.0163 mg]
e w0070 o o o
600 °C 0.00E+00
1500 °C LS 005 L conse oo sowe oo
Tou LROEOS (0% o ooors s ooos  somd  + o0
A0105-10 3o6p0g 00091 0.0327 0.1961 0.2005 0.3068
weighted average +0.0024 0.0033 =+ 0.0072 __+ 0.0079 0.0104
A0105-11(F) [0.0395 mg]
200 C SOE09 Uk ooy soms oo+ o0
1500 °C LPEOS 000 s oo oo <00 =00
ol 23808 0000 4 cooes 50010 50013 %0000
(Table S2 continued)
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Sample& Temp. Y&ir PRet'kr YKeMkr PxeMKr PReMKe S Kr
Kyushu Univ. data
A0105-14(F) [0.0057 mg]
200 °C SO L (0 Loy soms  son =0
1500 °C L30B08 0000 L 0on  o0%6  s0090 =000
Tou LOIEOS 00 Lot oo soom = oow
A0105-15(P) [0.1487 mg|
to0-c LIGEOS (00 Goos 004 =001+ 00008
200 °C SMEO LU0l L ooss =006 o006 = o00m
500 °C L2080 L Gool ool 0010 = 0008
1500 - LOIE0S 000 Goole - 0009+ 00064 = 00090
Tou 4505, hntte - ooole s 0006+ 0o0% = o00s
A0105-15(F) [0.0035 mg|
200 °C 5 50F-09 LoD o0 oo <ot
1500 °C 20808 00005 a0y soos s o0
Tou 26805 L 00 ools  so00e oo oo
A0105-15 4 sgp.og 000708 0.03711 0.19732  0.19489 0.31545
weighted average + 0.00088 + 0.00161 + 0.00644 £+ 0.00495 + 0.00594
C0106-03(F) [0.0032 mg]|
200 °C
1500 °C LSOEOS 00 ooy o0 soo =008
Tou L0800 L 0em o0 soom - oom
C0106-04(F) [0.0028 mg]|
200 °C LOEOS 00T Lo o1 o0 =00
1500 °C IE0S L 0% om0t soim  som
Tou 29708 L 000 o0 som0  soom  son
C0106-8(P) [0.1020 mg|
200 °C LUEOS 00 om0 <00 =00
1500 °C S2E08 0001 . ooss = oot s o000 = ool
Tou $OB05 L (0l oooss s 000 s oooee = ool
(Table S2 continued)
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Sample MK K Kr O Kr 2P Kr B Kr SR Kr
CRPG-Nancy data
A0105-05 [0.140 mg]
0.00629 0.04013 0.2034 0.2035 0.3078
Total LAOE-08 00015 + 0.00042 < 0.0015 + 0.0011  + 0.0019
Sample&Temp.  *Kr PReMKr YKefKr PKeMKre PReMkr PKeMKr
ETH data
A0105-02 [0.1589 mg]
oo Lg3pog | 0:00274 0.0384 0.2082 0.1976 0.3120
p 3 + 0.00057 + 0.0011 + 0.0033 + 0.0042 + 0.0038
0.0405 0.2082 0.193 0.321
step-2 3.78E-09 £ 0.0022  + 00085 + 0.008 £ 0.011
0.043 0.199 0.2454 0.240
step-3 4.40E-10 £ 0.012 £ 0.037 £ 0.0342  + 0.055
0.00274 0.0388 0.2080 0.1978 0.3120
Total 225808 700057+ 0.0010  + 0.0031  + 0.0038 < 0.0038
C0106-01 [0.1 mg]
0.00579 0.0357 0.1972 0.1986 0.3025
step-1 129E-08 000074 + 0.0020 < 0.0053 £ 0.0059 < 0.0057
step-2 1.44E-10 . g§§ gg;
0.00579 0.0357 0.2007 0.1986 0.3037
Total L3TE-08 000074  + 00020 < 0.0062 + 0.005  + 0.0063
Murchison [0.0632 mg]
0.0037 0.0394 0.2092 0.1945 0.3239
step-1 LI2E-08 00015 + 00027 = 00078  + 00092  + 0.0075
0.039 0.238 0.150 0.300
step-2 4.27E-10 L0030 4 0085 4 0.094 £ 0.095
0.0037 0.0394 0.2092 0.1945 0.3239
Total LI6E-08 0015 + 00027 < 0.0078  + 0.0092  + 0.0075
Sample 84Kr 78Kr/84Kr 80Kr/84 82Kr/84 83Kr/84Kr 86Kr/84Kr
Washington U. data
A0105-04 [0.1729 mg|
Totd 5 24E.08  <000gs 00400 0.2036 0.2007 03074
+ 0.0005 + 00015  + 00011 + 00016
C0106-05 [0.0817 mg|
Total 349508 <0.0074 00399 0.2034 0.20083 03067
+ 0.0005 +£ 00011 = 000083 = 0.0015
(Table S2 continued)
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Sample&Tem p. 132)(e 124xe/l32xe 126Xe/132Xe 128)(e/132)(e 129Xe/132)(e l}ﬂxe/lllxe 151)(e/132)(e 134)(e 32Xe 136)(e/l32)(e
Kyushu Univ. data
A0105-01(P) [0.1104 mg]
100°C 0 14E-09 0.0040 0.0039 0.0761 1.036 0.1565 0.811 0.379 0.3211
+ 0.0013 + 0.0013 + 0.0077 0.022 + 0.0051 0.021 + 0.014 + 0.0093
200°C 677E-10 0.0049 0.0068 0.0880 1.0340 0.1641 0.8084 0.3867 0.3215
+ 0.0038 + 0.0078 + 0.0227 0.0837 + 0.0190 0.0663 + 0.0282 + 0.0206
0.0031 0.0042 0.07711 1.072 0.1642 0.822 0.3688 0.3065
o =
900°C 3.62E-09 + 0.0012 + 0.0013 + 0.00651 0.038 + 0.0116 0.031 + 0.0169 + 0.0119
1800 °C 5 20E-08 0.00272 0.00390 0.0808 1.050 0.1642 0.824 0.3744 0.3123
) + 0.00094 + 0.00095 + 0.0034 0.012 + 0.0028 0.012 + 0.0051 + 0.0068
Total 3 54F-08 0.00313 0.00399 0.0793 1.0485 0.1622 0.8203 0.3754 0.3142
o ) + 0.00069 + 0.00070 + 0.0030 0.0102 + 0.0025 0.0096 + 0.0051 + 0.0050
A0105-06(F) [0.0070 mg]
o 0.0142 0.022 0.077 1.08 0.182 0.819 0.380 0.309
200°¢ 4 14E-09 + 0.0087 + 0.022 + 0.043 0.14 + 0.047 0.078 + 0.059 + 0.064
0.0093 0.0063 0.091 1.055 0.171 0.822 0.402 0.304
1800 °C 2 11E-08 + 0.0059 + 0.0037 + 0.019 0.064 + 0.012 0.037 + 0.020 + 0.021
0.0101 0.0088 0.0884 1.059 0.1730 0.821 0.398 0.305
Total 252E-08 + 0.0052 + 0.0047 + 0.0176 0.058 + 0.0124 0.034 + 0.019 + 0.020
A0105-08(F) [0.0035 mg|
0.0142 0.022 0.077 1.08 0.182 0.819 0.380 0.309
200 © 7.52E-09 ! ! : : ! ! : !
¢ + 0.0088 + 0.022 + 0.044 0.14 + 0.047 0.078 + 0.060 + 0.064
o 0.0123 0.0050 0.080 1.112 0.180 0.828 0.369 0.310
1800 °C 1.83E-08 + 0.0080 + 0.0075 + 0.023 0.068 + 0.017 0.094 + 0.042 + 0.043
0.0128 0.0098 0.0788 1.102 0.1803 0.825 0.372 0.310
Total 2.63E-08 ! ! : ) ! ! : !
ota + 0.0062 + 0.0082 + 0.0208 0.063 + 0.0183 0.071 + 0.035 + 0.036
A0105-10(P) [0.0968 mg]
0.0016 0.0023 0.0683 0.955 0.1499 0.792 0.379 0.322
o -
100°C 4.84E-09 + 0.0013 + 0.0018 + 0.0090 0.045 + 0.0075 0.020 + 0.033 + 0.024
o 0.022 0.0057 0.074 0.827 0.158 0.813 0.369 0.306
200°C 3.20E-10 + 0.020 + 0.0074 + 0.033 0.207 + 0.014 0.031 + 0.050 + 0.038
900 °C 3 19E-09 0.0131 0.0084 0.088 1.079 0.166 0.825 0.360 0.299
+ 0.0037 + 0.0035 + 0.019 0.084 + 0.026 0.061 + 0.043 + 0.034
1800 °C 1 75E-08 0.00189 0.0038 0.0815 1.072 0.1648 0.820 0.3753 0.3113
+ 0.00082 + 0.0012 + 0.0038 0.017 + 0.0045 0.017 + 0.0091 + 0.0074
Total 5 59F-08 0.00347 0.00411 0.0797 1.048 0.1621 0.815 0.374 0.3116
) + 0.00080 + 0.00098 + 0.0039 0.018 + 0.0046 0.014 + 0.010 + 0.0080
A0105-10(F) [0.0163 mg|
0.0102 0.0073 0.0715 0.990 0.151 0.78 0.383 0.317
200 ° 3.55E-09 : : : . : ! . '
¢ + 0.0086 + 0.0042 + 0.0080 0.081 + 0.040 0.10 + 0.021 + 0.018
600 °C 0.00E+00
0.0022 0.0027 0.0781 1.032 0.1625 0.834 0.369 0.295
1800 °C 1.06E-08 + 0.0018 + 0.0013 + 0.0094 0.057 + 0.0030 0.033 + 0.016 + 0.013
0.0042 0.0039 0.0765 1.022 0.160 0.821 0.373 0.301
Total 1.42E-08 + 0.0026 + 0.0014 + 0.0073 0.047 + 0.010 0.036 + 0.013 + 0.011
A0105-10 5 42F-08 0.00357 0.00408 0.0793 1.044 0.1617 0.816 0.3739 0.3100
weighted average + 0.00078 + 0.00086 + 0.0035 0.017 + 0.0042 0.013 + 0.0089 + 0.0070
A0105-11(F) [0.0395 mg|
0.069 0.995 0.1531 0.798 0.384 0.328
200 ° 5.78E-09
¢ + 0.010 0.030 + 0.0059 0.052 + 0.017 + 0.026
0.0022 0.0041 0.0826 1.055 0.1615 0.838 0.374 0.317
1800 © 1.97E-08 ! ! : ) ! ! : !
C + 0.0015 + 0.0024 + 0.0044 0.023 + 0.0052 0.024 + 0.011 + 0.011
0.0022 0.0041 0.0795 1.041 0.1596 0.829 0.3761 0.319
Total 2.55E-08 ' ' . ! ! ’
ota + 0.0015 + 0.0024 + 0.0041 0.019 + 0.0042 0.022 + 0.0090 + 0.010
(Table S2 continued)
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Sample&Temp. lSZXe lZJXe/ISZXe IZGXe/ISZXe lZSXe/ISZ g 12‘)Xe/132Xe 130Xe/132Xe lSlXell.‘»ZXe lSJXe/I.‘»ZXe ISGXe/ISZXe
Kyushu Univ. data
A0105-14(F) [0.0057 mg]
N 0.013 0.0073 0.084 1.06 0.170 0.84 0.373 0.299
200°C STAED L gon + 0.0073 + 0.018 £ 015 + 0.040 + 012 + 0.033 + 0.052
0.076 0.830 0.158 0.824 0.372 0.346
° -
1800°°C 7.35E-09 + 0.022 £ 0075 £ 0013 + 0.063 + 0.024 + 0.030
Total 33508 0013 0.0073 0.079 0.930 0.164 0.831 0.372 0.326
) £ 0011 + 0.0073 + 0.015 £ 0077 + 0.019 + 0.065 + 0.020 + 0.028
A0105-15(P) [0.1487 mg]
100°C 652500 000242 0.0042 0.0741 1.028 0.1580 0.823 0.374 0312
£ 000073 = 0.0016 + 0.0044 + 0021 + 0.0048 + 0.016 + 0013 + 0011
o 0.0079 0.0035 0.088 1.034 0.164 0.808 0.387 0322
200°C 8.32E-10° 5 0oss + 0.0027 + 0.023 + 0.084 + 0.019 + 0.066 + 0.028 + 0.021
N 0.0066 0.0068 0.1016 1.366 0.1890 0.949 0.372 0311
900°C 3.63E-09 () 0031 + 0.0039 + 0.0078 + 0.036 + 0.0089 + 0.030 + 0.022 + 0.029
2
1800 °C Lsopog  0-00185 0.00323 0.0801 1.098 0.1645 0.827 0.3689 0.295
+ 000054 £ 0.00063  + 0.0030 + 0016 + 0.0036 + 0017 + 0.0057 + 0011
Total 2oop.0g 000273 0.00388 0.0816 1.114 0.1660 0.840 0.3709 0.3017
+ 0.00056 & 0.00071  + 0.0024 + 0012 + 0.0028 + 0.012 + 0.0054 + 0.0083
A0105-15(F) [0.0035 mg]
0.099 0.88 0.150 0.783 0.398 0357
o -09
200°C 6.26E-0 + 0.026 £ 013 + 0.008 + 0.091 + 0.033 + 0019
0.0113 0.0029 0.094 1.17 0.168 0.833 0.391 0.286
© -
1800 °C LO4E08 ) oo + 0.0033 + 0.011 £ 011 £ 0.040 + 0.090 + 0.017 + 0.033
0.0113 0.0029 0.095 1.097 0.164 0.821 0.393 0.303
Total 25TE08 o7 + 0.0033 + 0.011 + 0.087 + 0.031 + 0072 + 0015 + 0.025
A0105-15 2ogEog 000292 0.00386 0.0819 1.113 0.1660 0.840 0.3714 0.3017
weighted average ) + 0.00057 + 0.00070 £ 0.0024 + 0.012 + 0.0028 + 0.012 + 0.0053 + 0.0082
C0106-03(F) [0.0032 mg]
o 0.083 1.07 0.165 0.804 0.394 0.309
200°C 3.20E-09 + 0.040 + 018 + 0.051 + 0.176 + 0.061 + 0.099
N 0.0100 0.0018 0.081 1.108 0.174 0.831 0.394 0315
1800°C L9GE-08 ) hogs + 0.0076 + 0.023 + 0122 £ 0027 + 0.081 + 0.059 + 0.030
0.0100 0.0018 0.081 1.10 0.173 0.827 0.394 0314
Total 228E-08 ) 0085 + 0.0076 + 0.020 + 0.11 + 0.024 + 0.074 + 0.051 £ 0.029
C0106-04(F) [0.0028 mg]
N 0.0133 0.026 0.071 0.88 0.164 0.835 0.343 0.303
200°C 44909 (0173 + 0015 + 0.041 + 0.14 + 0.027 + 0.149 + 0.021 + 0.030
0.0154 0.0050 0.100 1.063 0.180 0.838 0.377 0310
© -
1800 °C L78E-08 ) o121 + 0.0057 + 0.032 + 0.089 £ 0016 + 0.107 + 0.039 + 0.034
0.015 0.0093 0.094 1.025 0.177 0.837 0.370 0.309
Total 223E08 | ho10 + 0.0054 + 0.027 + 0.076 £ 0014 + 0.091 + 0.032 + 0.027
C0106-8(P) [0.1020 mg]
200°C 48300 000199 0.0044 0.0669 0.980 0.1531 0.790 0.3780 0.327
£ 000132 = 0.0019 + 0.0071 + 0.042 + 0.0094 + 0.028 + 0.0097 + 0016
5 A
1800 °C > oap0g 000156 0.00291 0.0761 1320 0.1602 0.817 0.3831 03188
+ 000062  + 0.00056  + 0.0040 £ 0.030 + 0.0035 + 0.014 + 0.0071 + 0.0053
0.00165 0.00319 0.0743 1.255 0.1588 0.812 0.3821 0.3203
Total 2.52E-08
+ 0.00056 & 0.00059  + 0.0035 + 0.025 + 0.0034 + 0013 + 0.0061 + 0.0053
Sample 132)(e lZ-lXe/lSZXe 126X€/132Xe 128)(e/132)(e 129)(e/l32)(e l}l)Xe/ISZXe ISIXC/ISZXC 134Xe/132Xe 1.’»6)(6/132)(e
CRPG-Nancy data
A0105-05 [0.140 mg]
Total L70p.0g 0004558 0.004032  0.08344 1.0672 0.1614 0.8240 0.3863 0.3267
) + 0.000090 + 0.000085 =+ 0.00083 =+ 0.0078 + 0.0014 + 0.0050 + 0.0031 + 0.0026
(Table S2 continued)
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132.

132.

12

132

132,

132

134 132

132,

Sample & Temp. Xe  Xxe/Xe  xe/Xe  *xe/Xe  Xe/Xe  “'Xe/Xe  “'Xe/Xe  'Xe'Xe  “*XesXe
ETH data
A0105-02 [0.1589 mg]
el Loop.og 000486 0.00405 0.0800 1.0457 0.1602 0.8080 0.3853 0.3279
P : +0.00021 + 000027 + 0.0014 + 00056 + 0.0020 + 0.0044  + 0.0032  + 0.0025
send seamoo 000548 0.00464 0.0830 1.062 0.1681 0.8224 0.3798 0.3270
P : + 0.00054 + 000054 + 0.0021 + 0.012  + 00031 + 0008  + 0.0047 + 0.0052
0.0033 0.049 0.86 0.147 0.674 0.431 0.265
step-3 2.208-10 o3 + 0017+ 0.10 £ 0.034 + 0.076 + 0.060 + 0.059
Total 5 sop.og 000499 0.00415 0.0804 1.0477 0.1618 0.8100 0.3845 03271
‘ £ 0.00021  + 0.00024 + 0.0012  + 0.0052  + 0.0017  + 0.0039  + 0.0027 _ + 0.0023
C0106-01 [0.1 mg]
ool Lamog  0-00467 0.00392 0.0806 1.030 0.1566 0.817 0.3819 0.3289
P : £ 000032 + 000033 + 00016 + 0012 = 00030 + 0010  + 00057 + 0.0049
0.95 0.78 0.20 0.25
step-2 1.60E-10 £ 037 £ 027 + 013 £ 011
Total Laspog 000467 0.00392 0.0806 1.030 0.1566 0.817 0.3800 0.3280
: £ 000032 + 000033 + 00016 + 0013 = 00030 _+ 0010 _ + 0.0059 _ £ 0.0050
Murchison [0.0632 mg]
ool Laspog | 0-00427 0.00434 0.0784 1.065 0.1594 0.812 0.3788 0.3282
P : +0.00043 + 000055 + 0.0029 + 0019  + 00037 + 0013  + 0.0065 + 0.0066
0.094 113 0216 0.91 0.429 0.386
step-2 4.70E-10 + 0024 015 £ 0.045 +0.14 + 0070+ 0.066
Totl | aomog 000427 0.00434 0.0789 1.067 0.1613 0.815 0.3804 0.3302
: + 0.00043  + 0.00055 + 0.0029 + 0019  + 00038 + 0013  + 00067 + 0.0067
Sample 132)(e 124)(e/132)(e 126>(e/132)(e lZSXe/ISZXe 129)(e/132)(e ISOYC/ISZXC 131Xe/132Xe 134Xe/132Xe ISGXC/ISZXC
Washington U. data
A0105-04 [0.1729 mg|
Total 23imog 000450 0.00399 0.0796 1.0620 0.1609 0.8126 03817 03212
+ 000007 + 000007 400006 +00019  + 00006 +00019 +00010 00010
C0106-05 [0.0817 mg]
Total 3 ispog 000444 0.00378 0.0797 1.0365 0.1586 0.8093 03809 03231
: £0.00009 +000010  +00005 +00023  +00007 =00019 +00018  =0.0013
Sample Welght ("g) lSZXe 12-|Xe/132Xe lZGXe/IHXe lZBXe/ISZXe nge/BZXe ll"rl}}(e/l:il)(e 131Xe/132Xe lS-IXe/ISZXe 136Xe1132Xe
U. Manchester data
0.0005 0.00714 0.082 1.104 0.1834 0.830 03873 03218
A0105-03 0.6 3TE-09 (075 4 000634 & 0012 £ 0034 £ 00131 £ 0029 £ 00183 £ 00153
0.0042 0.00437 0.0826 1.0853 0.1644 0816 0.3832 0.3245
AOI03-12 27 S3B09 G010 4 0.00098 & 00025 £ 00093 £ 00030 £ 0008 & 0.0048 - 00042
0.00433 0.00404 0.08327 1.0498 0.1639 0825 0.3879 03235
C0106-02 115 12B-08 00030 & 0.00026 £ 0.00077 < 00032+ 00010+ 0003 + 00016 < 00014

Concentrations are given in cm*STP/g, and their uncertainties (16) are ~10%. Values in

parentheses are not corrected for blank gas. The sample mass of C0106-01 is tentatively assumed

to be 0.1 mg. Errors are 1o.
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Table S3. Bulk nitrogen compositions of the Ryugu pellet samples.

Sample N (ppm) §"N (%0) Laboratory
A0105-07 700 + 10 + 1.7 £ 0.5 Ibaraki U.
C0106-07 840 + 5 0.0 £ 0.4 Ibaraki U.
A0105-05 890 + 20 +18.1 £ 0.9 CRPG-Nancy
C0106-06 860 + 10 +19.5 £ 0.9 CRPG-Nancy

The presented errors are 1c.
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Table S4. Estimated concentrations of cosmogenic 2'Ne and trapped *’Ne in the Ryugu

samples.
Sample & Temp. model 1 model 2
A0105-01(P) cosm-'Ne SW-"Ne PI-Ne  HL-"Ne G-"Ne |cosm-'Ne SW-"Ne P1-'Ne HL-Ne G-'Ne
100 °C 32 135 45 33 87 93
200 °C 0.4 47 17 04 29 36
900 °C 0.5 151 63 0.5 151 63
1800 °C 0.4 181 0.6 0.4 181 0.6
Total 4.5 182 332 125 0.6 46 115 461 63 0.6
Sample & Temp. model 1 model 2
A0105-10(P) cosm-'Ne SW-"Ne PI1-’Ne HL-'Ne G-"Ne [cosm-'Ne SW-"Ne PI-Ne HL-Ne G-"Ne
100 °C 38 298 63 38 230 131
200 °C 0.51 73 14 0.52 58 29
900 °C 0.49 206 136 0.49 206 136
1800 °C 1.4 142 5 1.39 142 5
Total 6.1 371 348 218 6.2 289 507 141
Sample & Temp. model 1 model 2
A0105-15(P) cosm—'Ne SW-'Ne PI-’Ne  HL-'Ne  G-'Ne |[cosm-'Ne SW-"Ne PI-Ne HL-Ne  G-'Ne
100 °C 42338 10572 12 52888 18
200 °C 28358 8048 1.17 36388 14
900 °C 49885 18566 6.57 68412 32
1800 °C 1.1 391 1561 1.6 1949 3
Total 1.1 120972 38748 10.5 159636 67
Sample & Temp. model 1 model 2
C0106-8(P) cosm-'Ne SW-"Ne  P1-Ne HLNe  G-Ne |cosm-"'Ne SW-"Ne PINe HL-Ne  G-“Ne
200 °C 48 57 240 4.7 181 116
1800 °C L6 80 315 L6 80 315
Total 6.4 57 319 315 6.3 181 30 430
Sample & Temp. model 1 model 2
A0105-06(F) cosm—'Ne SW-'Ne P1-’Ne  HL-Ne G'Ne | cosm'Ne SW-Ne P1-’Ne  HL-Ne G-"Ne
200 °C 24 6476 655 31 5774 1357
1800 °C 2.5 1857 681 33 1126 1411
Total 5.0 3333 1336 6.4 6900 2767
Sample & Temp. model 1 model 2
A0105-08(F) cosm-'Ne SW-"Ne P1-Ne HL-'Ne  G-"Ne |cosm-"'Ne SW-"Ne PI-Ne HL-’Ne  G-“Ne
200 °C 48 454 48 454
1800 °C 2.9 290 130 2.8 150 270
Total 7.7 454 290 130 7.6 604 270
Sample & Temp. model 1 model 2
A0105-10(F) cosm—'Ne SW-'Ne PI-’Ne  HL-’Ne  G-'Ne |[cosm-'Ne SW-"Ne PI-Ne HL-Ne  G-'Ne
200 °C 3.1 405 97 3.1 405 97
600 °C
1800 °C 404 0.35 0.1 403 1.0
Total 3.1 405 404 97 0.35 3.2 808 97 1.0
Sample & Temp. model 1 model 2
A0105-11(F) cosm—'Ne SW-'Ne PI-'Ne HL-'Ne  G-'Ne |cosm-'Ne SW-"Ne PI-'Ne HL-'Ne  G-'Ne
200 °C 6.9 573 47 6.9 573 47
1800 °C L5 203 261 1.4 105 359
Total 3.4 573 203 308 8.3 678 406
Sample & Temp. model 1 model 2
A0105-14(F) cosm-"'Ne SW-"Ne  P1-Ne HL-Ne  G-Ne |cosm-"'Ne SW-"Ne PI1-Ne HL-Ne  G-Ne
200 °C 43 68 120 43 68 120
1800 °C 1.4 24 264 1.2 161 128
Total 5.7 92 264 120 5.5 229 248
(Table S4 continued)
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Sample & Temp. model 1 model 2
A0105-15(F) cosm—'Ne SW-Ne  PI1-Ne  HL-"Ne G-'Ne | cosm-'Ne SW-"Ne P1-Ne HL-Ne G-'Ne
200 °C 38559 19484 37 58001 34
1800 °C 0.8 42927 24475 9.7 67350 4
Total 0.8 81485 43959 13 125350 76
Sample & Temp. model 1 model 2
C0106-03(F) cosm-"'Ne SW-"Ne P1-Ne HL-Ne  G-"Ne |cosm-"'Ne SW-"Ne PI-Ne HL-"Ne  G-Ne
200 °C 33 605 179 32 697 86
1800 °C 1.8 722 386 18 722 386
Total 5.1 1327 179 386 5.0 1419 472
Sample & Temp. model 1 model 2
C0106-04(F) cosm-—'Ne SW-"Ne PI-'Ne HL-'Ne  G-'Ne |cosm-'Ne SW-"Ne PI-'Ne HL-'Ne  G-"Ne
200 °C 2.6 348 224 2.5 464 108
1800 °C 1.9 221 108 1.9 221 108
Total 4.5 569 224 108 44 685 216
Sample & Temp. model 1 model 2
A0105-05 cosm-'Ne SW-"Ne P1-Ne HL-'Ne  G-"Ne |cosm-"'Ne SW-"Ne PI-Ne HL-Ne  G-“Ne
step-1 34 372 213 3.7 144 441
step-2 0.3 166 159 0.3 166 159
Total 3.7 372 166 372 3.9 144 607 159
Sample & Temp. model 1 model 2
C0106-06 cosm-'Ne SW-"Ne  P1-Ne HL-Ne  G-Ne |cosm-"'Ne SW-"Ne PI1-Ne HL-Ne  G-Ne
step-1 33 24 325 3.1 192 157
step-2 0.0 53 0.2 0.0 53 02
step-3 0.1 44 3 0.1 44 3
Total 34 24 369 56 0.2 3.3 192 44 213 0.2
Sample & Temp. model 1 model 2
A0105-02 cosm"'Ne SW-"Ne P1-Ne HLNe G-'Ne |cosm”'Ne SW-"Ne P1-Ne HL-Ne G-Ne
step-1 42 148 381 14 285 243
step-2 0.05 11 5 0.05 5 11
step-3 0.1 14 0.03 0.1 15 0.03
Total 44 159 14 386 0.03 45 5 311 243 0.03
Sample & Temp. model 1 model 2
C0106-01 cosm-'Ne SW-"Ne P1-Ne HL-'Ne  G-"Ne |cosm-"'Ne SW-"Ne PI-Ne HL-’Ne  G-"Ne
step-1 (1.6) (65) (169) (1.7) (126) (108)
step-2
Total (1.6) (65) (169) (1.7) (126) (108)
Sample & Temp. model 1 model 2
A0105-04 cosm-'Ne SW-"Ne P1-Ne HL-Ne  G-Ne |cosm-"'Ne SW-"Ne PI1-Ne HL-Ne  G-Ne
low temp. 3.9 335 135 4.0 190 280
high temp. 0.7 22 197 1.0 218 0.4
Total 4.6 335 22 332 5.0 190 498 04
Sample & Temp. model 1 model 2
C0106-05 cosm—'Ne SW-'Ne PI-’Ne  HL-'Ne  G-'Ne |cosm-'Ne SW-"Ne PI-Ne HL-Ne  G-'Ne
low temp. 2.7 405 304 3 78 631
high temp. 0.8 440 0.2 1.5 439 1
Total 35 405 744 0.2 45 78 1070 1

Concentrations are given in 10 cm3STP/g, and their uncertainties (1c) are ~10% (uncertainties
of end members’ compositions are not considered). Abundances of each component were
calculated by assuming a mixture of three components, one cosmogenic (cosm)-produced and
two trapped Ne components for each extraction step. Two models are shown because it is
difficult to determine the two trapped components appropriate. The concentrations of cosm->'Ne
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is less affected by the assumption of the trapped components. The values for C0106-01 in the
parentheses are preliminary because its sample weight is not determined yet (/3).
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