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ATMOSPHERIC SCIENCE

First asteroid gas sample delivered by the Hayabusa2
mission: A treasure box from Ryugu
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The Hayabusa2 spacecraft returned to Earth from the asteroid 162173 Ryugu on 6 December 2020. One day after
the recovery, the gas species retained in the sample container were extracted and measured on-site and stored in
gas collection bottles. The container gas consists of helium and neon with an extraterrestrial >He/*He and
2Ne/*Ne ratios, along with some contaminant terrestrial atmospheric gases. A mixture of solar and Earth’s atmo-
spheric gas is the best explanation for the container gas composition. Fragmentation of Ryugu grains within the
sample container is discussed on the basis of the estimated amount of indigenous He and the size distribution of
the recovered Ryugu grains. This is the first successful return of gas species from a near-Earth asteroid.

INTRODUCTION

Meteorites and cosmic dust provide extensive knowledge about the
origin and evolution of the Solar System, but they lack geological
information of the bodies where they come from and may have lost
vulnerable components/phases, such as volatiles, during their atmo-
spheric entry or after their fall to Earth. Recent advances in technology
[e.g., (1)] enable the return of extraterrestrial materials sampled by
robotic spacecraft. Some of these samples are now available and pro-
vide valuable geologic context, most notably specific information
regarding the recovery site. These sample-return missions also provide
the opportunity for studying previously unidentified materials that
may not be represented in existing meteorite/cosmic dust collections
worldwide. Last, if the reentry capsule brings the samples back from
space safely, it may be possible to minimize or even eliminate de-
tectable terrestrial contamination, weathering, destruction, and heating
effects, which can occur to/in meteorites and cosmic dust during their
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atmospheric entry and residence on Earth’s surface (2-6). During the
Hayabusa2 mission launched to the near-Earth asteroid (162173)
Ryugu in 2014 by the Japan Aerospace Exploration Agency (JAXA),
these effects were minimized by following protocols that include
careful environment monitoring (7, 8), starting with the spacecraft
assembly launch and efficient, quick, and clean handling of the sam-
ple container (9, 10) after the recovery. The sample container (made
of aluminum alloy, with dimensions of 120 mm in diameter and
130 mm in height) was equipped within the reentry capsule and has a
newly developed metal sealing system (11). The sample size collect-
able by the sampling system of Hayabusa2 is millimeters to centimeters
in diameter (10, 12). The metal sealing system was designed to pre-
serve any gas released from the solid samples by adding the gas sam-
pling interface [details of the system are described in (7, 11, 13, 14)]
to document the composition of volatiles degassed from the col-
lected samples. Lightly retained (i.e., low-temperature released) gases,
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such as presolar noble gases and solar wind (SW) (15, 16), re-
leased from the samples and captured by the sample container
provide valuable information on the volatile compositions and on
the physicochemical characteristics of the solid samples for C-type
asteroids.

Hayabusa2 arrived at Ryugu on 27 June 2018 and subsequently
carried out remote-sensing observations and deployments of rovers
(MINERVA-II1) and a lander (MASCOT) on the asteroid (17). The
first touchdown (TD) operation was carried out on 22 February 2019
to collect surface samples from the asteroid (9, 17, 18). After that,
the small carry-on impactor (SCI) (19) was deployed in April 2019
to perform an asteroid-scale impact experiment and excavate sub-
surface material for sample collection. The second TD took place on
9 to 11 July 2019 at the site 20 m north from the SCI-made crater
and permitted the collection of samples that were expected to in-
clude the impact ejecta (9, 17). Each of the samples collected was
stored separately in chambers A and C of the sample catcher for the
first and the second TD operations, respectively (13). After these
sampling operations, Hayabusa2 retracted the sample catcher inside
the reentry capsule, which was closed and sealed on 26 August 2019
(17). The spacecraft left Ryugu on 13 November 2019. The reentry
capsule landed on Earth on 6 December 2020 (9) and was recovered
from the Woomera Prohibited Area (WPA), South Australia. After
safety checks, the reentry capsule was transported back to a quick
look facility (QLF) constructed at the WPA. The sample container
was extracted from the reentry capsule at QLF. After cleaning its
exterior, the sample container was connected to the vacuum line of
the GAs Extraction and Analysis system (GAEA), which was devel-
oped to extract and measure volatile gases in the sample container
without exposure to the terrestrial atmosphere at QLF (13, 14). The
vacuum line of GAEA was evacuated overnight, and the gas in
the sample container was extracted and analyzed using the GAEA

(14). The major part (~80%) of the gas was stored in four gas bottles
fitted to the GAEA (Materials and Methods) before the online gas
analysis for further detailed analysis.

Here, we report the composition of the gas enclosed in the
Hayabusa2 sample container and subsequently analyzed on Earth
and discuss possible effects of destruction and heating that the Ryugu
samples might have experienced in-between sampling operation
and return to Earth. The information obtained from the gases will
lead to a better understanding of asteroid Ryugu, especially in com-
bination with results obtained from ongoing and future chemical
analyses of the solid samples returned from Ryugu. The results of
the solid sample analyses are presented elsewhere [e.g., (20)].

RESULTS

Thirty hours after atmospheric entry, the gas stored in the sample
container was equilibrated with the gas analysis line of GAEA
(Materials and Methods). The gas pressure of the container was im-
mediately measured with a Pirani gauge and found to be 68 Pa. This
container gas pressure was about two orders of magnitude lower
than the gas pressure inside the sample container returned from
S-type asteroid (25143) Itokawa by Hayabusa (~5000 Pa) (21I). The
gas inside the Hayabusa sample container was not exclusively extra-
terrestrial; it is likely that terrestrial atmosphere leaked into the
sample container (21). The gas pressure inside the Hayabusa2 sample
container demonstrates that the newly developed metal sealing system
worked more efficiently than the Hayabusa sample container, which
was sealed with double O-ring gaskets. In the Hayabusa2 metal
sealing system, the softer aluminum alloy part of the container lid
was pressed onto the inner edge (harder Al alloy) of the sample con-
tainer with a force of ~2700 N (7, 11). This metal sealing system was
evaluated under several situations during its development (11).
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Most of the gas was split into several metal bottles held at (i)
room temperature (bottles “NT1 to NT4”) and (ii) liquid nitrogen
temperature (bottles “CR1 and CR2”) for analyses in different labo-
ratories (Materials and Methods); the remaining fraction was ana-
lyzed on-site with a quadrupole mass spectrometer (QMS) attached
to the GAEA (14). The QMS measurement revealed that the ma-
jor species within the container gas were molecular hydrogen
[H,; mass/charge ratio (m/z) 2], helium-4 (*He; m/z 4), molecular nitro-
gen (N; m/z 28), and argon-40 (*° Ar; m/z 40) (Fig. 1). Subsequent
laboratory analyses (Materials and Methods) of the gas collected
in the gas bottles confirmed that the contribution from carbon
monoxide (CO) to the m/z 28 peak was negligibly small. The initial
QMS spectrum is similar to the terrestrial atmosphere composition
(22) in terms of high N, and *0Ar abundances but different in terms
of the large “He and small O, abundances. Clear signals from
CH,4 (m/z 16), NH3 (m/z 17), and CO, (m/z 44) were not observed
in the QMS spectra (Fig. 1); only a small amount of CH4 was detected
during the subsequent precise and more sensitive laboratory
measurements (table S1). These observations suggest that the re-
turned Ryugu grains do not contain large concentrations of highly
labile volatile components.

After the first gas collection and measurements, we observed
that the inner gas pressure of the container increased by about
4.8 Pa over 2.5 hours. If the major part of the gas in the container is
derived from terrestrial atmosphere, this pressure increase indicates
that the degree of the leakage of the metal sealing system has not
worsened after the first pressure measurement; if the leakage rate at
1.9 Pa/hour (4.8 Pa per 2.5 hours) is unchanged, the pressure mea-
sured after the first 30 hours should have been about 58 Pa. The
difference between the actual pressure (68 Pa) and the estimate (58 Pa)
may be due to the instantaneous intrusion of atmospheric gases into
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Fig. 1. Mass spectrum of the Hayabusa2 sample container gas with the QMS
installed in the GAEA. Prominent peaks from helium-4 [mass/charge ratio (m/z) 4],
molecular nitrogen (m/z 28), and argon-40 (m/z 40) were observed in the container
gas on site on 7 December 2020. The blue solid line represents the blank-corrected
Ryugu gas data calculated by subtracting contributions from the instrumental blank
gases, while the gray dotted line is the uncorrected (raw) measured data. The mass
spectrum of the standard gas prepared from terrestrial atmosphere is also shown
as red dots. The ion intensity of m/z 28 for the air was set at the same value as that
of the container gas for comparison of the spectral pattern.
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the container during the parachute deployment (11) and/or a slow
mitigation of the leakage over time.

To gain further knowledge on the gas compositions, the volatile
contents in one of the gas collection bottles (NT1) were analyzed in
nine gas pipettes at seven laboratories that are part of the Hayabusa2
Initial Analysis volatile subteam (Materials and Methods). The
measured gas compositions are in good agreement among the labo-
ratories within 1 and 3% for isotopic and elemental ratios, respec-
tively (table S1), proving the validity of our analyses. The weighted
arithmetic mean value of measured *He/*He ratios of the container gas
is 1.428 + 0.010 x 10™* (Fig. 2A and table S1), ~100 times higher than
that of Earth’s atmosphere (1.34 x 107°) (23). Moreover, the Ne isotopic
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Fig. 2. Isotopic compositions of He and Ne of the sample container. Isotopic
ratios of He and Ne of the sample container were determined using gas pipettes
(NT1P2E, NT1P3B, NT1P4C, NT1P4Q1, NT1P5C, and NT1P5D) separated from a gas
collection bottle of NT1 (see Materials and Methods). They can be explained by
mixing of solar wind (SW) and terrestrial atmosphere. The mixing line in (A) is cal-
culated using the *He/?°Ne ratios of 13.1 and 8.1 for fractionated SW and terrestrial
atmosphere, respectively. Neon isotopes plot on the mixing line between SW and
terrestrial atmosphere (B). “P1 (or Q)" is a primordial gas trapped in an enigmatic
(likely carbonaceous) carrier, phase Q (75). “P3"and “HL"are presolar gas components
residing in presolar nanodiamond grains (75). A mixing line between SW and galactic
cosmic ray (GCR)-produced Ne is also shown. Data sources are as follows: (23-25)
for terrestrial atmosphere; (26) for Jupiter's atmosphere; (15) for P1, P3, and HL gases;
and (76) for SW.
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composition (*’Ne/*Ne = 10.3427 + 0.0055 and *'Ne/**Ne = 0.02980 +
0.00015) (Fig. 2A and table S1) also differs from the atmospheric
composition (**Ne/**Ne = 9.8 and *'Ne/**Ne = 0.0285) (24, 25), be-
yond the uncertainties obtained by the weighted average of mea-
surements from the different laboratories. The isotopic ratios and
relative abundances of Ar, Kr, Xe, and N are essentially the same as
those of Earth’s atmosphere (Fig. 3), although **Ar/*°Ar ratios (268.4
to 284.7) and the 8'°N [~16 to —13 per mil (%o)] are slightly differ-
ent from those of the terrestrial atmosphere (table S1), suggesting
that there is a small contribution of terrestrial components with
fractionation favoring in lighter isotopes. These results indicate that
the container gas is a mixture of the He and Ne released from the
Ryugu grains and the terrestrial atmosphere, which was most likely
introduced by a small leak (1.9 to 2.3 Pa/hour) in the metal sealing
system (11).

DISCUSSION

Timing and contribution of the terrestrial

atmosphere leakage

The QMS data obtained online in the GAEA (Fig. 1) imply that the
container gas consists mainly of terrestrial atmosphere with a sub-
stantial amount of extraterrestrial He, i.e., gas released from the
Ryugu grains. The 68 Pa of the sample container pressure mea-
sured 30 hours after atmospheric entry corresponds to a leak rate of
~2 Pa/hour for the atmospheric Ny. If this was the case, a peak of O,
(m/z 32) should also be observed considering the high m/z 28 (N;)
peak but not observed (Fig. 1). It is likely that O, originating from
the terrestrial atmosphere was adsorbed onto the inner surface of the
sample container (Al alloy) (7, 11) and the vacuum line of GAEA
(stainless steel) (14) due to its higher affinity to metal and/or decom-
posed by ionization with the ion pressure gauge [as was observed
when air-standard gas was measured during rehearsal operations of
GAEA: (14)]. Ryugu grains are highly porous (10) and have large
surface areas, and hence it is likely that adsorption onto and/or re-
action with the Ryugu grains is also a possibility; assuming that the
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Fig. 3. Elemental compositions of noble gases and nitrogen in the Hayabusa2
sample container normalized to Earth’s atmospheric composition and 3Ar.
Mass spectrometry analyses for the gas collection bottle were performed at several
laboratories. Uncertainties (1c) are shown as the light gray bars. A clear excess in
“He was observed compared with Earth’s atmospheric composition (22). Doubly
normalized elemental ratios, (X/36Ar)containe,/(X/%Ar)ai,, for N, or isotope X (X = “He,
Ne, 36Ar, 8K, or '**Xe).
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68 Pa in a 200-cm” volume of the container was originally com-
posed of terrestrial N; and O, molecules, the maximum amount of
oxygen adsorbed on Ryugu grains is estimated to be ~1 x 10~° mol
(~40 ng), whichis 1 x 10~ times smaller than the total sample mass
(~5.4 g). Terrestrial H,O molecules were also expected to contami-
nate the detected gas, but their amount is negligible and could be
adsorbed on the grains as with Oy; an expected amount of H,O in-
troduced by a small leak in the metal sealing system is 4 x 10> mol
(calculated by assuming a temperature of 20°C and 50% humidity),
which is ~1 x 107 of the total sample mass.

Between the sample container closing operation and its arrival at
Earth, Ryugu grains should have experienced fragmentation and
fracturing due to vibration and acceleration/deceleration during the
subsequent operations, such as target markers/MINERVA-II2 de-
ployments and the orbital controls for 1 year and 3 months (17).
During this period, Ryugu grains would have continued to release
gases. However, the presence of extraterrestrial gases in the sample
container suggests that the small leakage did not occur in outer
space but started after atmospheric entry, possibly caused by an in-
stant opening of the metal sealing due to shock during parachute
deployment (11). This deployment shock could have changed the
original seal surface after instant opening. The later seal surface
might intersect the original seal surface and enclose Ryugu grains be-
tween the seal surface, which could have caused the continuing leak-
age observed at the QLF. The possibility of grain incorporation onto
the seal surface should be investigated as the future work.

If the container had leaked in space, most of the gas from the
Ryugu grains, particularly small atoms and molecules, such as He,
would have been lost to space, and the gas that remained in the sam-
ple container would have mainly been released after atmospheric
entry. The nominal mission specification of the container allowed for
a leak of a total of 1 Pa over 100 hours, an estimated duration from
the capsule landing to the gas recovery, at the atmospheric pressure
(11). This specification was set for 0.1 g of the returned sample, con-
sidering volatile release from the samples that would have included
SW components. Considering the total sample mass of 5.4 g, the
requirement can be relaxed to ~50 Pa of air for a 5.4-g sample mass.
Therefore, the air leakage of 68 Pa before gas sampling is slightly
larger than the specification but small enough to permit the discus-
sion below.

Origin of the He and Ne stored in the sample container

To evaluate the origin of He and Ne in the container, we modeled the
container gas composition using a two-component mixing of Earth’s
atmosphere and an extraterrestrial component (Materials and Methods).
We assumed elemental fractionation of two components between
He and Ne without any isotopic fractionation. This elemental frac-
tionation could have occurred in the terrestrial atmosphere during the
leakage and in the extraterrestrial gases during incorporation into
and/or outgassing from the Ryugu grains. The least-square fitting calcu-
lation (Materials and Methods) revealed that mixing of fractionated
SW and terrestrial gases best explains the observed noble gas com-
position. In comparison to the terrestrial atmosphere, other components
such as a primordial noble gas component P1 (or Q) present mainly in
enigmatic (most likely carbonaceous) material, presolar noble gas com-
ponents (HL and P3) carried by presolar diamonds, and the Jupiter
atmosphere (i.e., gases assumed to be the protosolar nebula compo-
sition) (15, 26) were also tested (fig. S1). We found that the mixing using
these components cannot reproduce the observed compositions.
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The *He/*’Ne ratios obtained (for the container gas composi-
tion calculated as the weighted arithmetic mean value) from our
model (Materials and Methods) are 13.1 + 0.6 and 8.1 * 0.3 for frac-
tionated SW and terrestrial atmosphere, respectively (fig. S1). The
“He/**Ne of 13.1 is lower than the unfractionated SW (656) (16) as
observed in many solar gas-rich meteorites (27) and Itokawa parti-
cles (28). This elemental fractionation can be explained by preferen-
tial loss of the highly labile *“He form and/or elemental fractionation
during SW implantation onto Ryugu grains surface. The “He/**Ne
for fractionated terrestrial atmosphere (8.1) is consistent with ele-
mental fractionation, favoring smaller elements due to preferential
intrusion of atmospheric He through pores in the metal sealing sur-
face. Contributions from the terrestrial atmosphere are calculated
to be ~70 and ~80% for *He and *°Ne, respectively. By subtract-
ing these contributions, we determine the SW-derived *He and *’Ne
abundances released from the Ryugu grains to be 8 x 107 and
6 x 1077 cm® STP (standard temperature and pressure; 0°C and
1 bar), respectively.

Mechanism liberating the SW gases from Ryugu grains

It is important to discuss how the gas in the container was released
from Ryugu grains, since knowing the mechanism would allow bet-
ter understanding the initial (right after the collection) condition of
the grains collected from the Ryugu surface (e.g., the original size
distribution and shapes) and their volatile budgets. Potential mech-
anisms for the release of SW gases from the Ryugu grains in the sam-
ple container after the sampling from the asteroid surface include
thermal and/or mechanical effects, such as particle fragmentation
and heating during atmospheric entry.

First, we evaluate isotropic (i.e., uniform destruction, not the surface
pulverization) mechanical fragmentation of cubic grains (details are
presented in Materials and Methods). The actual shapes of Ryugu sam-
ples are diverse: They can be blocky, irregular, and spherical (9, 10).
The assumption of a cubic shape is reasonable and allows discussing, in
a simple way, the issue in a first-order estimation, as shown by com-
parison between cubic and spherical models (Materials and Methods).

The maximum release of the SW-derived He during isotropic frag-
mentation was estimated by assuming that (i) the Ryugu sample was
originally three 1-cm-sized cubes [this was the maximum obtain-
able size in the Hayabusa2 sampler (10, 12)] with a density of 1.8 g cm™
(29), (ii) the SW had been implanted into the outermost 50-nm-thick
layer of the original 1-cm samples (30, 31), and (iii) the SW gases
were released from the newly exposed surfaces by isotropic frag-
mentation of the 1-cm-sized cubes until the cube size decreases to
0.13 cm (Fig. 4A and fig. S2). The terminal size of 0.13 c¢m is deter-
mined on the basis of the actual median size of the grains recovered (10).
In this isotropic fragmentation case, the total fresh surface area is cal-
culated to be ~3 x 107> cm? (Materials and Methods). If SW-*He of
8 x 107% cm® STP was released from the surface area of ~3 x 10~ cm?, the
surface concentration of SW-*He in Ryugu grains was ~3 x 107 cm?®
STP cm™>, corresponding to ~1 x 107> cm® STP-*He g™' in a 1-cm-
sized cube. This is much higher than the actual *“He concentrations of
~1x10™*t04x 107 cm’ STP g" of the Ryugu solid samples (19). To
be consistent with the SW-*He concentrations in Ryugu grains, more
efficient destruction cases, such as pulverization of SW-implanted
grain surface, are required (Fig. 4B).

In the case of surface pulverization, only smaller particles will be
produced, which may explain the size distribution of the Ryugu grains
enriched in smaller fractions compared to that of the Ryugu surface
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Fig. 4. Schematic diagram of the fragmentation and pulverization of the Ryugu
grains. The original grain surfaces are assumed to have been exposed to SW that
is concentrated within the ~50-nm-thick uppermost layer (red line). Isotropic frag-
mentation (A) and surface pulverization (B) generate a fresh cross-section surface
of the SW layer (yellow line). The surface pulverization seems consistent with the
presence of many powdery samples sticking on the inner surface of the sample
container (10, 32).

boulders (rocks greater than 0.3 m in diameter) (10). Assuming that
all of the original (i.e., before surface pulverization) Ryugu grains
are 0.13-cm-sized cubes with a *He concentration of 4 x 10~ cm’
STP g™ (the highest value observed in a sample recovered from the
first TD site) (20), the pulverization of merely several percent of the
total surface areas of the Ryugu grains can explain the measured
amount of SW-derived “He in the sample container (Materials and
Methods). In this case, the present size distribution of the Ryugu
samples has been largely unchanged, since the collection on the as-
teroid and the powdery materials observed inside the chambers of
the Hayabusa2 sample catcher could be the fragments resulting from
surface pulverization (10, 32). Even if a sphere is assumed as the ini-
tial particle shape instead of the cubic shape, the result does not
change in this first-order estimation.

We deem temperature increase during atmospheric reentry as
unlikely to be the cause of the gas liberation. Previous studies found
that SW-rich meteorites and lunar samples released ~0.5% of the
total “He at 80°C, with the exception of one sample (33, 34). Other
extraterrestrial components can be released at higher temperatures
(15). In contrast, the maximum temperature at Ryugu’s TD site is
about 70°C (35), yet the temperature monitor installed on the sample
container in the Hayabusa2 reentry capsule has never experienced
temperatures above 65°C (10). In addition, thermal release would
work more efficiently for the lighter He than for Ne, but the calcu-
lated “He/**Ne of 13.1 for noble gases released from the Ryugu grains
is lower than those of SW (656) (16) and an SW-rich Ryugu sample
(~50) (20).

Continuing efforts since before the launch of the Hayabusa2
spacecraft have allowed us to bring back the asteroidal gas sam-
ples from Ryugu to Earth and have given us an opportunity for
measurements. The measured composition of the gas stored in the
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Hayabusa2 sample container indicates that the Hayabusa2 mission
has successfully returned solid materials from the surface and sub-
surface of Ryugu to Earth, with little mechanical and thermal degra-
dation. In this regard, the Hayabusa2 sample container is a treasure
box from a near-Earth asteroid.

MATERIALS AND METHODS

Gas sampling and on-site measurement at the QLF in WPA
The reentry capsule of Hayabusa2 recovered from the WPA was
transported to QLF to extract the sample container for the on-site
sampling and measurement of gas species stored in it. After the
safety check and cleaning operations, the sample container was con-
nected to the vacuum line of GAEA through the gas sampling inter-
face of the container (14). The vacuum line other than the sample
container was evacuated and heated for 8 hours before the subse-
quent operations. The bottom of the sample container, made of alu-
minum alloy, was pierced using a tungsten carbide needle (14) in the
vacuum line of the GAEA to extract the gas. The gas extracted from
the container was equilibrated in the vacuum line and measured its
pressure with a Pirani gauge. The inner gas pressure of the sample
container was calculated to be 68 Pa based on the volume ratio of
the sample container (the inner volume: ~200 cm?) and the vacuum
line (79 cm?® including the Pirani gauge) (14). About 80% of the gas
in the sample container was collected to four gas bottles (NT1 to
NT4, each bottle has a volume of 750 cm®) (14) at room tempera-
ture 30 hours after atmospheric entry. The gas split in a volume
(16 cm®) (14) before the collection into the gas bottles, correspond-
ing to ~4% of the container gas, was kept for the QMS measurement
to determine the gas composition. The remaining gas was trapped
into two gas bottles, CR1 and CR2, at liquid nitrogen temperature
(14). Blank gases of the vacuum line were collected to NT5 and CR3
at room temperature and liquid nitrogen temperature, respectively.
Further details are presented in (14).

Preparation of the gas samples from the gas
collection bottles
The gas collection bottles (NT1 to NT5 and CR1 to CR3) were
brought back to the curation facility of JAXA on 8 December 2020
along with the sample catcher/container (10). NT5 and CR3 are bot-
tles for the instrumental blank runs of GAEA. Details and results
of measurements for CR1 to CR3 will be reported elsewhere. The
sample gas pipettes for the volatile compound analysis were prepared
first, on 9 December 2020, from the gas collection bottles of NT1 and
NTS5 containing the container gas and the blank gas, respectively
(pipettes NT1P1A, NT1P1B, NT5P1C, and NT5P1D), because volatile
compounds may change their chemical structure in the gas collection
bottles, which may occur through interactions with hydrogen and
other gas species from the gas bottles. The gas pipettes for noble gas and
nitrogen analyses were prepared later, on 20 January 2021 (pipettes
NTI1P2E, NT1P2F, NT1P3A, NT1P3B, NT1P4C, NT1P4Q1, NT5P2G,
NT5P2H, NT5P3D, and NT5P3Q2). The rule for naming the gas
pipettes is as follows, taking “NT1P2E” as an example: The first three
characters of “NT1P2E” denote the name of the gas collection bot-
tle, here NT1. The following “P2” indicates that the gas pipette was
aliquoted in the second pipetting operation. The “E” is the name of
the metal vessel.

The sample gas pipettes were distributed to seven laborato-
ries, Kyushu University, Ibaraki University, Université de Lorraine
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CRPG-Nancy, Eidgendssische Technische Hochschule (ETH) Ziirich,
Washington University, Tokyo Institute of Technology (TITECH), and
Japan Agency for Marine-Earth Science and Technology (JAMSTEC).
These laboratories belong to the volatile subteam of the Hayabusa2
Initial Analysis. The gas sample pipettes (NT1P1A, NT1P1B, NT1P2E,
NT1P2F, NT1P3A, NT1P3B, NT1P4C, NT5P1C, NT5P1D, NT5P2G,
NT5P2H, and NT5P3D) were measured within 1 month at the
laboratories.

Exceptionally large amounts (~20 times larger than the amount
expected) of atmospheric gases were found in sample gas pipette
NT1P3A due to leakage through the valves placed on the pipette.
Hence, two other pipettes, NT1P5C and NT1P5Q1, were prepared
later, on 14 May 2021. These two pipettes were measured along with
the previously prepared pipettes NT1P4Q1 and NT5P3Q2. There
are higher abundances of noble gases in NT1P4Q1 compared to
NT1P5C and NT1P5D due to outgassing from the pipette and/or its
vacuum line during the 4-month storage period before analysis.
Comparison between the NT1P5C/NT1P5D and other pipettes pre-
pared earlier (e.g., NT1P2E) shows that they are in good agreement
with each other. This indicates that the gas collection bottles (NT1
to NT5) preserved the native compositions of the gas stored in the
sample container.

Analysis procedures of the volatile compositions

in the sample gas pipettes

Volatile compositions in the sample gas pipettes were measured
through the following procedures at each laboratory.

At Kyushu University: The gas pipette (NT1P4C) and the blank
pipette (NT5P3D) were connected to the purification line of the noble
gas mass spectrometry system connected to a modified mass spec-
trometer (MM5400, Micromass). The gas in each pipette was ex-
panded to the purification line and was purified with titanium
(Ti)-zircon (Zr) getters and an aluminum-zirconium getter (NP-10,
SAES). Heavy noble gases (argon, krypton, and xenon) were sepa-
rated using charcoal traps to introduce them separately from heli-
um and neon into the mass spectrometer. Blank levels determined
by NT5P3D are shown in table S1. Details of analytical procedures
and descriptions of the instruments are described in (36).

At CRPG-Nancy: The blank (NT5P2G) and sample (NT1P2E)
pipettes were first connected to the purification line of the Thermo
Scientific Helix MC Plus for the analysis of He, Ne, Ar, Kr, and Xe
gas abundance and isotope ratio determination. A fraction of the
gas from the bottles was admitted to the purification line and puri-
fied by being passed through an in-line Ti sponge getter held at
650°C. The gas was then further purified by exposure to a further
two hot (550°C) and two cold (50°C) Ti sponge getters before the
heavy noble gases were separated from He and Ne by being con-
densed on to a charcoal finger at —~196°C. Helium and Ne were
separated by condensing Ne onto a liquid He cooled cryotrap at
—239°C. Last, Kr and Xe were separated from Ar by being trapped
on a quartz glass cold finger at —196°C. The isotopes of He, Ne, Ar,
Kr, and Xe were then analyzed on the Helix MC Plus following the
same procedure as in (37).

Following the initial analysis of the noble gas isotopes using the
Helix MC Plus, the blank and sample bottles were then connected
to the purification line of the Noblesse HR (Nu Instruments) noble
gas mass spectrometer for Ne, Ar, and N, abundance and isotopic
analyses. Two analyses of the residual gas in the “blank” and “sam-
ple” bottles were performed. Noble gases were purified using two
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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 copper oxide (CuO) furnace cycled be-
tween 450° and 900°C and a U-shaped cold trap held at —180°C. The
three isotopes of Ne and Ar and the three isotopologues of N, were
analyzed sequentially using multicollection (38, 39).

At Tbaraki University: The gas pipette (NT1P2F) and the blank
pipette (NT5P2H) were connected to the mass spectrometry line
(40) for nitrogen isotope analyses. Sample gas in the bottle was first
expanded to the adjacent volumes, which collectively correspond to
approximately 83% of the volume of the bottle, and then it was fur-
ther separated by valves. Fractions of the sample gas were succes-
sively analyzed. The gas was first introduced to the vacuum line
designated to reduce combustible compounds, converting them to
carbon dioxide (CO,), water (H,0), and N,. Sample gases mixed
with approximately 1 torr of pure oxygen, in contact with a plati-
num foil, were heated at 800°C. After absorbing the remaining oxygen
gas by CuO, CO; and H,O were removed by a cryogenic trap cooled
atliquid nitrogen temperature. After pressure adjustment, the sam-
ple gas was lastly introduced to a QMS (QMA420, Balzers) operat-
ing in static mode for nitrogen mass spectrometry [see (40, 41) and
references therein for further procedural details and analytical per-
formances]. Standard gas measurements were performed six times
during the Hayabusa2 sample gas analytical session. The reproduc-
ibility for the nitrogen isotope ratio was 0.4%o (10) for 60-pmol
standard N, gases. The system blank for N,, including all purifica-
tion procedures, measured during this session was 1.3 pmol.

At TITECH: The gas pipette (NT1P1A) and the blank pipette
(NT5P1C) were connected to a vacuum line for extracting volatile
components coupled with a gas chromatography-QMS (GC-QMS)
system (7820A/5977D GC-MSD, Agilent Technologies Inc., USA) at
TITECH. The gas in each pipette was introduced into the vacuum
line by diffusion, and volatile components were cryogenically col-
lected in a trap at —196°C. Then, the collected volatile components
were introduced by a helium stream into the GC-QMS system to
analyze the composition of the volatile components methane (CH,),
ethane (C,Hg), CO, CO,, H,0, N5, and O,.

At JAMSTEC: Methane and ethane in the gas pipette (NT1P1B)
and blank pipette (NT5P1D) were purified by purge-and-trap gas
chromatography before the introduction into an isotope ratio mass
spectrometer (MAT253, Thermo Fisher Scientific, Bremen, Germany)
(42, 43). Neither methane nor ethane was detected (cf. detection
limit = 6 pmol), implying that abundances of methane and ethane in
the Ryugu grains were not higher than 90 nmol g™, calculated baro-
metrically from sample size and volume of the vacuum line. H, was
also analyzed in a similar manner described in (44), but not detected.

At Washington University: A gas pipette (NT1P3B) isolated by
two sequential all-metal Swagelok valves was connected to the sam-
ple system equipped with MKS Baratron (133 Pa range). The gas
aliquot between Swagelok valves was further expanded to a purifi-
cation line. The latter consisted of SEAS getters: two NP-10, one D50,
and a small Ti sublimation pump. Noble gases were separated cryo-
genically and sequentially admitted to an in-house built 21-cm-radius
90° magnetic sector mass spectrometer equipped with a high-
transmission (>90%) ion source operated at 3 kV acceleration voltage
for Kr, Xe, and Ar and at 4 kV for light noble gases. This configura-
tion results in low memory (build-up of previously analyzed gas) and
long (>1 hour for Xe and Kr) useful ion counting time. Instrumental
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mass discrimination is extremely small (~0.06%/Da for Xe) and sta-
ble due to the absence of a magnetic field in the ion source region.

At ETH Ziirich: Two sets of pipettes were allocated by JAXA,
first one sample pipette (NT1P3A) and then a set of sample and
blank pipettes (NT1P4Q1, NT1P5C, NT1P5D, and NT5P4D). Each
set was connected to the gas cleaning and separation line attached
to the custom-built mass spectrometer “Albatros” (45) via another
pipette (~1 cm®). Gases were cleaned for reactive gas molecules with
several commercial (SAES) getters held at different temperatures
between 20° and 350°C [see (45) for details]. The cleaned gases were
separated by charcoals held at -196° and —125°C, respectively, and
measured in three fractions (He-Ne, Ar, and Kr-Xe, with Ar and
Kr-Xe in the other respective phases being corrected for). We used
a custom-built sector field mass spectrometer Albatros equipped
with a Baur-Signer source, providing linearity over a large dynamic
range, a multiplier run in ion counting mode, and a Faraday cup.
Electrons accelerated by 45 V ionized the gases [cf. (45) for further
references]. Container and blank gas concentrations and isotopic
compositions were determined by comparing them with precisely
known amounts of calibration gas mixtures (45).

Least-square fitting calculation of the elementally
fractionated gases in the Hayabusa2 sample container

We assume that the noble gases in the sample container are a mix-
ture of extraterrestrial and terrestrial atmospheric gases that are frac-
tionated only in their elemental ratios but not in their isotopic ratios.
Isotopic ratios of *He/*He are fixed for the measured, extraterrestrial,
and terrestrial gases and were used as the most reliable parameters
for the calculation: The obvious difference between the measured
and terrestrial values was observed, and isotopes with smaller dif-
ferences in mass and atomic size should be less fractionated than
elements with larger mass and size differences.

The measured *“He/*’Ne and *He/*He ratios of the container gas
should be explained b}/ mixing of air and an extraterrestrial compo-
nent with fixed *He/*He ratios and variable *He/*’Ne due to ele-
mental fractionation (e.g., for SW gas as shown in fig. S1A). We first
tested this model with the SW as the extraterrestrial component, be-
cause it is expected that SW is the most abundant and most common
in asteroidal surface materials and most enriched in He compared to
other known extraterrestrial components (14, 15). Among a num-
ber of *He/*’Ne ratios for the fractionated air and SW, we deter-
mined the most probable “He/*’Ne ratios as follows. The *°Ar/**Ne
ratios of air and SW are expected not to be significantly fractionated,
because their mass (and atomic radius) difference is smaller than
that between He and Ne. The **Ar/*He and *He/*He ratios of the
container gas should be explained by a mixing of fractionated air and
SW (fig. S1B). Therefore, using the fixed *°Ar/*’Ne ratios of air and
SW, we determined the *He/*’Ne ratios of the fractionated air
and SW by the least-square method to minimize the difference in
the **Ar/*He->He/*He ratios between the container gas and the cal-
culation (i.e., to best explain the % Ar/*He-*He/*He mixing relation).
We used the **Ar/*°Ne ratios of 1.91 (24) and 0.024 (16) for air and
SW, respectively, to obtain **Ar/*He ratios (fig. S1B). The composition
of the container gas (table S1) used for the mixing calculation was
calculated on the basis of the weighted arithmetic mean method by
using the dispersions (1/6%) of *He/*He ratios as the weighing fac-
tors. The obtained *He/*’Ne ratios of the fractionated SW and air
were 13.1 £ 0.6 and 8.1 + 0.3, respectivelzf. These values can explain the
mixing observed in the “He/*’Ne-**Ar/**Ne and *He/*’Ne-**Ne/**Ne
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plots (fig. S1, C and D). The elemental fractionation expected for
SW and air would involve isotopic fractionation between *He and
*He too, but it does not greatly affect the result of this calculation.
Rather, the elemental ratio of *°Ar/**Ne for the fractionated air,
which was assumed to be constant, could be more variable and cause
larger uncertainties than isotopic ratios: A 5% lower *°Ar/*’Ne ratio
for the fractionated air (the maximum value expected from the mea-
sured N,/*°Ar ratio) would result in ~25% higher and ~5% lower
*He/*"Ne ratios of the fractionated SW and air, respectively. This
degree of uncertainty in the estimation of the fractionated SW and
air compositions does not affect the following discussion about the
gas release mechanism.

We also tested other end members as a counterpart of Earth’s
atmosphere; Jupiter’s atmosphere is considered to represent the pro-
tosolar disk gas (26), and planetary and presolar gases (P1, P3, and
HL gases) (15). However, we found that they cannot reproduce the
mixing relation as well as SW (e.g., fig. S1, E and F).

Estimate of the fresh SW layers generated by isotropic
fragmentation of large particles

To estimate the degree of destruction of the Ryugu samples after the
collection operations on the asteroid, it might be informative to
compare the size distributions of the Ryugu samples in the container
(10) with those of Ryugu surface boulders and gravels (46). However,
it is impossible, because only the total recovered mass and the slopes
(i.e., power index of the grain size distribution) are available restrain-
ing conditions for the initial (i.e., before fragmentation) size distri-
bution of the Ryugu samples: To calculate the degree of destruction
quantitatively, we have to define the minimum and the maximum
sizes (the latter significantly affects the result) of the initial Ryugu
samples, but the information is impossible to obtain. Therefore, we
cannot make such quantitative calculation, and we tried to estimate
the maximum release of *He by grain destruction as follows.

Ryugu samples stored in the sample catcher are about 5.4 g in
total weight with a bulk density of 1.8 g cm™ (29) and have a size
distribution with the particle size mode of around 1.3 mm [calculated
for the size range between ~0.5 and ~8 mm based on (10, 47)]. We
assumed that these grains formed through isotropic fragmentation of
larger cube-shaped grains with a side length of D, (corresponding
to the particle diameter). D, was assumed to be 1 cm, which is the
maximum collectable dimension for grains that enter the sample
catcher through the sampler horn (10, 12), corresponding to three
cubes of Ryugu samples with the total mass of 5.4 g as the initial
condition. This assumption would provide the maximum fresh sur-
face area (i.e., the most disruptive case for isotropic fragmentation).
We also assumed that SW had been implanted in all six faces of the
cubes with an implanted layer thickness of 50 nm (30, 31).

In this calculation, we express the fragmentation steps using a
parameter “n.” At a fragmentation step n, a cube is broken into eight
cubes with a side length of D,/2"; for n = 1, the original cube (length
D, on side) is broken into eight cubes, each having three SW-exposed
surfaces that yield six fresh surfaces of the SW-exposed layer. The
edge of the newly generated cubes (cross sections of the SW-exposed
layers) releases SW gases (fig. S2). For n = 2, each of the eight cubes
generates one cube with three SW-exposed surfaces yielding six
fresh surfaces, three cubes with two SW surfaces yielding four fresh
surfaces, three cubes with one SW surface yielding two fresh surfaces,
and one cube with zero SW surface yielding zero fresh SW surface.
Table S2 summarizes the result of the calculation.
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If the sample is assumed to be spherical (1 cm” in volume with
1.24 cm diameter) rather than 1-cm-sized cubic, the cumulative sur-
face area for n =2 is 3.19 x 10~* cm?, almost the same as that for the
cubic shape (3.60 x 10~* cm?). However, there is variety in the shapes
of the fragments for n > 1 (fig. S3), which makes the calculation in-
tricate and complicated.

The original 1-cm-sized cubes are fragmented into 0.13-cm-sized
cubes at n = 3 (table S2). Starting from three original cubes, the num-
ber of the cubes formed through the isotropic fragmentation with
n =31s 1550, and the cumulative area of the fresh SW layer exposed
by fragmentation is calculated to be 3 x 107 cm”.

Expected fraction of pulverized surface area

Before the gas collection in QLF, numerous kinetic impacts and vi-
brations during the Earth return operation should have occurred,
which could have caused surface deformation (i.e., pulverization) of
Ryugu grains rather than isotropic fragmentation. We estimated the
fraction of the pulverized surface area to account for the observed
SW-derived *He abundance in the sample container. It was assumed
that 1000 cube-shaped Ryugu grains with 0.13 cm in length (the me-
dian size of the recovered grains in the range of 0.5 to 8 mm) (10),
corresponding to ~5.4 g of total mass for the density of 1.8 g cm™
(29), were originally (before pulverization) present in the sample con-
tainer. It was also assumed that these original grains contain SW-*He
homogeneously in the outermost 50-nm-thick layers. Assuming a
bulk concentration of 4 x 10 cm® STP g™ for a Ryugu solid parti-
cle (20), the SW-*He density should be 8 x 10% atoms cm~>, from
which the surface SW-*He density of 9 x 10" atoms cm™ is ob-
tained. This SW-*He surface density leads us to conclude that grain
surface pulverization to form a fresh surface area of 2 x 107 cm? is
required for each Ryugu cube to explain the total amount of SW-*He
released inside the sample container. The surface area of 2 x 10~ cm?
corresponds to pulverization of 2% of the surface area from each
0.13-cm-sized cube or to the production of 2000 fragments with
10 by 10 um* area and <50 nm thickness. The latter case (generation
of fine dust from the grain surface) seems to be more realistic. Such
powdery samples were observed in the sample catcher and may have
contributed to the release of SW gas from the returned particles.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abo7239

REFERENCES AND NOTES

1. J. Kawaguchi, K. Uesugi, A. Fujiwara, The MUSES-C mission for the sample and return—Its
technology development status and readiness. Acta Astronaut. 52, 117-123 (2003).

2. A.J.T.Jull,S.Cheng, J. L. Gooding, M. A. Velbel, Rapid growth of magnesium-carbonate
weathering products in a stony meteorite from Antarctica. Science 242, 417-419 (1988).

3. L.D.Tunney, C. D.K. Herd, R. W. Hilts, Organic contamination on the surface of meteorites
as afunction of space and time: A case study of the Buzzard Coulee H4 chondrite.
Meteorit. Planet. Sci. 55, 1899-1923 (2020).

4. R.H.Nichols Jr.,, C. M. Hohenberg, C. T. Olinger, Implanted solar helium, neon, and argon
inindividual lunar ilmenite grains: Surface effects and a temporal variation in the solar
wind composition. Geochim. Cosmochim. Acta 58, 1031-1042 (1994).

5. R.Okazaki, N. Takaoka, K. Nagao, T. Nakamura, Noble gases in enstatite chondrites
released by stepped crushing and heating. Meteorit. Planet. Sci. 45, 339-360 (2010).

6. A.J.King, K.J. H. Phillips, S. Strekopytov, C. Vita-Finzi, S. S. Russell, Terrestrial modification
of the Ivuna meteorite and a reassessment of the chemical composition of the Cl type
specimen. Geochim. Cosmochim. Acta 268, 73-89 (2020).

7. H.Sawada, R. Okazaki, S. Tachibana, K. Sakamoto, Y. Takano, C. Okamoto, H. Yano,

Y. Miura, M. Abe, S. Hasegawa, T. Noguchi, Hayabusa2 sampler: Collection of asteroidal
surface material. Space Sci. Rev. 208, 81-106 (2017).

80of 10

202 ‘2T Afeniga uo BI0°80US 105 MMM,/:SANY WO | PaPE0 JUMOQ


https://science.org/doi/10.1126/sciadv.abo7239
https://science.org/doi/10.1126/sciadv.abo7239

SCIENCE ADVANCES | RESEARCH ARTICLE

8.

Okazaki et al., Sci. Adv. 8, eabo7239 (2022)

K. Sakamoto, Y. Takano, H. Sawada, R. Okazaki, T. Noguchi, M. Uesugi, H. Yano, T. Yada,
M. Abe, S. Tachibana; Hayabusa2 Project Team, Environmental assessment in the
prelaunch phase of Hayabusa2 for safety declaration of returned samples from the
asteroid (162173) Ryugu: Background monitoring and risk management during
development of the sampler system. Earth Planets Space 74, 90 (2022).

. S.Tachibana, H. Sawada, R. Okazaki, Y. Takano, K. Sakamoto, Y. N. Miura, C. Okamoto,

H. Yano, S. Yamanouchi, P. Michel, Y. Zhang, S. Schwartz, F. Thuillet, H. Yurimoto,

T. Nakamura, T. Noguchi, H. Yabuta, H. Naraoka, A. Tsuchiyama, N. Imae, K. Kurosawa,

A. M. Nakamura, K. Ogawa, S. Sugita, T. Morota, R. Honda, S. Kameda, E. Tatsumi, Y. Cho,
K. Yoshioka, Y. Yokota, M. Hayakawa, M. Matsuoka, N. Sakatani, M. Yamada, T. Kouyama,
H. Suzuki, C. Honda, T. Yoshimitsu, T. Kubota, H. Demura, T. Yada, M. Nishimura,

K. Yogata, A. Nakato, M. Yoshitake, A. I. Suzuki, S. Furuya, K. Hatakeda, A. Miyazaki,

K. Kumagai, T. Okada, M. Abe, T. Usui, T. R. Ireland, M. Fujimoto, T. Yamada, M. Arakawa,
H. C. Connolly Jr., A. Fuijii, S. Hasegawa, N. Hirata, N. Hirata, C. Hirose, S. Hosoda, Y. lijima,

H. lkeda, M. Ishiguro, Y. Ishihara, T. lwata, S. Kikuchi, K. Kitazato, D. S. Lauretta, G. Libourel,
B. Marty, K. Matsumoto, T. Michikami, Y. Mimasu, A. Miura, O. Mori, K. Nakamura-Messenger,
N. Namiki, A. N. Nguyen, L. R. Nittler, H. Noda, R. Noguchi, N. Ogawa, G. Ono, M. Ozaki,

H. Senshu, T. Shimada, Y. Shimaki, K. Shirai, S. Soldini, T. Takahashi, Y. Takei, H. Takeuchi,
R. Tsukizaki, K. Wada, Y. Yamamoto, K. Yoshikawa, K. Yumoto, M. E. Zolensky,

S. Nakazawa, F. Terui, S. Tanaka, T. Saiki, M. Yoshikawa, S. Watanabe, Y. Tsuda, Pebbles
and sand on asteroid (162173) Ryugu: In situ observation and particles returned to Earth.
Science 375, 1011-1016 (2022).

. T.Yada, M. Abe, T. Okada, A. Nakato, K. Yogata, A. Miyazaki, K. Hatakeda, K. Kumagai,

M. Nishimura, Y. Hitomi, H. Soejima, M. Yoshitake, A. lwamae, S. Furuya, M. Uesugi,

Y. Karouiji, T. Usui, T. Hayashi, D. Yamamoto, R. Fukai, S. Sugita, Y. Cho, K. Yumoto, Y. Yabe,
J. P.Bibring, C. Pilorget, V. Hamm, R. Brunetto, L. Riu, L. Lourit, D. Loizeau, G. Lequertier,
A. Moussi-Soffys, S. Tachibana, H. Sawada, R. Okazaki, Y. Takano, K. Sakamoto, Y. N. Miura,
H. Yano, T.R. Ireland, T. Yamada, M. Fujimoto, K. Kitazato, N. Namiki, M. Arakawa,

N. Hirata, H. Yurimoto, T. Nakamura, T. Noguchi, H. Yabuta, H. Naraoka, M. Ito,

E. Nakamura, K. Uesugi, K. Kobayashi, T. Michikami, H. Kikuchi, N. Hirata, Y. Ishihara,

K. Matsumoto, H. Noda, R. Noguchi, Y. Shimaki, K. Shirai, K. Ogawa, K. Wada, H. Senshu,

Y. Yamamoto, T. Morota, R. Honda, C. Honda, Y. Yokota, M. Matsuoka, N. Sakatani,

E. Tatsumi, A. Miura, M. Yamada, A. Fujii, C. Hirose, S. Hosoda, H. Ikeda, T. Iwata, S. Kikuchi,
Y. Mimasu, O. Mori, N. Ogawa, G. Ono, T. Shimada, S. Soldini, T. Takahashi, Y. Takei,

H. Takeuchi, R. Tsukizaki, K. Yoshikawa, F. Terui, S. Nakazawa, S. Tanaka, T. Saiki,

M. Yoshikawa, S. I. Watanabe, Y. Tsuda, Preliminary analysis of the Hayabusa2 samples
returned from C-type asteroid Ryugu. Nat. Astron. 6, 214-220 (2022).

. R.Okazaki, H. Sawada, S. Yamanouchi, S. Tachibana, Y. N. Miura, K. Sakamoto, Y. Takano,

M. Abe, S. Itoh, K. Yamada, H. Yabuta, C. Okamoto, H. Yano, T. Noguchi, T. Nakamura,

K. Nagao; Hayabusa2 SMP Team, Hayabusa2 sample catcher and container: Metal-seal
system for vacuum encapsulation of returned samples with volatiles and organic
compounds recovered from C-type asteroid Ryugu. Space Sci. Rev. 208, 107-124 (2017).

. F.Thuillet, P. Michel, S. Tachibana, R.-L. Ballouz, S. R. Schwartz, Numerical modelling

of medium-speed impacts on a granular surface in a low-gravity environment application
to Hayabusa2 sampling mechanism. Month. Notices Royal Astron. Soc. 491, 153-177
(2020).

. S.Tachibana, M. Abe, M. Arakawa, M. Fujimoto, Y. lijima, M. Ishiguro, K. Kitazato,

N. Kobayashi, N. Namiki, T. Okada, R. Okazaki, H. Sawada, S. Sugita, Y. Takano, S. Tanaka,
S. Watanabe, M. Yoshikawa, H. Kuninaka; Hayabusa Project Team, Hayabusa2: Scientific
importance of samples returned from C-type near-Earth asteroid (162173) 1999 JUs.
Geochem. J. 48, 571-587 (2014).

. Y.N. Miura, R. Okazaki, Y. Takano, K. Sakamoto, S. Tachibana, K. Yamada, S. Sakai,

H. Sawada, The GAs extraction and analyses system (GAEA) forimmediate extraction
and measurements of volatiles in the Hayabusa2 sample container. Earth Planets Space
74,76 (2022).

. U.Ott, Planetary and pre-solar noble gases in meteorites. Chemie der Erde 74, 519-544

(2014).

. V.S.Heber, R. Wieler, H. Baur, C. Olinger, T. A. Friedmann, D. S. Burnett, Noble gas

composition of the solar wind as collected by the Genesis mission. Geochim. Cosmochim. Acta
73, 7414-7432 (2009).

. Y.Tsuda, T. Saiki, F. Terui, S. Nakazawa, M. Yoshikawa, S. . Watanabe, Hayabusa2 mission

status: Landing, roving and cratering on asteroid Ryugu. Acta Astronaut. 171, 42-54 (2020).

. T.Morota, S. Sugita, Y. Cho, M. Kanamaru, E. Tatsumi, N. Sakatani, R. Honda, N. Hirata,

H. Kikuchi, M. Yamada, Y. Yokota, S. Kameda, M. Matsuoka, H. Sawada, C. Honda,

T. Kouyama, K. Ogawa, H. Suzuki, K. Yoshioka, M. Hayakawa, N. Hirata, M. Hirabayashi,

H. Miyamoto, T. Michikami, T. Hiroi, R. Hemmi, O. S. Barnouin, C. M. Ernst, K. Kitazato,

T. Nakamura, L. Riu, H. Senshu, H. Kobayashi, S. Sasaki, G. Komatsu, N. Tanabe, Y. Fujii,

T. Irie, M. Suemitsu, N. Takaki, C. Sugimoto, K. Yumoto, M. Ishida, H. Kato, K. Moroi,

D. Domingue, P. Michel, C. Pilorget, T. lwata, M. Abe, M. Ohtake, Y. Nakauchi, K. Tsumura,
H. Yabuta, Y. Ishihara, R. Noguchi, K. Matsumoto, A. Miura, N. Namiki, S. Tachibana,

M. Arakawa, H. lkeda, K. Wada, T. Mizuno, C. Hirose, S. Hosoda, O. Mori, T. Shimada,

16 November 2022

20.

21.

22.
23.

24,
25.

26.

27.

28.

29.

S. Soldini, R. Tsukizaki, H. Yano, M. Ozaki, H. Takeuchi, Y. Yamamoto, T. Okada, Y. Shimaki,
K. Shirai, Y. lijima, H. Noda, S. Kikuchi, T. Yamaguchi, N. Ogawa, G. Ono, Y. Mimasu,

K. Yoshikawa, T. Takahashi, Y. Takei, A. Fujii, S. Nakazawa, F. Terui, S. Tanaka,

M. Yoshikawa, T. Saiki, S. Watanabe, Y. Tsuda, Sample collection from asteroid (162173)
Ryugu by Hayabusa2: Implications for surface evolution. Science 368, 654-659 (2020).

. T.Saiki, H. Sawada, C. Okamoto, H. Yano, Y. Takagi, Y. Akahoshi, M. Yoshikawa, Small

carry-on impactor of Hayabusa2 mission. Acta Astronaut. 84, 227-236 (2013).

R. Okazaki, B. Marty, H. Busemann, K. Hashizume, J. D. Gilmour, A. Meshik, T. Yada, F. Kitajima,
M. W. Broadley, D. Byrne, E. Fiiri, M. E. . Riebe, D. Krietsch, C. Maden, A. Ishida, P. Clay,

S. A. Crowther, L. Fawcett, T. Lawton, O. Pravdivtseva, Y. N. Miura, J. Park, K. Bajo, Y. Takano,
K. Yamada, S. Kawagucci, Y. Matsui, M. Yamamoto, K. Righter, S. Sakai, N. Iwata, N. Shirai,
S. Sekimoto, M. Inagaki, M. Ebihara, R. Yokochi, K. Nishiizumi, K. Nagao, J. I. Lee, A. Kano,
M. W. Caffee, R. Uemura, T. Nakamura, H. Naraoka, T. Noguchi, H. Yabuta, H. Yurimoto,
S. Tachibana, H. Sawada, K. Sakamoto, M. Abe, M. Arakawa, A. Fujii, M. Hayakawa, N. Hirata,
N. Hirata, R. Honda, C. Honda, S. Hosoda, Y. lijima, H. Ikeda, M. Ishiguro, Y. Ishihara, T. Iwata,

K. Kawahara, S. Kikuchi, K. Kitazato, K. Matsumoto, M. Matsuoka, T. Michikami, Y. Mimasu,
A. Miura, T. Morota, S. Nakazawa, N. Namiki, H. Noda, R. Noguchi, N. Ogawa, K. Ogawa,
T. Okada, C. Okamoto, G. Ono, M. Ozaki, T. Saiki, N. Sakatani, H. Senshu, Y. Shimaki, K. Shirai,
S.Sugita, Y. Takei, H. Takeuchi, S. Tanaka, E. Tatsumi, F. Terui, R. Tsukizaki, K. Wada, M. Yamada,
T.Yamada, Y. Yamamoto, H. Yano, Y. Yokota, K. Yoshihara, M. Yoshikawa, K. Yoshikawa,
S. Furuya, K. Hatakeda, T. Hayashi, Y. Hitomi, K. Kumagai, A. Miyazaki, A. Nakato,

M. Nishimura, H. Soejima, A. lwamae, D. Yamamoto, K. Yogata, M. Yoshitake, R. Fukai,

T. Usui, H. C. Connolly Jr,, D. Lauretta, S. Watanabe, Y. Tsuda, Noble gases and nitrogen in
samples of asteroid Ryugu record its volatile sources and recent surface evolution.
Science eabo0431 (2022).

R. Okazaki, K. Nagao, Y. N. Miura, T. Osawa, K. Bajo, S. Matsuda, T. Nakamura, K. Shirai,

M. Abe, T. Yada, T. Noguchi, Y. Ishibashi, A. Fujimura, T. Mukai, M. Ueno, T. Okada,

M. Yoshikawa, J. Kawaguchi, Noble gases recovered from the Hayabusa sample container,
in Proceedings of the 42nd Lunar and Planetary Science Conference (LPSC, 2011).

K. Lodders, B. Fegley Jr., The Planetary Scientist’s Companion (Oxford Univ. Press, 1998).

K. Mishima, H. Sumino, T. Yamada, S. leki, N. Nagakura, H. Otono, H. Oide, Accurate
determination of the absolute >He/*He ratio of a synthesized helium standard gas
(Helium Standard of Japan, HESJ): Toward revision of the atmospheric *He/*He ratio.
Geochem. Geophys. Geosystems 19, 3995-4005 (2018).

M. Ozima, F. A. Podosek, Noble Gas Geochemistry (Cambridge Univ. Press, ed. 2, 2002).

M. Honda, X. Zhang, D. Phillips, D. Hamilton, M. Deerberg, J. B. Schwieters,
Redetermination of the 2'Ne relative abundance of the atmosphere, using a high resolution,
multi-collector noble gas mass spectrometer (HELIX-MC Plus). Inter. J. Mass Spectom.
387,1-7(2015).

R. Wieler, Noble gases in the solar system, in Noble Gases in Geochemistry and
Cosmochemistry, D. Porcelli, C. J. Ballentine, R. Wieler, Eds. (The Mineralogical Society of
America, 2002), Reviews in Mineralogy and Geochemistry 47, chap. 2.

L. Schultz, L. Franke, Helium, neon, and argon in meteorites: A data collection. Meteorit.
Planet. Sci. 39, 1889-1890 (2004).

K. Nagao, R. Okazaki, T. Nakamura, Y. N. Miura, T. Osawa, K. |. Bajo, S. Matsuda, M. Ebihara,
T.R.Ireland, F. Kitajima, H. Naraoka, T. Noguchi, A. Tsuchiyama, H. Yurimoto, M. E. Zolensky,
M. Uesugi, K. Shirai, M. Abe, T. Yada, Y. Ishibashi, A. Fujimura, T. Mukai, M. Ueno,

T. Okada, M. Yoshikawa, J. Kawaguchi, Irradiation history of Itokawa regolith material
deduced from noble gases in the Hayabusa samples. Science 333, 1128-1131 (2011).

T. Nakamura, M. Matsumoto, K. Amano, Y. Enokido, M. E. Zolensky, T. Mikouchi, H. Genda,
S.Tanaka, M. Y. Zolotov, K. Kurosawa, S. Wakita, R. Hyodo, H. Nagano, D. Nakashima,

Y. Takahashi, Y. Fujioka, M. Kikuiri, E. Kagawa, M. Matsuoka, A. J. Brearley, A. Tsuchiyama,
M. Uesugi, J. Matsuno, Y. Kimura, M. Sato, R. E. Milliken, E. Tatsumi, S. Sugita, T. Hiroi,

K. Kitazato, D. Brownlee, D. J. Joswiak, M. Takahashi, K. Ninomiya, T. Takahashi, T. Osawa,
K. Terada, F. E. Brenker, B. J. Tkalcec, L. Vincze, R. Brunetto, A. Aléon-Toppani,

Q. H.S. Chan, M. Roskosz, J.-C. Viennet, P. Beck, E. E. Alp, T. Michikami, Y. Nagaashi,

T. Tsuji, Y. Ino, J. Martinez, J. Han, A. Dolocan, R. J. Bodnar, M. Tanaka, H. Yoshida,

K. Sugiyama, A. J. King, K. Fukushi, H. Suga, S. Yamashita, T. Kawai, K. Inoue, A. Nakato,

T. Noguchi, F. Vilas, A. R. Hendrix, C. Jaramillo-Correa, D. L. Domingue, G. Dominguez,
Z.Gainsforth, C. Engrand, J. Duprat, S. S. Russell, E. Bonato, C. Ma, T. Kawamoto, T. Wada,
S. Watanabe, R. Endo, S. Enju, L. Riu, S. Rubino, P. Tack, S. Takeshita, Y. Takeichi,

A. Takeuchi, A. Takigawa, D. Takir, T. Tanigaki, A. Taniguchi, K. Tsukamoto, T. Yagi,

S. Yamada, K. Yamamoto, Y. Yamashita, M. Yasutake, K. Uesugi, I. Umegaki, I. Chiu,

T. Ishizaki, S. Okumura, E. Palomba, C. Pilorget, S. M. Potin, A. Alasli, S. Anada, Y. Araki,

N. Sakatani, C. Schultz, O. Sekizawa, S. D. Sitzman, K. Sugiura, M. Sun, E. Dartois,

E. De Pauw, Z. Dionnet, Z. Djouadi, G. Falkenberg, R. Fujita, T. Fukuma, I. R. Gearba,

K. Hagiya, M. Y. Hu, T. Kato, T. Kawamura, M. Kimura, M. K. Kubo, F. Langenhorst, C. Lantz,
B.Lavina, M. Lindner, J. Zhao, B. Vekemans, D. Baklouti, B. Bazi, F. Borondics, S. Nagasawa,
G. Nishiyama, K. Nitta, J. Mathurin, T. Matsumoto, |. Mitsukawa, H. Miura, A. Miyake,

Y. Miyake, H. Yurimoto, R. Okazaki, H. Yabuta, H. Naraoka, K. Sakamoto, S. Tachibana,

H. C. Connolly Jr., D. S. Lauretta, M. Yoshitake, M. Yoshikawa, K. Yoshikawa, K. Yoshihara,

90of 10

202 ‘2T Afeniga uo BI0°80US 105 MMM,/:SANY WO | PaPE0 JUMOQ



SCIENCE ADVANCES | RESEARCH ARTICLE

Y. Yokota, K. Yogata, H. Yano, Y. Yamamoto, D. Yamamoto, M. Yamada, T. Yamada,
T.Yada, K. Wada, T. Usui, R. Tsukizaki, F. Terui, H. Takeuchi, Y. Takei, A. Iwamae,

H. Soejima, K. Shirai, Y. Shimaki, H. Senshu, H. Sawada, T. Saiki, M. Ozaki, G. Ono, T. Okada,
N. Ogawa, K. Ogawa, R. Noguchi, H. Noda, M. Nishimura, N. Namiki, S. Nakazawa,

T. Morota, A. Miyazaki, A. Miura, Y. Mimasu, K. Matsumoto, K. Kumagai, T. Kouyama,

S. Kikuchi, K. Kawahara, S. Kameda, T. Iwata, Y. Ishihara, M. Ishiguro, H. Ikeda, S. Hosoda,
R.Honda, C. Honda, Y. Hitomi, N. Hirata, N. Hirata, T. Hayashi, M. Hayakawa, K. Hatakeda,
S. Furuya, R. Fukai, A. Fujii, Y. Cho, M. Arakawa, M. Abe, S. Watanabe, Y. Tsuda, Formation
and evolution of carbonaceous asteroid Ryugu: Direct evidence from returned samples.
Science, eabn8671 (2022).

30. A.Grimberg, H. Baur, P. Bochsler, F. Biihler, D. S. Burnett, C. C. Hays, V. S. Heber,

A.J. G. Jurewicz, R. Wieler, Solar wind neon from Genesis: Implications for the lunar noble
gas record. Science 314, 1133-1135 (2006).

31. K.Bajo, C.T.Olinger, A.J. G. Jurewicz, D. S. Burnett, |. Sakaguchi, T. Suzuki, S. Itose,

M. Ishihara, K. Uchino, R. Wieler, H. Yurimoto, Depth profiling analysis of solar wind helium
collected in diamond-like carbon film from Genesis. Geochem. J. 49, 559-566 (2015).

32. TOPICS: Images of the samples from Ryugu, JAXA HAYABUSA2 PROJECT, www.hayabusa2.
jaxa.jp/en/topics/20201225_samples.

33. D.C.Black, On the origins of trapped helium, neon and argon isotopic variations in
meteorites—II. Carbonaceous meteorites. Geochim. Cosmochim. Acta 36, 377-394
(1972).

34, R.O.Pepin, R. H. Becker, D. J. Schlutter, Irradiation records in regolith materials. I:
Isotopic compositions of solar-wind neon and argon in single lunar mineral grains.
Geochim. Cosmochim. Acta 63, 2145-2162 (1999).

35. T.Okada, T. Fukuhara, S. Tanaka, M. Taguchi, T. Arai, H. Senshu, N. Sakatani, Y. Shimaki,

H. Demura, Y. Ogawa, K. Suko, T. Sekiguchi, T. Kouyama, J. Takita, T. Matsunaga,
T.Imamura, T. Wada, S. Hasegawa, J. Helbert, T. G. Miiller, A. Hagermann, J. Biele,

M. Grott, M. Hamm, M. Delbo, N. Hirata, N. Hirata, Y. Yamamoto, S. Sugita, N. Namiki,

K. Kitazato, M. Arakawa, S. Tachibana, H. lkeda, M. Ishiguro, K. Wada, C. Honda, R. Honda,
Y. Ishihara, K. Matsumoto, M. Matsuoka, T. Michikami, A. Miura, T. Morota, H. Noda,

R. Noguchi, K. Ogawa, K. Shirai, E. Tatsumi, H. Yabuta, Y. Yokota, M. Yamada, M. Abe,

M. Hayakawa, T. Iwata, M. Ozaki, H. Yano, S. Hosoda, O. Mori, H. Sawada, T. Shimada,

H. Takeuchi, R. Tsukizaki, A. Fuijii, C. Hirose, S. Kikuchi, Y. Mimasu, N. Ogawa, G. Ono,

T. Takahashi, Y. Takei, T. Yamaguchi, K. Yoshikawa, F. Terui, T. Saiki, S. Nakazawa,

M. Yoshikawa, S. Watanabe, Y. Tsuda, Highly porous nature of a primitive asteroid revealed
by thermal imaging. Nature 579, 518-522 (2020).

36. R.Okazaki, K. Nagao, Primordial and cosmogenic noble gases in the Sutter’s Mill CM
chondrite. Meteorit. Planet. Sci. 52, 669-689 (2017).

37. M.W.Broadley, P. H. Barry, D. V. Bekaert, D. J. Byrne, A. Caracausi, C. J. Ballentine,

B. Marty, Identification of chondritic krypton and xenon in Yellowstone gases and the
timing of terrestrial volatile accretion. Proc. Natl. Acad. Sci. U.S.A. 117, 13997-14004
(2020).

38. J.Boulliung, E. Fiiri, C. Dalou, L. Tissandier, L. Zimmermann, Y. Marrocchi, Oxygen fugacity and
melt composition controls on nitrogen solubility in silicate melts. Geochim. Cosmochim. Acta
284, 120-133 (2020).

39. E.Furi, L. Zimmermann, H. Hiesinger, Noble gas exposure ages of samples from Cone and
North Ray craters: Implications for the recent lunar cratering chronology. Meteorit. Planet. Sci.
56,2047-2061 (2021).

40. T.Yamamoto, K. Hashizume, J. Matsuda, T. Kase, Multiple nitrogen isotopic components
coexisting in ureilites. Meteorit. Planet. Sci. 33, 857-870 (1998).

41. A.lIshida, K. Hashizume, T. Kakegawa, Microbial nitrogen cycle enhanced by continental
input recorded in the Gunflint Formation. Geochem. Perspect. Lett. 4, 13-18 (2017).

42. S.Kawagucci, J. S. Seewald, Compositional and isotopic characteristics of hydrocarbons
generated by a hydrothermal experiment simulating seafloor sediment alteration
stepwise heating from 275 to 361°C at 30 MPa. Geochem. J. 53, 281-291 (2019).

Okazaki et al., Sci. Adv. 8, eabo7239 (2022) 16 November 2022

43. S.Kawagucci, Y. Matsui, A. Makabe, T. Fukuba, Y. Yuji, T. Nunoura, T. Yokokawa, Hydrogen
and carbon isotope fractionation factors of aerobic methane oxidation in deep-sea water.
Biogeosciences 18, 5351-5362 (2021).

44. S.Kawagucci, T. Toki, J. Ishibashi, K. Takai, M. Ito, T. Oomori, T. Gamo, Isotopic variation
of molecular hydrogen in 20°-375°C hydrothermal fluids as detected by a new analytical
method. Eur. J. Vasc. Endovasc. Surg. 115, G03021 (2010).

45. M.E.l.Riebe, K. C. Welten, M. M. M. Meier, R. Wieler, M. I. F. Barth, D. Ward, M. Laubenstein,
A. Bischoff, M. W. Caffee, K. Nishiizumi, H. Busemann, Cosmic-ray exposure ages of six
chondritic Almahata Sitta fragments. Meteorit. Planet. Sci. 52, 2353-2374 (2017).

46. S.Kameda, H. Suzuki, T. Takamatsu, Y. Cho, T. Yasuda, M. Yamada, H. Sawada, R. Honda,
T. Morota, C. Honda, M. Sato, Y. Okumura, K. Shibasaki, S. Ikezawa, S. Sugita, Preflight
calibration test results for Optical Navigation Camera Telescope (ONC-T) onboard the
Hayabusa2 spacecraft. Space Sci. Rev. 208, 17-31 (2017).

47. G.H.Bagheri, C. Bonadonna, I. Manzella, P. Vonlanthen, On the characterization of size
and shape of irregular particles. Powder Technol. 270, 141-153 (2015).

Acknowledgments: We thank the anonymous reviewer and J. A. Cartwright for valuable
comments and the editorial board (K. Hodges and M. Martinez) for editorial handling of this
manuscript. Hayabusa2 was developed and built by Japan Aerospace Exploration Agency
(JAXA), with contributions from the German Aerospace Center and the Centre National
d'Etudes Spatiales (CNES), and in collaboration with NASA and other universities, institutes,
and companies in Japan. The Hayabusa2 sampler system was developed by JAXA, The
University of Tokyo, Hokkaido University, Kyushu University, Japan Agency for Marine-Earth
Science and Technology, and other universities, institutes, and companies in Japan. Funding:
R.0. was supported by JSPS KAKENHI grant numbers JP19H01959 and JP20H05846. B.M., EF.,
M.W.B., and D.B. were supported by the European Research Council (Photonis Advanced
Grant no. 695618 and VOLATILIS Starting Grant 715028) and by the CNES. Work by D.K.,
M.E.L.R., and H.B. has been carried out within the framework of the NCCR PlanetS and the
Ambizione program supported by the Swiss NSF (grants 200020_182649, 51NF40-182901, and
PZ00P2_193331).J.G,, S.A.C, T.L, and L.F. were funded by STFC grants numbers ST/R000751/1
and ST/V000675/1. K.Has. and A.l. were supported by JSPS KAKENHI grant number JP20H00190.
Author contributions: R.O. led the NG-MS analysis with Y.N.M. and wrote the paper with
contributions from members of the Hayabusa?2 Initial Analysis volatile team. Hayabusa2 capsule
recovery and curation works were led by H.Sa., S.Tac., Y.N.M.,, K.Sa., Y.Taka., H.Y., T.l., and

R.O. Nitrogen and NG-MS analysis at CRPG-Nancy was led by B.M., E.F.,, M\W.B., and D.B. NG-MS
analysis at Washington University was led by A.Me. and O.P. NG-MS analysis at ETH was led by
H.B.and M.E.IR. Nitrogen and NG-MS analysis at Ibaraki University was led by K.H. and

A.l. GC-MS/IRMS analysis at TITECH/JAMSTEC was led by K.Ya,, Y.Taka., S.Ka., and Y.Ma. All
authors discussed the results and commented on the manuscript. Competing interests: The
authors declare that they have no competing interests. Data and materials availability: All
data needed to evaluate the conclusions in the paper are present in the paper and/or the
Supplementary Materials. All images used in this study are available at the JAXA Data Archives
and Transmission System (DARTS) at https://data.darts.isas.jaxa.jp/pub/hayabusa2/paper/
sample/Okazaki_2022b. Data of the Hayabusa2 sample and other data from the mission are
available at the DARTS archive at www.darts.isas.jaxa.jp/curation/hayabusa2 and www.darts.
isas.jaxa.jp/planet/project/hayabusa2, respectively. The gas samples of the Hayabusa2 sample
container are curated by the JAXA Astromaterials Science Research Group; distribution for analysis
will be available through an Announcement of Opportunity at https://jaxa-ryugu-sample-ao.net.

Submitted 21 February 2022

Accepted 5 October 2022

Published First Release 20 October 2022
Published 16 November 2022
10.1126/sciadv.abo7239

100f 10

202 ‘2T Afeniga uo BI0°80US 105 MMM,/:SANY WO | PaPE0 JUMOQ


https://www.hayabusa2.jaxa.jp/en/topics/20201225_samples
https://www.hayabusa2.jaxa.jp/en/topics/20201225_samples
https://www.mysnf.ch/grant.aspx?id=a319566c-4b7d-4670-baa4-0e8073149d42
https://data.darts.isas.jaxa.jp/pub/hayabusa2/paper/sample/Okazaki_2022b
https://data.darts.isas.jaxa.jp/pub/hayabusa2/paper/sample/Okazaki_2022b
http://www.darts.isas.jaxa.jp/curation/hayabusa2
http://www.darts.isas.jaxa.jp/planet/project/hayabusa2
http://www.darts.isas.jaxa.jp/planet/project/hayabusa2
https://jaxa-ryugu-sample-ao.net

