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Supplementary Notes 

Sample process used for the initial analysis of Ryugu chamber A and C samples 

A summarized description of the onsite process by which samples were collected from the asteroid 

Ryugu was reported by the Hayabusa2 International Team [1-3]. This description was followed by the initial 

analysis team [4-9] with regard to 1) chemistry (i.e., comprehensive description), 2) petrology and mineralogy 

for coarse grains (i.e., mm-sized grains), 3) petrology and mineralogy for fine grains (i.e., <100 μm-sized 

grains), 4) volatile components (i.e., noble gas and inorganic and organic gases), 5) insoluble organic matter 

(IOM) (i.e., macromolecular organic matter), and 6) soluble organic matter (SOM) (i.e., extractable organic 

molecules), in combination with the phase 2 curational description [10-12]. A photograph of the samples 

(A0106 and C0107) before extraction is shown in Figure S1. We present a concept based on the dimensions of 

chemical resolution and chemical variation (Figure S2). Further science proposals after the initial analysis will 

be advanced by the international announcement of opportunity (AO) in the Astromaterials Science Research 

Group (ASRG) of ISAS/JAXA. 

 

Supplementary Methods 

Sequential solvent extraction for Ryugu A0106 and C0107 

The detailed procedure for extracting organic molecules from the Ryugu samples has been described in 

the literature [8] and the scheme (Figure S3). In brief, we extracted organic molecules from the A0106 (13.08 

mg) and C0107 (10.73 mg) Ryugu samples with hot water (TAMAPURE-AA, Tama Chemicals Co., Ltd.) at 

105 °C for 20 h in N2-purged and flame-sealed glass ampoules. After the extraction, the contents were 

transferred from the ampoule to a glass vial. The glass vial was centrifuged for 8 min at 14,000 rpm, after 

which the supernatant was transferred to another sample extraction vial. The glass ampoule was rinsed with 

200 μL of H2O, and then the H2O solution was transferred to the residue-containing vial, which was further 

mixed by shaking. The glass vial was centrifuged for 8 min at 14,000 rpm, after which the supernatant was 

transferred to the sample extraction vial. This step was repeated, and then the combined 600 μL of solution 

was mixed well by shaking (i.e., the water/rock ratio was normalized to 600 µL of H2O:10 mg of initial bulk). 

The hot water extract was split into 250 μL (KU) and 250 μL (GSFC) for amino acid analysis and 100 μL 

(JAMSTEC) for the analysis in the present report and that of [13]. 

Separate aggregates of A0106 (17.15 mg) and C0107 (17.36 mg) were extracted by a series of organic 

solvents with the assistance of ultrasonication (15 min) in the following order: hexane (hexane 5000, 

FUJIFILM Wako, 200 μL × 3), dichloromethane (DCM, dichloromethane 5000, FUJIFILM Wako, 200 μL × 

3), methanol (MeOH, QTOFMS grade, FUJIFILM Wako, 200 μL × 3) and H2O (200 μL × 3, TAMAPURE-

AA, Tama Chemicals Co., Ltd.). After sonication and centrifugation (12,000 rpm, 5 min), the liquid extract 

was decanted. For further details, please refer to the reference [8]. We concurrently performed the same 
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procedure with the Murchison meteorite and the Murray meteorite [8,14,15] to assess CM group references 

with the same normalization of the water/rock ratio (i.e., 600 µL of H2O: 10 mg of initial bulk each). The hot 

water extract was also analyzed using the same procedure as in the present report. Prior to analysis, all 

glassware used was heated in an oven at 500 °C for 3 h to remove possible organic contaminants. 

 

Supplementary Discussion 

Diverse and unique colors of the sequential solvent extracts 

The colors of the sequential solvent extracts are diverse and chemically interesting, as shown in Figure 

S5. We observed that the hot water extracts (#7-1) from Ryugu A0106 and C0107 were colorless and 

transparent after extraction. Then, we observed diverse colored supernatants during sequential extractions from 

the aggregate samples. The colors of the extracts indicate the chemical features of the extractable organic 

molecules, which inherent the affinity of the solvent from low to high polarity (i.e., they depend on 

hydrophilicity, hydrophobicity, and amphiphilicity [8,16]. Potentially, dissolved inorganic species and 

organic‒inorganic complex molecules exhibit chromaticity depending on the solvent affinity [13,16]. Figure 

S6 represents the soluble nitrogen from the initial bulk to the sequential extraction, i.e., the fraction of SOM 

(fSOM) normalized by the nitrogen-based relative abundance (%) for Ryugu A0106, C0107 and the CI reference 

of Orugeil. Notably, the extractable inorganic carbon and inorganic nitrogen balance are operationally included 

in the inorganic fraction (fInorganics) and soluble organic fraction (fSOM). Here, the theoretical mass balance 

equation of the carbon and nitrogen isotopic compositions is expressed as follows: 

fIB × δ13CIB = fInorganics × δ13CInorganics + fSOM × δ13CSOM + fIOM × δ13CIOM  [i] 

fIB × δ15NIB = fInorganics × δ15NInorganics + fSOM × δ15NSOM + fIOM × δ15NIOM  [ii] 

where f is the number of moles of carbon and nitrogen as, 

fIB = fInorganics + fSOM + fIOM        [iii] 

Since this formula is a theoretical equation, we note that inorganic carbon and nitrogen are practically 

combined with fSOM during wet chemical processes [13], and volatile carbon and nitrogen are not included in 

fIOM. To date, organic analysis of the pristine initial bulk (#1), hexane (#2), dichloromethane (DCM) (#3), 

methanol (MeOH) (#4), and water (#5) fractions for the sequence from low polarity to high polarity and hot 

water (#7-1, this study; #7-2 HCl), DCM/MeOH (#8), formic acid (FA) (#9, this study), hydrochloric acid 

(HCl) (#10, this study), and IOM (#11) fractions has been classified within the scope of soluble organic 

molecules [13, 17-21]. We obtained ultraviolet (UV)/visible absorption spectra of the extracts to acquire further 

organic chemical information and search for novel organic molecules [22,23]. 

 

UV‒vis spectroscopy of the organic extracts 
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The UV‒vis spectra of all #5 extracts (H2O extracts) show no clear peak, although the spectra of the 

extracts of Ryugu A0106 and C0107 have a trace peak at ~204 nm (Figure S7 A–D). The spectra of the Ryugu 

#7-1 extracts (hot H2O extracts) showed a peak at ~214 nm. A slight peak at ~214 nm was present in the 

spectrum of the Orgueil extract but was absent in that of the serpentine blank extract (Figure S7 E–H). The 

origin of this signal is unclear, but many organic compounds, including N-containing organic compounds, have 

a peak in this range [24]. The spectra of the Ryugu #7-2 extracts (HCl extracts) were similar to those of 

serpentine (Figure S7 I–L). The spectrum of the Orgueil extract clearly differs from that of serpentine and 

Ryugu, showing two peaks at ~225 and ~338 nm. The two characteristic peaks in the HCl extract do not appear 

in the reference HCl solution but can be attributed to FeCl3 in HCl. Thus, the spectrum indicates that this 

extract contains Fe3+. The absorption of short-wavelength visible light would also be consistent with the visible 

yellowish color of this extract. All #9 extracts (formic acid extracts) showed a peak at ~207 nm, which 

corresponded to a signal from formic acid (Figure S7 M–P). However, N-containing organic compounds also 

have a peak in this range [24], and N-heterocyclic compounds were found in the #9 extracts of Ryugu samples 

and the Orgueil meteorite by SALDI-MS (Figure S8). Thus, the compounds may provide a minor contribution 

to this signal. The extracts of Ryugu samples and the Orgueil meteorite additionally showed a peak at ~282 

nm. This signal is attributed to Fe3+, as shown by the spectrum of the HCl solution containing FeCl3 (Figure 

S7). 

 

High-resolution mass spectrometry of the pinkish formic acid extracts 

We traced the molecular characterization of the pinkish formic acid extracts (#9) and the nitrogen 

isotopic profiles of the “extract” during the sequential extraction until the final insoluble organic matter (IOM) 

was obtained (Figure S8). The extracted formic acid fraction (#9) was dropped in a pit on a glass slide and 

dried on a clean bench at ambient temperature. A platinum sputtering deposit was applied to the glass slide for 

surface-assisted laser desorption/ionization (SALDI) mass spectrometry (MS) [25] [73]. Each spectrum 

contains many unassigned mass signals, but the elemental formula of CnH2n-mN (n = 10~23, m = 6~10) is 

exclusively contained in the #9 extracts of Ryugu samples and the Orgueil meteorite (see also Figure S8). 

These compounds have been found in carbonaceous chondrites and are assigned as N-heterocyclic compounds, 

including alkylpyridines [8,17,26]. The contents were higher in C0107 than in A0106 but lower than those in 

the Orgueil and Murchison meteorites. The relative abundances between differently saturated series (e.g., 

CnH2n-6N and CnH2n-8N) indicate that the Ryugu samples and the Orgueil meteorite are comparable, while the 

Murchison meteorite is enriched in a more saturated formula. A difference in the saturation of CHN compounds 

was previously found between less saturated CHN compounds in CM and more saturated CHN compounds in 

CR chondrites [14]. The difference between the Ryugu/Orgueil and Murchison meteorites implies that 

hydrogenation was less substantial in Ryugu and the parent asteroid of the Orgueil meteorite. Carbon number 
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distributions in each series (e.g., n = 17~21 in CnH2n-8N of Ryugu C0107 and n = 10~19 in CnH2n-8N of the 

Murchison extract [8]) show that the Ryugu samples and Orgueil meteorite contain larger CHN compounds 

than the Murchison meteorite, suggesting that the elongation reaction of the carbon chain was more substantial 

in their parent asteroids. This result may be consistent with more substantial aqueous reactions in Ryugu and 

the parent asteroids of CI chondrites than in the Murchison CM chondrite [4]. The carbon number distributions 

also show that the CHN compounds in A0106 are slightly smaller than those in C0107, implying a potential 

difference in the chain elongation reaction in the asteroid Ryugu. 

 

Spectroscopic FTIR references for the soluble components 

To further confirm the presence of soluble organic matter, FTIR spectra of the DCM and methanol 

extracts from the Ryugu samples were obtained, as shown in Figure S9 (A0106 and C0107). The predominant 

absorption at ~1000 cm-1 is derived from the Si-O stretching band of silicates in both extracts. Differences in 

the width and shape of the Si-O band between the two samples might be attributable to differences in the 

composition, size, and/or shape of the silicate grains [27]. In addition, the A0106 extract shows several 

absorptions at 1300-1600 cm-1, which might be attributed to the aromatic C=C and/or N-heterocyclic C=N 

bands [28]. According to the distribution of alkylated N-heterocycles in the A0106 extract [8], the observed 

absorptions, as well as the weak absorptions at ~2900 cm-1 (C-H stretch), might be partially derived from N-

heterocycles. In contrast, the C=C/C=N and C-H stretching bands were insignificant for the C0107 extract. A 

similar signature is also inferred from the distribution of N-heterocycles, in which the degree of alkylation in 

C0107 is less than that in A0106 (Figure S9). These features may be explained by the different histories of 

both samples on the parent body. Since the A0106 sample is derived from the surface of the asteroid Ryugu, it 

should have been exposed to energetic particles, such as cosmic rays and solar wind, which may modify 

organics and minerals [29]. The A0106 sample shows a tiny absorption band at ~3600 cm-1 attributed to OH 

stretching in minerals [30], which could be caused by residual water on the parent body. 
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Supplementary Figure S1. Profiles of samples obtained from the asteroid Ryugu (162173) in this study. 
(A, B) Photographs of initial sample A0106 (a total of 38.4 mg, with normal light and UV light under a 
microscope) obtained from the asteroid Ryugu (162173) at the 1st touchdown sampling location [1,2]. (C, D, 
E, F) Photographs of initial C0107 samples (37.5 mg in total, with normal light and UV light under a 
microscope) obtained from the asteroid Ryugu (162173) at the 2nd touchdown sampling location [1,2]. Here, 
we observed carbonate fluorescence (indicated by green arrows) under UV light under the microscope of Leica 
M205 FA microscope. 
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Supplementary Figure S2. Exploring the asteroid Ryugu by organic astrochemical approaches.  
(A) Soluble organic surveys for chemical resolution and variation in the asteroid Ryugu. The locations for 
surface and subsurface sampling are important anchor points. The bulk profiles for light elements of CNHOS 
[8,31], molecular profiles within the wide polarity range for hydrophilic, semi-hydrophilic and hydrophobic 
fractions [8,13,18-21], and enantiomer profiles for symmetric amino acid isomers [8,18,19] were 
systematically classified for target analysis. It is important to merge the primary description with spatial 
distribution [32], molecular growth features [33] and a comprehensive molecular atlas [34]. (B) Conceptual 
diagram of the achievements in the analysis of soluble organic molecules in Ryugu samples. The aqueous 
alteration was determined by the latest organic chemical description for Ryugu ([8,13,31] and this study).  
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Supplementary Figure S3. Analytical scheme and sequential solvent extraction for Ryugu samples by 
the SOM team. (A) The extraction procedures were performed on an International Organization for 
Standardization (ISO)-5 (Class 100) clean bench inside an ISO-6 (Class 1000) clean room at Kyushu Univ. 
These extraction samples have been safely distributed to SOM team members and are being analyzed in detail 
at their laboratories [8]. The residues obtained from the insoluble solid fraction were also seamlessly 
transported to other initial analysis teams for further characterization [4,9]. (B, C) Carbon and nitrogen 
contents in the extracts from A0106 and C0107 for the process from #7 to #10 (Table S3). Carbon values are 
partially shown for data without solvent-derived blank effects. For example, carbon values of the formic acid 
fraction are not listed since completely drying the fraction is impossible. 
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Supplementary Figure S4. Separation on CE-HRMS for Ryugu, carbonaceous reference standards 
(Murchison & Murray), and the carboxylic acid standard.  
(A) High-resolution mass electropherograms of Ryugu (A0106 and C0107), Murchison, Murray and propionic 
acid standard. (B) Verification of migration time on high-resolution mass electropherograms for carboxylic 
acids (mono-, di-, and carboxylic acids of alkyl-straight chain molecules < C10) between the Murchison 
reference and Ryugu sample (A0106 and C0107) on the theoretical 1:1 line. Ryugu A0106 and C0107 are 
indicated by blue and light blue, respectively. For more information, please see the references [17,35,36]. 
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Supplementary Figure S5. Representative colors of extracts and colloids in the supernatant observed 
during sequential solvent extraction for the Ryugu aggregate samples (A0106 and C0107).  

(A) Brownish colloidal colors (#4 MeOH extract, #5 water extract: each 600 µL scale) were observed for 
A0106 and C0107 [8,13,17]. The onsite color reference is shown in red (R), green (G), and blue (B) [16]. The 
soluble molecular survey data of formic acid extract #9 and the nitrogen isotopic profiles are shown in Figure 

S7 and Figure S8, respectively. (B) Colloidal precipitation was observed in the methanol extract (each 600 µL) 
and refrigerated storage at 4 °C. The photo images were taken during sequential extraction in a cleanroom at 
Kyushu Univ [8]. 
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Supplementary Figure S6. Soluble nitrogen from the initial bulk to the sequential extraction.  
The fraction of SOM (fSOM) normalized by the nitrogen-based relative abundance (%, as initial bulk to the 
procedures of #7, #9, and #10) is shown for Ryugu A0106, C0107 and the reference of Orugeil. Notably, we 
used an extraction solvent containing carbon (formic acid), and the carbon percentage (%) was not discussed 
(Table S4). 
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Supplementary Figure S7. UV‒visible spectra of extracts from powders of the Ryugu samples (A0106 
and C0107), the Orgueil meteorite, and thermally treated serpentine.  
(A–D) H2O extracts. (E–H) H2O-HCl extracts. Please see the hot-water extracts fraction numbers of #7-
1(unhydrolyzed) and #7-2 (hydrolyzed) [8, 13, 18, 19]. (I–L) HCl extracts. (M–P) Formic acid extracts with 
the reference aqueous solutions for HCl, 0.8 mM FeCl3 in 1 M HCl, formic acid, and 0.16 mM FeCl3 in 16 
mM formic acid. The horizontal and vertical axes represent the wavelength (nm) and absorbance (arbitrary 
unit), respectively. 
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Supplementary Figure S8. Nitrogen-containing molecular compositions of formic acid extracts (#9). 
Based on a previous method [25], the nitrogen-containing molecular series are shown in diagrams (e.g., CnH2n-

6N+, CnH2n-8N+, and CnH2n-10N+) with comparisons among Ryugu (A0106 and C0107), Orgueil, and Murchison. 
Here, we note that the blank run of formic acid (purity >99%, FUJIFILM Wako Pure Chemical Corporation) 
was not significant during the sequential analysis (i.e., the instrumental background level of the SALDI system). 
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Supplementary Figure S9. Comparison of the FTIR spectra obtained for the solvent extracts from the 
Ryugu samples (A0106 and C0107).  
(A) The DCM extract of C0107 presented an absorption band at 2850-2950 cm-1 (CH2/CH3 bonds), similar to 
that of A0106. (B) MeOH extracts. Vertical axis represents the transmittance in arbitrary units. Naraoka et al. 
(2023) reported preliminary data on A0106 profiles [8]. 
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Supplementary Figure S10. Standardizing the analytical precision and accuracy of isotopic compositions. 
High-precision and high-accuracy analytical optimization using reference standards of carbon (C), nitrogen 

(N), and sulfur (S) covered a wide range of isotopic compositions. d13C, ‰ vs. VPDB; within 13C-enriched 
and 13C-depleted profiles; d15N, ‰ vs. Air; within 15N-enriched and 15N-depleted profiles. d34S, ‰ vs. VCDT; 
within 34S-enriched and 34S-depleted profiles. The horizontal and vertical axes represent the nominal value (i.e., 
expected) and the measured value (i.e., observed), respectively [37,38]. 
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Supplementary Figure S11. Identification of cyclic sulfur molecules observed in the IOM leachate. (A) 

Photograph of IOM, suggesting the presence of a sticky yellowish precipitate. The scale bar stands for 200 µm. 
(B) Gas chromatographic separation of cyclic sulfur molecules (S6, S7, S8). The corresponding mass 
fragmentations with the NIST references are shown in Figure S12. For the detection of S8 in the soluble organic 
fraction, please see a previous report [20]. Notably, there are reports evaluating the presence and chemical 
form of sulfur-bearing species using scanning transmission electron microscopy-energy dispersive X-ray 
spectroscopy (STEM-EDS) [9] and XANES (X-ray absorption near edge structure) spectroscopy [39]. 
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Supplementary Figure S12. Mass fragmentation of cyclic sulfur molecules observed in the IOM leachate.  
GC/MS analysis of the hexane extract from the IOM fraction to identify the cyclic sulfur molecules (S6, S7, 
S8) and corresponding mass fragmentations with the NIST references (database ID #55119 for S6, #107859 for 
S8). For the detection of S8 in the soluble organic fraction, please see the previous report [20]. 
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Supplementary Figure S13. Verification of the potential heterogeneity and homogeneity of the Ryugu 
samples (A0106 and C0107) in the grain-scale particles by FT-IR observation.  
(A, B) Functional group-specific (-OH, -NH, -CH) signals were acquired according to the technical report [41], 
implying some partial heterogeneity in the ROIs. The scale bar stands for 3 mm. The partial organic 
heterogeneity was also shown on the mm scale [32]. 
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Supplementary Figure S14. Amino acids of the CI type for Ivuna and Orgueil.  
Data compilation based on the reference for identified amino acids [41]. The data compilation is courtesy of 
the authors. The individual molecular information is shown in the diagram [41] with the following review [42].  
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Supplementary Table S1. Qualitative and quantitative results of hot water-extractable hydrophilic 
compounds (C, H, O, S) for hydroxy acids and other related molecules from Ryugu samples.  
The reference data of CM meteorites (Murchison, Murray) are shown with the scale of parts per billion (ppb). 
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Supplementary Table S2. Qualitative and quantitative results of hot water-extractable hydrophilic 
compounds (C, H, N) for hydroxy acids and other related molecules from Ryugu samples.  
The reference data of CM meteorites (Murchison, Murray) are shown with the scale of parts per billion (ppb). 
Notably, the quantitative errors of the organic acid mixed solution (average mass number: 120.2 ± 40.6, n = 5) and 

amino acid mixed solution (average mass number: 132.2 ± 31.0, n = 27) were better than 94.9 ± 9.4% (n = 5) and 

90.4 ± 12.3% (n = 27), respectively, on the accuracy of the analytical conditions. 
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Supplementary Table S3. Summary of the data obtained for carbon, nitrogen, hydrogen, oxygen, and 
sulfur contents (wt %) with their stable isotopic compositions for the Ryugu IOM solid residues.  
For the initial bulk data (IB) of Ryugu for A0106 and C0107, please see the references [8,13,17]. 

 

 

*Pyrolyzed oxygen released at 1400 °C under a helium gas flow as described [8]. 
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Supplementary Table S4. Summary of the data obtained for carbon and nitrogen content and the 
isotopic compositions by solvent extraction for Ryugu (A0106 and C0107) and the reference (CI-Orgueil).  

The total extract volume was 600 µL for each solvent extraction [8]. Since we used an extraction solvent 
containing carbon (e.g., formic acid), the remaining carbon information is not shown below. 
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