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Noble gases and nitrogen in samples of asteroid Ryugu record its volatile sources and recent surface evolution
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Abstract: 
The near-Earth C-type asteroid (162173) Ryugu is expected to be enriched in volatile species that may also have contributed to Earth’s inventory. Ryugu samples were returned to Earth by the Hayabusa2 spacecraft. We report noble gas and nitrogen isotopes, finding they are dominated by pre-solar and primordial components, incorporated at Solar System formation. Noble gas concentrations are higher than those in Ivuna-type carbonaceous (CI) chondrites. Several host phases of isotopically different nitrogen exist, with heterogeneous abundances between the samples. Noble gases and nitrogen indicate a close relationship of Ryugu with CI chondrites. Noble gases produced by galactic cosmic rays, corresponding to ~5 Myr exposure, and those of implanted solar wind record the recent irradiation history after Ryugu migrated to its current orbit. 


Main Text:
The Hayabusa2 spacecraft returned to Earth on 2020 December 6, after collecting surface and subsurface samples from asteroid (162173) Ryugu (1). Ryugu is a hydrous and carbonaceous (C-type) asteroid thought to have chemical and mineralogical compositions similar to primitive stony meteorites, carbonaceous chondrites (2). Carbonaceous chondrites contain high abundances of volatile elements and molecules, including hydrogen, carbon, nitrogen, noble gases, and organic compounds, making them a potential source of volatiles delivered to Earth and the other terrestrial planets (3, 4). Nitrogen and noble gases in different carbonaceous chondrites vary in their chemical abundances and isotopic ratios. This diversity is thought to be primarily inherited from primordial (prior to Solar System formation) source materials, but could also reflect processes that occurred in the interior of asteroids after their accretion, such as thermal metamorphism and aqueous alteration (5, 6). Ryugu is thought to have originated from a ~100 km-diameter parent body (7) that has experienced aqueous alteration to variable extents (7, 8). The timing of the aqueous alteration on the Ryugu’s parent body has been determined by radioactive isotopes, about 3 to 7 Myr after Solar System formation (about 4.56 Gyr ago) (7, 8). After the aqueous alteration, the parent body has been catastrophically disrupted and re-accumulated to form a rubble pile asteroid, Ryugu (9, 10).
Noble gas isotopes can also be used to assess surface activities on rocky bodies of the Solar System, such as modification by impacts (heating, cratering, mixing, and rock fragmentation), and solar wind (SW) and cosmic ray irradiations (e.g., 11). Remote-sensing observations of Ryugu by Hayabusa2 revealed signs of impacts, space weathering, and surface heating (9, 12–15). Energetic particle irradiation could alter susceptible surface materials, such as organic molecules. Determining the effects of SW and cosmic ray irradiation requires distinguishing characteristic noble gas signature originating from SW implantation, galactic cosmic rays (GCRs, from outside the Solar System), and solar cosmic rays (SCRs, from the Sun). 
Ryugu grains
Ryugu grains were collected during the first and second Hayabusa2 touchdown (TD) operations (1, 16). The samples we were assigned from the first TD (hereafter denoted Ryugu-A samples, A0105-series) were collected from the surface of Ryugu at an equatorial region by shooting a 5 g tantalum projectile at a velocity of ~300 m s-1 (1, 16, 17) and stored in Chamber A of the sample collection instrument (18). The second TD samples were collected from a site near a crater (1) generated by an artificial impact (19) and stored in Chamber C (denoted Ryugu-C samples, C0106-series) (16–18). Since the depth of the artificial crater is ~1.7 m (20), the Ryugu-C samples may include subsurface materials as well as surface materials similar to the Ryugu-A samples. Because asteroid surface materials are generally fragmented rocks (so-called breccia) consisting of different lithologies, we performed a combination of non-destructive analyses prior to destructive (high precision) isotope measurements for pelletized samples (21) (Fig. S1). Fourier-transform infrared (FTIR) spectroscopy, field-emission scanning electron microscopy (FESEM) observations, and energy dispersive X-ray spectroscopy (EDS) measurements were performed for non-destructive analyses (21). After these non-destructive examinations, abundances and isotopic compositions of noble gases and nitrogen were destructively measured in 21 individual Ryugu samples (Fig. S1 and Table S1). The pelletized samples were analyzed without exposure to Earth’s atmosphere at any point, including during sample preparation, transportation, weighing, and introduction to the instruments for all analyses (21). The fragments of material generated during pelletization were also collected and used for noble gas analyses (21) (Table S1). The masses of the pelletized samples are between 0.05 and 0.1729 mg, while those of the fragment samples are between 0.0006 and 0.0115 mg (Table S1).
Mineralogy and petrography
[bookmark: _Hlk92698211]The FESEM observations and EDS measurements showed that the pelletized Ryugu grains are mainly composed of fine-grained matrices, in which the major mineral phase is phyllosilicates (Figs. 1, S2, and S3). The modal abundances of magnetite and sulfide grains in 16 Ryugu-A samples are 5±1 % and 2±1 %, respectively, within errors identical to those (5±2 % and 3±1 %) of 8 Ryugu-C samples (21). These values are also identical to those (4.3 % and 1.1 %) (22) in Ivuna-type carbonaceous (CI) chondrites within errors, but are distinct from those (2.2 % and 2.0 %) in Mighei-type (CM) and those (1.0 % and 21.0 %) in dehydrated CI-like carbonaceous chondrites (23).
The FTIR spectra of our Ryugu samples show absorption bands at 3698.8 cm-1 (2.70 µm) due to O-H stretching modes of phyllosilicates (24) and at 2968.4 cm-1 (3.37 µm) due to C-H stretching (24) (Fig. 2), which is consistent with earlier results for the Ryugu samples (18). The close relationship between Ryugu and CI chondrites has previously been reported using other techniques (7, 8, 25, 26). Further spectral features are shown in Figs. S4 and S5. These non-destructive results indicate that our samples are typical Ryugu grains with a CI-like lithology, containing no clasts with CM or dehydrated CI-like chondrite characteristics (23).
Noble gas isotopes
[bookmark: _Hlk102055444][bookmark: _Hlk108602182]We measured noble gases (stable isotopes of helium, neon, argon, krypton, and xenon) in the Ryugu samples by stepped heating (21). Based on their isotopic ratios, we interpret the He in the Ryugu samples as superpositions of two components: one is primordially trapped He, designated P1 {also known as “Q” gas, residing in an unknown [most likely carbonaceous] phase named “Q” for quintessence (27, 28)}, and the other is pre-solar HL {hosted by presolar nano-diamonds and named after its Xe isotopic composition enriched in heavy [134Xe and 136Xe] and light [124Xe and 126Xe] isotopes compared to solar Xe (28 and references therein)}. In addition to P1 and HL gases, there are contributions of SW (11, 29), and SCR/GCR-produced (cosmogenic) components (Fig. S6). Most of the samples contain Ne from major components HL-Ne and P1-Ne (Fig. 3A), though their relative abundances are uncertain, which affects our estimation of SW-Ne abundances. Although we cannot rule out implantation-fractionated SW [FSW (30)], the elemental abundances of the Ryugu samples (Fig. S7A) are consistent with mixing between just HL and P1. Two samples (A0105-01 and C0106-06) record clear contributions from pre-solar Ne components, almost pure 22Ne carried by pre-solar graphite and/or SiC, {called G [originated from the He burning shell of Red Giant AGB stars] and R [radiogenic origin, the decay product of 22Na] components (28)} as found at higher temperatures (>900 °C) of stepped heating Ne data (Fig. 3B and Data S1). Only samples A0105-06 and A0105-15 plot a mixing line between SW and P1, evidence for a clear contribution of SW-Ne in their compositions (Fig. 3A). The rest of samples have only a minor contribution from SW visible at lower temperatures in their step heating data (Fig. 3B). 
The 38Ar/36Ar ratios of the Ryugu samples range between 0.186±0.001 and 0.194±0.007 (Data S1), which are similar to the value expected for P1 (0.1873±0.0007: 27, 28) or other trapped components (28). The SW-rich samples also fall within this range of 38Ar/36Ar (Data S1). The higher 38Ar/36Ar ratios (>0.187) are not correlated with cosmogenic 21Ne concentrations, which could be due to higher concentrations of the target elements for cosmogenic 38Ar production, such as K and Ca, in some of the samples. The 40Ar/36Ar ratios range from 4 to 70, probably with substantial instrumental contamination, due to the small amounts of 40Ar in the Ryugu samples. Concentrations of 40Ar vary from 5×10-6 to 2×10-4 cm3 g-1 at standard temperature and pressure (STP), suggesting heterogeneously distributed potassium in the samples and variable atmospheric contamination from the instrument. 
We interpret the isotopic ratios of Xe as dominated by P1, with variable contributions from HL and SW components (Figs. S7B and S8, and Data S1), though cannot exclude a small contamination by Earth’s Xe. Some samples could have cosmogenic contributions, but large uncertainties and the dominant presence of trapped Xe prevent us from unambiguously identifying its presence. Sample A0105-15 (which has abundant SW-Ne) has a Xe composition similar to that of SW-Xe in its 130Xe to 136Xe isotopes, (Fig. S8), but is depleted in 124Xe and 126Xe isotopes (Data S1). Excesses in 129Xe, which formed from the decay of short-lived 129I, are observed in some samples with 129Xe/132Xe ratios higher than that for P1-Xe (1.042) (27). Isotopic 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 substantially affect the less abundant Kr and Xe isotopes when measuring such small sample masses (Figs. S8 and S9). 
Nitrogen abundances and isotopes
Nitrogen isotopes were extracted by stepped heating and measured for four pelletized samples (Table S1). The total (organic and inorganic) carbon content was also determined for the two samples (A0105-07 and C0106-07) (21). The δ15N [difference to the atmospheric 15N/14N ratio (31) in ‰] values of A0105-07 and C0106-07 are +1.7±0.5 and 0.0±0.4 ‰, respectively (Table S2). Other Ryugu samples have been reported to have higher values in the range +39 to +43 ‰ [observed range in C-rich grains: (25)] or +43.0 ± 9.0 ‰ {averaged value for mg-sized aggregates of Ryugu-A [A0106] (26)}, consistent with δ15N value of CI chondrites between +31 and +52 ‰ (32–36). The two lowest ratios in our Ryugu samples are more similar to the dehydrated CI chondrite Yamato-980115 (hereafter Y-980115) of ₋2.8 ‰ (37) (Fig. 4). The δ15N of A0105-05 and C0106-06 are +18.1±0.9 and +19.5±0.9 ‰ respectively (Table S2), between two other samples (A0105-07 and C0106-07) and CI chondrites (Fig. 4). The nitrogen abundances of our samples are between 700 and 900 ppm (Table S2), two to three times lower than in CIs (32–36), but similar to Y-980115 (37) and the highly altered CM chondrite Meteorite Hills 01070 (hereafter MET 01070) (36) (Fig. 4). We find an inverse linear trend between the nitrogen isotope ratios and the nitrogen abundances (Fig. 4), suggesting the presence of at least two phases: one with δ15N up to +70 ‰, and the other with δ15N close to the Earth’s atmosphere composition. 
The lighter δ15N value observed in some of our samples cannot be due to a fractionation process, which would result in enrichment of heavier isotopes relative to the lighter ones in the nitrogen-poor fractions. Atmospheric contamination would increase the nitrogen abundance, and shift the δ15N value closer to zero. Hence, the variation in δ15N among our samples cannot be due to atmospheric contamination or diffusive loss of nitrogen (Fig. 4). 
Ryugu’s parent body
Our Ryugu samples have lower abundances of 15N than CI chondrites (32–36). Insoluble organic material (IOM) of CI chondrites has lower δ15N values than the bulk samples of CI chondrites (38), which could indicate that nitrogen in IOM is also 15N-poor. Hence, a possible 15N-rich material in CIs is soluble organic or inorganic phases, which could have been lost from the Ryugu samples to variable extent. 
The dehydrated CI chondrite Y-980115 resembles to our Ryugu samples in nitrogen compositions (37), but has mineralogy and lithology indicative of heating after aqueous alteration (reactions of rocks with liquid water) (23), different from Ryugu samples. Therefore, the 15N-rich phase in Y-980115 is likely to have been lost through a devolatilization process and the remaining 15N-poor phase in Y-980115 is different to that in our Ryugu samples. 
[bookmark: _Hlk92142825][bookmark: _Hlk92143728][bookmark: _Hlk113527715]The measured total carbon abundances of the samples A0105-07 and C0106-07 are 6.8±0.2 and 6.4±0.1 wt%, respectively. The atomic C/N ratios are 112±5 and 88±3, respectively (Table S2). These carbon contents are 50% higher than those in CI chondrites [C/N ranging between 17 and 32 (32–36)], other Ryugu samples (7, 8, 25, 26), and Y-980115 (37). This indicates decoupling between nitrogen and carbon host phases could have occurred. We attribute the observed variations in the δ15N, nitrogen and carbon abundances to sample heterogeneity at a small spatial scale (Table S1). Considering this heterogeneity, we suggest that various host phases of nitrogen with distinct isotopic ratios are likely still present in Ryugu grains. The heterogenous effects of aqueous alteration and dehydration or devolatilization on Ryugu materials could be responsible for the variation. The similarity of those two samples to the dehydrated CI chondrite Y-980115 indicates that some devolatilization process may be responsible for the depletion of the 15N-rich phase from our samples. This is consistent with the results of thermogravimetric analysis of a Ryugu A-series sample (8), in which the release of interlayer water was found only above 90 °C. Such devolatilization could occur on the surface of Ryugu or in its subsurface layers. It is unlikely to have occurred in the interior of the Ryugu parent body, because thermal modeling (7) has shown the internal heating did not reach 50 °C. Devolatilization more likely occurred on Ryugu by some heating mechanism, such as solar radiation heating (8). However, the total carbon content in Y-980115 (37) is lower than those in our Ryugu samples, so we suggest that the devolatilization mechanism that affected Y-980115 is different from the one that occurred on Ryugu, which is more enriched in carbon than CI chondrites. In addition to devolatilization, variable degrees of aqueous alteration could also be responsible. This could be due to a temperature increase at the subsurface layer of the Ryugu’s parent body, or a low amount of available water to drive alteration reactions (7). The least altered materials in Ryugu samples are found as clasts in Ryugu samples (7), which could contain a 15N-rich host phase.
The Ne and Xe isotope ratios in individual Ryugu samples show that Ryugu materials contain the host phases of primordial and pre-solar components, thought to be phase Q, presolar diamonds, SiC, and graphite (27, 28). These components were present in the early Solar System (28) prior to the formation of Ryugu’s parent body, and also commonly contained in other CI chondrites (Fig. 3 and Data S1). The elemental ratios of the heavy noble gases, 36Ar, 84Kr, and 132Xe, are closest to the P1 noble gas component (Fig. S7B), and hence their abundances reflect mainly the P1 abundance. With the exception of the SW-rich sample (A0105-15), the weighted mean values of the heavy noble gas concentrations in Ryugu samples are 1.5×10-6, 2.0×10-8, and 1.9×10-8 cm3 STP g-1 for 36Ar, 84Kr, 132Xe, respectively. These averages are similar to the highest value found in a CI chondrite (39). Some individual grains have ~2 to 3 times higher concentrations than the highest CI chondrite value (Fig. 5), also above the highest concentrations observed in bulk CM and other chondritic materials (39–41). 
In contrast to the low nitrogen abundances, the P1 gas in the Ryugu samples shows no evidence of having been lost during aqueous alteration episodes. The P1 gas in the Ningqiang ungrouped carbonaceous chondrite has been shown to be resistant to aqueous alteration (42), which is consistent with the high P1 abundances in the Ryugu samples. However, abundances of P1 gas in CM chondrites are correlated with their petrologic types, with lower P1 in CMs which experienced higher degrees of aqueous alteration (41). Mineralogical studies have found that the degree and condition of alteration differs between CI, CM, and Renazzo-type (CR) chondrite parent bodies (6). We hypothesize that the difference in the degree (or conditions) of aqueous alteration controls the P1 gas abundances. If this is correct, the degree of aqueous alteration experienced by the Ryugu parent body is similar to that for CI chondrites.
In addition to P1 and pre-solar noble gas components, Ningqiang as many other non-hydrated meteorites contain another noble gas component, referred to as Ar-rich gas (28), which is lost during hydrothermal experiments (42, 43). The Ar-rich gas is also found in some less altered CR and CM chondrites (41, 44). It has been suggested that the host phase of Ar-rich gas is susceptive to aqueous alteration, with amorphous silicate being one of its host phases (41, 43, 44). Our measurements of the Ryugu samples do not show the presence of Ar-rich gas, but do indicate the presence of SW gas – likely acquired recently, during surface exposure on Ryugu. Even if the Ryugu source material originally contained such amorphous silicates, the Ar-rich gas would have been easily lost during the decomposition of amorphous silicates. The absence of Ar-rich gas in the Ryugu samples is consistent with it appearing only in the least aqueously altered carbonaceous chondrites. All these lines of evidence indicate that Ryugu’s parent body formed from similar volatile components, and experienced similar aqueous alteration processes, to CI chondrites. 
Cosmic ray and SW irradiations
Concentrations of 4He in the individual Ryugu samples vary from 9×10-5 to 6×10-3 cm3 STP g-1, and 22Ne from 5×10-8 to 1×10-5 cm3 STP g-1 (Data S1), which we interpret as variable contributions of SW-derived gases. Based on the Ne isotopic ratios, we calculated the SW-derived 20Ne and cosmogenic 21Ne concentrations by subtracting contributions of the other Ne components (Table S3). The smallest cosmogenic 21Ne concentration is found in a SW-20Ne rich grain (A0105-15). No systematic differences in the cosmogenic 21Ne concentrations are observed between the Ryugu-A and Ryugu-C samples (Fig. 6), although the high SW-20Ne concentrations were observed only in two surface samples (Ryugu-A). 
[bookmark: _Hlk108513900]We expected the SW-20Ne and cosmogenic 21Ne concentrations to be positively correlated, as this has been observed in meteorites of all classes originating from the surface layer of fragmental incoherent rocky debris (so-called regolithic meteorites) (e.g., 45, 46). This requires grains to have been well mixed through the surface layer of the meteorites’ parent bodies, and experienced negligible grain-surface modification. However, we do not observe a correlation (Fig. 6). Most of the Ryugu samples have lower 21Ne than the trend observed in lunar soils and regolithic meteorites (45–49), implying a shorter exposure to SW. We calculated SW exposure ages of ≳3500, ≳250, and ≳1 to 50 years for the A0105-15, A0105-06, and the other samples, respectively. We calculated the SW-20Ne flux at the current orbit of Ryugu [semi-major orbital axis 1.19 au (50, 51)] using implantation rates measured by the Genesis mission (52), finding 4 × 10-9 cm3 STP cm-2 yr-1. This calculation assumes spherical grains with a diameter of 0.8 mm (equivalent to the measured sizes) and a density of 1.8 g cm-3 (7), and that the samples did not experience any grain-surface modification by pulverization or fragmentation. We therefore regard the resulting SW exposure ages as lower limits.
[bookmark: _Hlk92140647][bookmark: _Hlk92140863]The concentrations of cosmogenic 21Ne in our samples, excluding the SW-rich sample A0105-15, range from 3 × 10-9 to 8 × 10-9 cm3 STP g-1. This variation is smaller than observed in the SW-20Ne concentrations. We calculated the weighted means of the cosmogenic 21Ne concentrations for each of the Ryugu-A and Ryugu-C samples, using the sample mass as the weighting factor. The cosmogenic 21Ne concentrations are (4.8±0.8)×10-9 and (4.1±0.7)×10-9 cm3 STP g-1 for the Ryugu-A and Ryugu-C samples (excluding A0105-15), respectively. The different sampling condition between the Ryugu-A and Ryugu-C explains their different exposure to SW/cosmic-rays, brecciation, and meteoroid impacts. Abundances of the cosmogenic radionuclide 10Be were reported to be ~12.8 and ~7.3 decays (or disintegrations) per minute per kg for the Ryugu-A and Ryugu-C samples, respectively (53), reflecting their different shielding conditions. 
[bookmark: _Hlk92310986][bookmark: _Hlk108515525]The low concentrations of SW in the Ryugu samples lead us to conclude that the samples have not been transported vertically (mixed to shallower and deeper levels) by meteoroid impacts, but instead remained at a specific shielding. A shielding of 150 g cm-2 is applied for the Ryugu-C samples based on the 10Be abundances (53), which corresponds to a physical depth of 1.3 m [assuming a Ryugu surface layer density of 1.2 g cm-3 (50)] and is close the artificial crater depth of 1.7 m (20). The calculated production rate of 21Ne (P21) at 150 g cm-2 shielding is 0.79 × 10- 9 cm3 STP g-1 Myr-1 (54) assuming 2π steradian exposure on a 1.19 au orbit (50, 51) and CI chondrite composition (55). For the Ryugu-A samples, we assumed that they had a lower shielding of 2 to 5 g cm-2, appropriate for material just below the surface. At this shielding, cosmogenic 21Ne can be produced by GCRs and SCRs, but SW-implanted Ne was rare. The calculated P21 at this shielding is 0.90 × 10-9 cm3 STP g-1 Myr-1. Using these production rates, we obtained cosmic ray exposure (CRE) ages of 5.3±0.9 and 5.2±0.8 Myr for the Ryugu-A and Ryugu-C samples, respectively. These CRE ages are averaged values for each sampling site, whereas individual grains show some variations in their cosmogenic 21Ne concentrations. This variation can be explained by variable shielding conditions and chemical compositions. For the SW-rich samples A0105-15, its CRE age is >100,000 yr, obtained using a P21 of ~3 × 10- 9 cm3 STP g-1 Myr-1 for the shielding of 0 to 1 g cm-2 (54), where SW and SCR can be implanted at the grain surface. The CRE age of A0105-15 is longer than its SW exposure age, indicating that the SW-rich sample was temporarily brought to the surface but was mostly buried at a deeper depth similar to the other Ryugu-A samples. Because only a small fraction (~10 vol.%, estimated 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 ejected to space or shifted across the surface to lower gravitational potential regions, such as the mid-latitude region (50, 51) in ~5 Myr (the CRE ages of the samples).
We compare the Ryugu’s CRE ages to those of meteorites, which primarily reflect their duration of exposure in interplanetary space (during transit to Earth), rather than exposure on their parent bodies (as is the case for Ryugu). We calculated expected cosmogenic 21Ne concentrations in CI chondrites of (11 to 25) × 10-9 (Alais), (3 to 6) × 10-9 (Ivuna), (6 to 11) × 10-9 (Orgueil), and 3 × 10-9 (Tonk) cm3 STP g-1, using previous measurements of Ne isotopes (23, 56). Using a production rate of 1.5 × 10-9 cm3 STP g-1 Myr-1, calculated for a 100 cm-diameter body irradiated from 4π steradians (57), these concentrations correspond to CRE ages of 2 to 17 Myr. These calculations assume no SCR contribution and a constant GCR flux. Similar CRE ages for CI chondrites have previously been obtained based on cosmogenic radionuclides (58), indicating that the CRE ages of CI chondrites reflect their space exposure histories, with little contribution of additional parent body exposures. In the case of such multi-stage irradiations, the abundances of cosmogenic radionuclides should be lower than those of stable isotopes due to their decay during intervals between exposures. Only Ivuna is thought to have experienced multi-stage irradiation (58). 
[bookmark: _Hlk108691864]Two of five CI chondrites are known to have short CRE ages, 0.1 to 0.2 Myr (58), and >50 % of CM chondrites also have short (<10 Myr) CRE ages (41, 59, 60), indicating similar transport times to Earth. Although many CM chondrites are regolithic and contain SW noble gases (e.g., 41), which necessitates cosmic-ray exposure on the CM parent body, the duration of that exposure is not well determined. The Ryugu surface layer must have been irradiated by GCRs for a duration similar to the space exposure of CI (and possibly CM) chondrites. The lower collision frequency at the near-Earth orbit of Ryugu than at the main asteroid belt (MAB) (61, 62) could be responsible for the surface residence time of Ryugu dust/grains. However, the parent bodies of CI and CM chondrites could have experienced frequent collisions in the MAB, causing shorter surface residence times. Lunar surface materials likewise record a low-frequency collision history, because the Moon is also a near-Earth object. The higher concentrations of SW-20Ne and cosmogenic 21Ne in lunar soils reflect their longer surface and subsurface residence time (47–49), compared to samples of Ryugu (Fig. 6). 
The CRE ages of our samples constrain the orbital evolution of Ryugu, which is thought to have migrated from the MAB into its current near-Earth orbit (7, 13–15). Because the crater production rate within the MAB is about 30 times higher than that in near-Earth orbits (61, 62), the regolith residence time in the top 1 m layer of Ryugu’s surface was previously reported to be 2 to 8 Myr for near-Earth bombardment rates, or ~0.1 to 0.3 Myr for MAB bombardment rates (7, 13, 14). Our derived surface residence time of ~5 Myr is more consistent with the near-Earth bombardment rate, indicating that Ryugu’s orbit changed ~5 Myr ago. 
After the migration from the MAB to near-Earth orbit, Ryugu could have experienced other surface evolution processes, in addition to impact bombardment. The spectral variations (red and blue material) observed across Ryugu’s surface has been interpreted as indicating a temporary orbital excursion near the Sun could have produced the red material by intense heating and faster migration of surface materials (9, 13). Our stepped heating measurements show that ~30 % of cosmogenic 21Ne, corresponding to ~1 Myr of GCR exposure at 150 g cm-2 shielding, is released at 100 °C, at least from some samples (Fig. 3B and Data S1). This supports the suggestion by (8) that Ryugu samples have not experienced heating above 100 °C, and newly demonstrates that the heating could have occurred in the past ~1 Myr. Therefore, our data indicate surface alteration and migration more than 1 Myr ago, rather than more recent processes, as responsible for the spectral-color distribution, if the surface heating produced the red material.
[bookmark: _Hlk92558915]The absence of a correlation between SW-20Ne and cosmogenic 21Ne, and the scarcity of SW in the Ne isotopic ratios indicates that only a limited number of the Ryugu grains were exposed to solar wind. However we cannot rule out the possibility that the fraction of SW-rich grains was previously higher, before some grains escaped to space or migrated to other regions of Ryugu. Thermal and/or mechanical effects, such as atmospheric heating of the Hayabusa2 reentry capsule, or fragmentation and pulverization in the sample catcher during the return to Earth, could also have altered the SW inventory. The CRE ages of the Ryugu samples are shorter than those of lunar soils and regolithic meteorites (45–49), which could be explained by higher mechanical vulnerability on Ryugu. Particle ejections have been observed on the C-type asteroid (101955) Bennu (63), which could be related to grain-surface modification processes on Ryugu. Grain destruction by impact bombardment and/or phyllosilicate dehydration is predicted to be efficient on the C-type asteroid Ryugu (8, 63).
Comparison with micrometeorites
Meteoroids and micrometeorites are exposed to SW, SCRs, and GCRs during their transit from their parent bodies to the Earth. Solar-wind signatures are also commonly observed in un-melted micrometeorites (UMMs) collected from Antarctic snow and ice, most of which have similar composition and mineralogy to CI and CM chondrites (64–67). Unlike the Ryugu samples, the SW-20Ne concentrations in UMMs are correlated with cosmogenic 21Ne concentrations (Fig. 6). Some SW-20Ne and cosmogenic 21Ne must have been lost from UMMs by heating during atmospheric entry (68) and recoil effects (69), which could disturb the correlation between the SW and cosmogenic Ne concentrations. Still, most of the UMMs contain higher amounts of SW-20Ne concentrations than the Ryugu samples (Fig. 6). 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. Unlike the UMMs, only a small fraction of the Ryugu samples was exposed on the surface to SW, while cosmogenic 21Ne was produced in both the surface and subsurface layers. Therefore, Ryugu’s (and possibly other near-Earth asteroids’) surface material cannot be the major source of UMMs. Short (~250 yr for ~1 mm-diameter grains, as observed in A0105-06) exposure of Ryugu grains to SW in interplanetary space (e.g., after ejection from Ryugu by impact) would increase the SW, but could not lead the correlation between SW and cosmogenic Ne concentrations. 
Survival of pristine Ryugu material
Although the nitrogen data indicates some devolatilization has occurred, low temperature gas-extraction steps (<200 °C) released 35–70 % of 22Ne, and the Ne isotopic composition was consistent with mixing of SW and cosmogenic components (Fig. 3B and Data S1). CI chondrites release smaller fractions (20 to 30 %) of the total Ne content by 300 °C (70). It is possible that CI chondrites have lost some fraction of their easily released noble gases during or after the falling on to Earth, while the Ryugu grains retain highly volatile noble gases acquired during surface evolution. Any temperature increase of higher than 100 °C on the Ryugu’s surface has not occurred within the past 1 Myr. The primordial and pre-solar noble gases in the Ryugu samples are released at higher temperatures, >900 °C (Data S1). Atmospheric entry heating or terrestrial weathering could be responsible for the difference (71).
Conclusions
We measured noble gas and nitrogen abundances and isotopic compositions in individual grains returned from the surface and subsurface layers of near-Earth asteroid Ryugu. Ne and Xe are enriched in primordial and pre-solar noble gases, specifically the P1 and HL components. These isotopic compositions, and the elemental abundances are similar to those in CI chondrites. Nitrogen in Ryugu exhibits differences from CI chondrites: some of the samples are depleted in nitrogen and have lower δ15N values. These results indicate that Ryugu contains several host phases that have not lost their volatiles and are not mixed with each other. 
[bookmark: _Hlk103701958]We used the Ne isotopes to determine the amount of SW, GCR, and SCR irradiations after the formation of Ryugu. The CRE ages of ~5 Myr for the grains are compatible with near-surface residence times estimated for near-Earth bombardment rates, indicating that Ryugu left the main asteroid belt at least several Myr ago. The current surface and subsurface materials on Ryugu have not experienced heating above 100 °C within the last ~1 Myr. 
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[bookmark: _Hlk62208035]Fig. 1. Back scattered electron image of a Ryugu pellet sample (A0105-10). The sample is mainly composed of phyllosilicates (dark grey regions). Spherical magnetite aggregates, thin magnetite plates, and iron sulfide grains are also present. Carbonates are found close to magnetites and sulfides. Red arrows indicate minerals labeled "mt" for magnetite, "po" for pyrrhotite (iron sulfide), and "ca" for carbonate (rimmed with red dotted ovals), respectively.


[image: ][image: ]Fig. 2. Infrared spectroscopy of a Ryugu pelletized sample (A0105-05). (A) FT-IR spectrum of this sample. The absorption band at 3698.8 cm-1 (2.70 µm), due to the O-H stretching mode of phyllosilicates, was observed in all samples. The band at 2968.4 cm-1 (3.37 µm) aliphatic C-H stretching was also observed in all samples, although with weak intensity for A0105-06 and A0105-10. (B) An image of the sample under the FT-IR spectroscopy. The white square in the image indicates the analyzed area (aperture size 450 × 450 µm2).


[bookmark: _Hlk113623405][image: ]Fig. 3. Isotopic ratios of Ne in the Ryugu samples. (A) Ne isotope ratios measured from Ryugu A-series samples (orange circles) and C-series samples (green inverted triangles). CI chondrite (Alais, Ivuna, Orgueil, and Tonk) compositions (gray squares) are shown for comparison. A dark blue box is an expected composition of GCR Ne. A gray solid curve shows a composition range of SCR-Ne. Compositions of SW, P1, HL, Air, and G/R are shown in gray crosses. Dotted lines are mixing lines for SW-G/R, SW-GCR, and P1-GCR. The Ryugu values are consistent with mixing of Ne with P1, HL, and GCR-Ne; two samples (labelled) also require a contribution from SW. (B) Isotope ratios of Ne extracted by stepped heating. A light blue box is a compositional range of fractionated SW, FSW. Ne compositions of low temperature fractions (Low-T, ≤200 °C or the first laser-heating extractions) are shown in light red circles or light blue inverted triangles. High temperature fractions (High-T, >900 °C fractions or the later laser-heating extractions) are shown in red circles and dark blue inverted triangles. The isotopic compositions of Ne released at low-T indicate a contribution from SW in most of the examined samples, while those at high-T exhibit contributions from P1 or HL, and G or R components. Isotopic compositions expected for GCR and SCR Ne were calculated using the GCR and SCR-Ne production rates (57, 72) and the CI chondrite composition (55). The composition of FSW(30), was for penetration depths between 20 and 100 nm, calculated using a simulation software (73) assuming CI elemental abundances (55) (21). Data sources are (23, 56) for CI chondrites, (27, 28) for P1, HL, G, and R components, (29) for SW, and (74) for Earth’ atmosphere.
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[bookmark: _Hlk92715907]Fig. 4. Nitrogen isotopic compositions and inverse concentrations of the Ryugu pellet samples. Nitrogen compositions of each of the pelletized Ryugu-A (A0105-series samples, orange circles) and Ryugu-C (C0106-series samples, green inverted triangles) are shown. Uncertainties (1σ) for our data are smaller than the symbols sizes. An average composition of Ryugu-A aggregates (A0106, a red circle) (26), CI chondrite (Alais, Ivuna, and Orgueil) compositions (gray squares) (32–34, 36), a dehydrated CI chondrite (Y-980115) composition (a dark blue square) (37), and CM chondrite compositions (purple triangles) (34–36) are also shown for comparison. A dotted line is a regression line calculated for Ryugu samples and CI chondrites. The δ15N values of A0105-07 and C0106-07 are ~0 and ~+20 ‰, lower than those of CI chondrites, but are close to Y-980115 and the highly altered CM chondrite, MET 01070 (36). Two other samples (A0105-05 and C0106-06) have values intermediate between A0105-07/C0106-07 and A0106 compositions.
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[bookmark: _Hlk114990760]Fig. 5. Concentrations of the dominant isotopes of trapped argon, krypton, and xenon. Concentrations of 36Ar, 84Kr, and 132Xe in the Ryugu-A (orange circles) and Ryugu-C (green inverted triangles) are shown. Uncertainties (1σ) are 0.5 to 7 % (Data S1), smaller than the symbol sizes. Abundances in CI (gray squares), CM (purple triangles), Renazzo-type (CR) (dark blue diamonds), Vigarano-type (CV) (green diamonds), Ornans-type (CO) (purple diamonds) chondrites, ungrouped carbonaceous chondrites (labelled C-ung) (light blue pentagons), and a carbonaceous-chondrite-like clast from the Almahata Sitta polymict ureilite (AhS) (an orange hexagon). The Ryugu grains contain higher abundances of noble gases than other chondritic materials. Data sources are (39, 41) for CI, CM, CR, CV, CO chondrites, (41) for C-ung, and (40) for AhS.

[image: ]
Fig. 6. Concentrations of SW 20Ne and cosmogenic 21Ne. Concentrations of SW-20Ne and cosmogenic 21Ne in Ryugu-A (orange circles) and Ryugu-C (green inverted triangles) are shown. These concentrations in CI chondrites (gray squares) (23, 56), regolithic meteorites (light green circles) (45, 46), lunar soils (pink triangles) (47–49), and UMMs (light blue diamonds) (64–67) are also shown for comparison. Two Ryugu samples (A0105-06 and A0105-15) have high SW-20Ne. No correlation between SW-20Ne and cosmogenic 21Ne is evident.
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