
 1 

Supplementary Information for 

“Chemical evolution of primordial salts and organic sulfur molecules in the asteroid 

162173 Ryugu” 

 

Toshihiro Yoshimura1*, Yoshinori Takano1*, Hiroshi Naraoka2, Toshiki Koga1, Daisuke Araoka3, 

Nanako O. Ogawa1, Philippe Schmitt-Kopplin4,5, Norbert Hertkorn4, Yasuhiro Oba6, Jason P. 

Dworkin7, José C. Aponte7, Takaaki Yoshikawa8, Satoru Tanaka9, Naohiko Ohkouchi1, Minako 

Hashiguchi10, Hannah McLain7, Eric Thomas Parker7, Saburo Sakai1, Mihoko Yamaguchi11, 

Takahiro Suzuki11, Tetsuya Yokoyama12, Hisayoshi Yurimoto13, Tomoki Nakamura14, Takaaki 

Noguchi15, Ryuji Okazaki2, Hikaru Yabuta16, Kanako Sakamoto17, Toru Yada17, Masahiro 

Nishimura17, Aiko Nakato17, Akiko Miyazaki17, Kasumi Yogata17, Masanao Abe17, Tatsuaki 

Okada17, Tomohiro Usui17, Makoto Yoshikawa17, Takanao Saiki17, Satoshi Tanaka17, Fuyuto 

Terui18, Satoru Nakazawa17, Sei-ichiro Watanabe10, Yuichi Tsuda17, Shogo Tachibana17,19,  

Hayabusa2-initial-analysis SOM team# 

 

1 Biogeochemistry Research Center (BGC), Japan Agency for Marine-Earth Science and Technology 

(JAMSTEC), Natsushima 2-15, Yokosuka, Kanagawa 237-0061, Japan. 

2 Department of Earth and Planetary Sciences, Kyushu University, 744 Motooka, Nishi-ku, Fukuoka, 819-

0395, Japan. 

3 Geological Survey of Japan (GSJ), National Institute of Advanced Industrial Science and Technology 

(AIST), 1-1-1 Higashi, Tsukuba, Ibaraki 305-8567, Japan. 

4 Helmholtz Zentrum München, Analytical BioGeoChemistry, Ingolstaedter Landstrasse 1, 85764 

Neuherberg, Germany. 

5 Technische Universität München, Analytische Lebensmittel Chemie, Maximus-von-Forum 2, 85354 

Freising, Germany. 

6 Institute of Low Temperature Science (ILTS), Hokkaido University, N19W8, Kita-ku, Sapporo, 060-0189, 

Japan.  

7 Solar System Exploration Division, NASA Goddard Space Flight Center, Greenbelt, Maryland 20771, 

U.S.A. 

8 HORIBA Advanced Techno, Co., Ltd., Kisshoin, Minami-ku Kyoto, 601-8510, Japan. 

9 HORIBA Techno Service Co., Ltd. Kisshoin, Minami-ku Kyoto, 601-8510, Japan. 

10 Department of Earth and Planetary Sciences, Nagoya University, Nagoya 464-8601, Japan. 

11 Thermo Fisher Scientific Inc., 3-9 Moriyacho, Kanagawa-ku, Yokohama-shi, Kanagawa 221-0022, Japan. 

12 Department of Earth and Planetary Sciences, Tokyo Institute of Technology, Ookayama, Meguro, Tokyo, 

152-8551, Japan. 

13 Creative Research Institution (CRIS), Hokkaido University, Sapporo, Hokkaido, 001-0021, Japan 



 2 

14 Department of Earth Science, Tohoku University, Sendai, 980-8678, Japan. 

15 Department of Earth and Planetary Sciences, Kyoto University, Kyoto, 606-8502, Japan. 

16 Earth and Planetary Systems Science Program, Hiroshima University, Higashi Hiroshima, 739-8526, Japan. 

17 Institute of Space and Astro-nautical Science, Japan Aerospace Exploration Agency (ISAS/JAXA), 

Sagamihara, Kanagawa, 229-8510, Japan. 

18 Kanagawa Institute of Technology, Atsugi 243-0292, Japan. 

19 UTokyo Organization for Planetary and Space Science (UTOPS), University of Tokyo, Bunkyo-ku, Tokyo, 

113-0033, Japan.  

# A list of authors and their affiliations appears at the end of the paper 

 

* equal contribution 

 

Correspondence to T. Yoshimura: e-mail: yoshimurat@jamstec.go.jp, TEL: +81-46-867-9783 

  

mailto:yoshimurat@jamstec.go.jp


 3 

Contents 

˖ List of Abbreviations 

˖ Mineral dissolution in sequential leaching 

˖ Comparison of cation and δ26Mg compositions with those of carbonaceous meteorites 

˖ Depth difference of NH3 concentrations between Ryugu and Orgueil 

˖ Supplementary Figures 1–10.  

˖ Supplementary Table 1–8. 

˖ Supplementary References 1–35. 

˖ List of Hayabusa2-initial-analysis SOM team members 

  



 4 

List of Abbreviations 

C-type, Carbonaceous-type; CI, C-Ivuna type; CIA, Chemical Index of Alteration; CM, 

Mighei-type; CR, Renazzo-type; IC/OrbitrapMS, Ion chromatography/Orbitrap mass 

spectrometry; ESI, electrospray ionization; ICP-MS, Inductively Coupled Plasma mass 

spectrometry; SOM, Soluble Organic Matter; M–C–NK, Magnesium–Calcium–Sodium and 

Potassium; A–CN–K, Aluminum–Calcium + Sodium–Potassium. 

 

Mineral dissolution in sequential leaching 

In sequential leaching, mineral phases other than the main target minerals are also 

partly dissolved according to their solubility. For this study, we have verified extraction yields 

of acid dissolution by using standard materials of the main target minerals (Supplementary 

Table 5).  

First, dolomite is the main carbonate mineral of Ryugu as well as other CI chondrites. 

We conducted an experiment in which dolomite standard published by the National Institute of 

Advanced Industrial Science and Technology (AIST) reacted with formic acid used in this study 

under the same conditions. The dissolution rate was calculated from the Ca concentration in the 

HCOOH after the reaction, and dolomite yield was 103.3 ± 5.0% (2SD, n = 3), indicating that 

it was completely decomposed. 

The solubility of clay minerals in HCOOH and HCl was verified using reference 

materials of the Clay Science Society of Japan (CSSJ). According to our experiment, almost all 

of the saponite dissolved in 20% HCl (please see attached table below). Other phyllosilicates, 

montmorillonite, dickite, kaolinite, and pyrophyllite were also tested in the same way. 

Dissolution of clay minerals was evaluated by aluminum or magnesium concentration. The 

dissolution rate of saponite was 103.3 ± 2.2% (2SD, n = 3). Although the concentrations varied 

slightly around 100%, the JCSS elemental reference values themselves differ by 8.0% (2SD, n 

= 3) among the three different laboratories1, so basically a 100% yield was achieved. The >99% 

HCOOH, which is the extraction fraction before #10 HCl, also dissolves about 10% of the 

saponite. The SOM extraction method of Naraoka et al. (2023)2 used very concentrated formic 

acid, but this dissolution behavior of this clay mineral corresponds to the acidity of the 

monocarboxylic acid according to the test using 6.0% (1M) CH3COOH (Supplementary Table 

5). 

The Fe concentrations of 0.16 and 0.37 mmol/g in A0106 and C0107 (Supplementary 

Table 2). If we assume that the amount of S measured in the #7-1 is all come from FeS, the 

amount of S released is about 1/600 and 1/400 of the total amount of SO4
2- and S2O3

2- in the 

#7-1 fractions of A0106 and C0107, respectively. Thus, the effect of sulfide dissolution on the 

composition of dissolved species in the solution is small. Sulfide dissolution mainly occurred 

in the fractions #10 HCl as well as in #9 HCOOH.  Approximately ~1000 to 8000 times more 
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Fe is detected in the HCOOH and HCl fractions, respectively, compared to #7-1 hot H2O 

fraction. In addition, the calculated Mg# (Mg/Mg+Fe) for #7-1 fractions of Ryugu is ~82, which 

is close to the typical value for Ryugu phyllosilicates (ranging mainly from 75 to 90)3. Iron may 

be derived from secondary minerals other than FeS, in which case the effect of sulfide 

dissolution on sulfur would be smaller. 

 

Comparison of cation and δ26Mg compositions with those of carbonaceous meteorites 

To check the ionic balance of each fraction, the total ionic contents of major anions 

(−) and major cations (+) are expressed in meq (milliequivalent, the sum of moles of 

cation/anion multiplied by its valence): the sum of cations should equal the sum of anions 

(Supplementary Table 4). Because of their high solubility, Na and K ions should preferentially 

remain behind in concentrated brines, resulting in the Na/Mg and K/Mg ratios of the salt 

fraction being two to three orders of magnitude higher than those of the carbonate and 

phyllosilicate fractions (Supplementary Fig. 3). Alkali metal ions are preferentially partitioned 

over Mg, one of the most abundant soluble ions in meteorites, during their precipitation into 

secondary phases. The total salt concentration of Orgueil is higher than that of Ryugu, 

particularly that of Mg, which is more than 22 times higher in Orgueil than in the Ryugu samples. 

For the carbonate and phyllosilicate fractions, some representative terrestrial materials 

are plotted on the ternary diagram of Al2O3, CaO+Na2O, and K2O, known as the A–CN–K 

compositional space4, to describe the modes of mineral alteration (Supplementary Fig. 9). A 

considerable variation in solute compositions is present in the HCOOH carbonate extracts of 

Orgueil, Tarda, Aguas Zarcas, and Jbilet Winselwan, suggesting variable degrees of 

precipitation of carbonate minerals and ion-exchange processes. The Ryugu carbonate fractions 

show an intermediate composition.  

The Ryugu phyllosilicate fractions are characterized by an ionic strength 2.5 to 5 times 

greater than those of the salt and carbonate fractions, reflecting a higher abundance of Mg- and 

Fe-enriched phyllosilicates and clays (Supplementary Table 4). Their A–CN–K compositions 

(Supplementary Fig. 9) are close to the cosmic abundance and the compositions of bulk CI, CV, 

and CM chondrites5-7. The CI1 Orgueil, CM2 Aguas Zarcas, and CM2 Jbilet Winselwan follow 

a path toward higher Al2O3 on the ternary diagram (Supplementary Fig. 9), indicating a greater 

amount of soluble element-depleted clays, e.g., smectite. The Mg, Ca, and Na+K compositions, 

hereafter the M–C–NK space, of Ryugu also lie close to those of the cosmic abundance8 and 

CI, CV, and CM chondrites, as well as ordinary chondrites5-7 (Fig. 2). Both the A–CN–K and 

M–C–NK compositions of the Ryugu phyllosilicate fractions can be regarded as relatively 

unaltered.  

Both the bulk or leaching fractions from all meteorites show a linear trend along the 

A–CN junction of the A–CN–K triangle (Supplementary Fig. 9), indicating that there was no 
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transfer of incompatible elements to outside the meteorites, and that aqueous alteration occurred 

in a closed system. Here, the chemical index of alteration (CIA) is defined as: 

CIA = [Al2O3/(Al2O3 + CaO* + Na2O + K2O)]  100 

 

where CaO* represents Ca in silicate-bearing minerals only9. The CIA is a quantitative indicator 

of the in situ production of clay minerals and is equivalent to projecting the plots of the ternary 

diagram onto the vertical scale to the left of the diagram (Supplementary Fig. 9). The extent of 

alteration in CM2 has previously been quantified by using the Fe3+/Si ratio in the matrix 

phyllosilicate: this quantification is called the Mineralogical Alteration Index10. For the 

phyllosilicate fractions of meteorites, which were decarbonated by HCOOH, high CIA values 

mainly reflect removal of mobile Na and Ca relative to immobile Al during aqueous alteration 

of HCl-soluble clay fractions. CM2 chondrites have fully hydrated matrices, and the 

phyllosilicate fractions of Aguas Zarcas and Jbilet Winselwan have the highest CIA values of 

~70, followed by Orgueil (~55). It should also be noted that the extent of partitioning in soluble 

cations of phyllosilicate fractions is subtle in the M–C–NK space; thus, element partitioning 

mainly occurs between immobile and mobile elements.  

The three different solvent extracts display a large Mg isotopic (δ26Mg) variation of 

1.4‰ (Supplementary Fig. 6, Supplementary Table 8). Because the weighted 26Mg average of 

soluble extracts was nearly equal to that of the bulk chondrite composition, the difference in 

26Mg reflects isotope fractionation during Mg partitioning by precipitation of salts, carbonates, 

and phyllosilicates. This study thus provides the first evidence that changes in aqueous 

alteration led to Mg isotopic heterogeneity for carbonaceous chondrites. The δ26Mg values for 

the carbonate fractions are systematically lower than those of the phyllosilicate fractions by 

0.3‰, except for Orgueil. The molar difference between the Mg contents of the Ryugu and 

Orgueil salt and carbonate fractions is probably attributable to Mg redistribution between those 

fractions, i.e., soluble salts and carbonates. Significant enrichment of sulfate in the Orgueil salt 

fraction cannot be explained by redistribution of sulfate from the carbonate and phyllosilicate 

fractions (Supplementary Table 2); thus, it is considered to derive from oxidation of FeNi 

sulfides. The M–C–NK composition of Orgueil also appears to have experienced a higher 

degree of alteration than the least-altered Na-rich Ryugu compositions. The stable magnesium 

isotope ratio (δ26Mg) is a tool to differentiate primary aqueous alteration precipitates and later 

alteration processes. For the meteorites, except Orgueil, a 0.4‰ difference between the 

carbonate and phyllosilicate fractions mainly reflects isotope fractionation associated with 

carbonate precipitation. Given the opposite direction of isotopic fractionation between 

epsomite11 and carbonatese.g. 12 (dolomite; magnesite, MgCO3), the differences in the Mg 

amounts and isotopic compositions of Orgueil compared to Ryugu are attributable to element 

redistribution between the salt and carbonate fractions. The phyllosilicate fraction of CI1 
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Orgueil has the highest 26Mg value of −0.07‰  0.07‰13,14, suggesting the more significant 

formation of 26Mg-enriched clay compared to other petrologic type 2 chondrites 

(Supplementary Fig. 6).  

 

Depth difference of NH3 concentrations between Ryugu and Orgueil 

Ryugu is reminiscent of Orgueil, but in addition to the differences in the salts, possesses 

different amounts and ratios of NH3 and amines. One potential explanation for these differences 

is that Orgueil was more protected from volatile losses than Ryugu surface and subsurface 

materials, the latter of which were partly derived from ~1 m depth15. Preservation of labile 

organic compounds at the surface is affected by the balance between the rate of erosion, which 

determines the age of surface exposure, and solar/cosmic ray irradiation penetrating to depths 

of a few centimeters to a maximum of several meters16. If the prime difference between Ryugu 

and Orgueil were sampling depth, one would expect the properties of material from the 

subsurface collection in Chamber C to be bracketed by those of the surface collection in 

Chamber A and Orgueil (or Ivuna), but that does not seem to be the case. 

Naraoka et al. (2023)2 reported the presence of non-protein type amino acids and a 

wide variety of alkylated N-containing heterocyclic compounds (e.g., pyridine, pyrimidine, 

imidazole, and pyrrole) from the same sample (A0106). Parker et al. (2023) 17 also provided 

additional qualitative and quantitative detailed evaluation of indigenous amino acids as part of 

a comparison of the A0106 and C0107 samples. The diversity of N-heterocyclic molecules in 

carbonaceous meteorites is an important indicator of the origin and formation history of the 

parent body18,19. Initial descriptions of volatile nitrogen and noble gases in Ryugu samples has 

been reported from a detailed gas analysis20,21.  

In addition to organic-form nitrogen, ammonium salts and NH4
+ adsorption/ion 

exchange with phyllosilicate minerals and complexation with organic matter are potential N 

reservoirs of meteorites22. The hydrophilic nature of N-containing functional groups, including 

amines, amides, and the imine moiety, makes them susceptible to aqueous alteration23; thus, N 

depletion of meteorites and comets is probably due to highly volatile N2, NH3, or possibly 

HCN24. In this context, it is important to note that the volatile organic nitrogen species 

methylamine (CH3NH2), ethylamine (C2H5NH2), and isopropylamine and n-propylamine (both 

C3H7NH2), together with small organic acids (i.e., HCOOH or CH3COOH) have been detected 

in the A0106 and C0107 H2O extracts2,17. The latter sample likely contains subsurface material 

from ejecta15.  

Compared to Orgueil, there is less extractable NH3 in Ryugu (0.18 µmol/g for A0106 

salt fraction and <0.02 µmol/g for C0107): Orgueil contains ~200 times as much NH3 (33.54 

µmol/g, see Supplementary Table 2). Either different amounts of terrestrial or aqueous 

alteration on Orgueil liberated bound NH3 and amines25, or the fluids in Ryugu and Orgueil had 
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different pH values. The depletion of NH3 in the Ryugu (sub-)surface samples is also related to 

different chemical conditions of aqueous alteration. Higher-pH conditions resulted in the 

preferential formation of Cn–NH2 (n < 3 for Ryugu A0106 and n < 4 for Orgueil) over NH3 

because its pKa (25 °C) value of 10.6 is greater than that of NH3 (9.3). At ~37 °C, the estimated 

temperature of the equilibrium point of Ryugu carbonate and magnetite26, the pKa of NH3 in 

synthetic brines is 9.0 (ref. 27). Note that the pKa of these species varies with temperature and 

ionic strength, so the formation of NH3 salts might depend on (in decreasing order of 

importance), the pH, temperature, and ionic strength of the parent body fluids.  
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(A) 

(B) 

Supplementary Figure 1 Photograph and analytical scheme for the Soluble Organic 

Matter (SOM) of Ryugu samples. 

(A) Photographs of the initial samples A0106 and C0107 from the asteroid Ryugu (162173), 

which were collected during the first and second touchdown samplings, respectively15,28. The 

photos were taken in the clean chamber of the JAXA curation facility prior to sample 

distribution. Details of the sample quality control and environmental assessments have been 

previously published29,30,31. Each red line of the scale bar represents 3 mm. (B) Analytical 

scheme for the initial analysis of Ryugu samples by the SOM team2
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Supplementary Figure 2 The molar amounts of (A-D) cations and (E, F) anions in solute 

extracts divided by the initial weights of the starting solid materials used for sequential 

leaching (in mol/g).  

(A-C, E) Amounts of cations, Na+, K+, Mg2+, and SO4
2− in the salt fraction (via hot H2O, circles), 

carbonate fraction (via HCOOH, squares), and phyllosilicate fraction (via HCl, diamonds), and 

(D, F) amounts of NH4
+ and S2O3

2− in the salt fraction. The extract numbers correspond to the 

original solvent identifications of Naraoka et al. (2023)2. DL is below the detection limit of the 

instrument, which is 0.02 µmol NH4
+/g for hot H2O fraction. 
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Supplementary Figure 3 Molar ratios of Na+, K+, SO4
2−, NH4

+, Cl−, and S2O3
2− to Mg2+ in 

the sequential extracts.  

Na+, K+, and SO4
2− to Mg2+ of the salt fraction (via hot H2O, circles), carbonate fraction (via 

HCOOH, squares), and phyllosilicate fraction (via HCl, diamonds), plotted on a logarithmic 

scale, and the molar ratios of NH4
+, Cl−, and S2O3

2− to Mg2+ in the salt fraction, plotted on a 

linear scale. Horizontal dashed lines represent the cosmic abundance values. The extract 

numbers correspond to the original solvent identifications of Naraoka et al. (2023)2. DL is 

below the detection limit of the instrument, which is 0.02 µmol NH4
+/g for hot H2O fraction. 

Data are provided as a Source Data file. 

 

  



 12 

 

Supplementary Figure 4 Results of comprehensive analysis of sulfur-containing molecules 

using Fourier transform ion cyclotron resonance/mass spectrometry (FTICRMS).  

(A) Percentage abundance of signal of A0106 and C0107 compared to Murchison, Tarda, and 

Orgueil meteorite methanol extracts. The relative intensities are the cumulative intensities of 

both the protonated and sodiated ions formed in the electrospray. (B) Abundance ratios of Na-

adducts relative to the corresponding protonated species of the various polysulfides of A0106 

and C0107 compared to Murchison, Tarda, and Orgueil meteorite methanol extracts. The 

analytical method followed Schmitt-Kopplin et al. (2010)32. 
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Supplementary Figure 5 Anion chromatogram of (a) the #5 water extracts of A0106, (b) 

C0107, and (c) baked serpentine obtained by ion chromatography/Orbitrap mass 

spectrometry in full scan mode.  

The scans covered mass ranges of m/z 40–750. Major components are shaded.  
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Supplementary Figure 6 The pH profiles for (A) hot H2O extracts of Ryugu A0106 and 

C0107 and (B) working standard solutions (pH 4.004, 6.865, and 9.18).  

The scan (x-axis) is each raw data integration, where the plateau represents the stabilized pH 

measurement status at a scan rate of 1 Hz. 
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Supplementary Figure 7 Mg isotopic compositions of the sequential extracts.  

The gray shading represents a δ26Mg value of −0.28‰  0.06‰ (vs. the DSM-3 standard13), 

which is the average value of nine types (CI, CM, CO, CV, L, LL, H, EH, and EL) of bulk 

chondrites. To confirm that an isotopic difference was present only in the Orgueil extracts, 

symbols containing a cross (#5 water and #7-2 HCl extracts) were extracted following different 

extraction orders than the other H2O and HCl extracts (see Supplementary Fig. 1B). Both values 

are identical to those of #7-1 hot water and #10 HCl extracts (salt and phyllosilicate fractions, 

respectively) within analytical error. The HCl extract from CI1 Orgueil has the highest 26Mg 

value of −0.07‰  0.07‰, suggesting more significant formation of 26Mg-enriched clay 

compared to other petrologic type 2 chondrites. The weighted 26Mg average of the Orgueil 

soluble extracts was nearly equal to the bulk chondrite composition; therefore, their element 

redistribution associated with aqueous alteration occurred within a closed system. 
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Supplementary Figure 8 Representative nanoLC/Orbitrap MS chromatograms of water-

extractable (#5 H2O extract) organic sulfur homologues obtained from the Ryugu A0106 

sample. 

(A) Alkylsulfonic acids; (CH3–)n–SO3
−, (B) hydroxyalkylsulfonic acids; HO–(CH2–)n–SO3

−, 

(C) alkylthiosulfonic acids; (CH3–)n–S2O2
−.  
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Supplementary Figure 9 Ternary diagram showing the molar proportions of Al2O3, 

CaO+Na2O, and K2O of the sequential extracts.  

For reference, the bulk compositions of ordinary and carbonaceous chondrites, the cosmic 

abundance, and typical compositions of terrestrial rocks and minerals are also plotted. The left 

vertical scale is the chemical index of alteration, which is equivalent to projecting the plot of 

the A–CN–K ternary diagram onto the vertical scale to the left of the diagram. Data are provided 

as a Source Data file. 
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Supplementary Figure 10 Representative molecular structures of the polythionic acids 

and organosulfur compounds  

(i.e., alkylsulfonic acids, alkylthiosulfonic acids, hydroxyalkylsulfonic acids, and 

hydroxyalkylthiosulfonic acids) discussed in this paper. 

Polythionic acids

Dithionic acid

Formula: H2O6S2

Exact Mass: 161.9293

Triithionic acid

Formula: H2O6S3

Exact Mass: 193.9013

Tetrathionic acid

Formula: H2O6S4

Exact Mass: 225.8734

Pentathionic acid

Formula: H2O6S5

Exact Mass: 257.8455

Alkylsulfonic acids

Methylsulfonic acid

Formula: CH4O3S

Exact Mass: 95.9881

Ethylsulfonic acid

Formula: C2H6O3S

Exact Mass: 110.0038

Propylsulfonic acid

Formula: C3H8O3S

Exact Mass: 124.0194

Butylsulfonic acid

Formula: C4H10O3S

Exact Mass: 138.0351

Alkylthiosulfonic acids

Methylthiosulfonic acid

Formula: CH4O2S2

Exact Mass: 111.9653

Ethylthiosulfonic acid

Formula: C2H6O2S2

Exact Mass: 125.9809

Propylthiosulfonic acid

Formula: C3H8O2S2

Exact Mass: 139.9966

Butylthiosulfonic acid

Formula: C4H10O2S2

Exact Mass: 154.0122

Hydroxyalkylsulfonic acids

Hydroxymethylsulfonic acid

Formula: CH4O4S

Exact Mass: 111.9830

Hydroxyethylsulfonic acid

Formula: C2H6O4S

Exact Mass: 125.9987

Hydroxypropylsulfonic acid

Formula: C3H8O4S

Exact Mass: 140.0143

Hydroxybutylsulfonic acid

Formula: C4H10O4S

Exact Mass: 154.0300

Hydroxypentylsulfonic acid

Formula: C5H12O4S

Exact Mass: 168.0456
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Supplementary Figure 10 (cont.) 

  

Hydroxyalkylthiosulfonic acids

S

O
OH

S

HO

Hydroxymethylthiosulfonic acid

Formula: CH4O3S2

Exact Mass: 127.9602

S

O
OH

S
HO

Hydroxyethylthiosulfonic acid

Formula: C2H6O3S2

Exact Mass: 141.9758

S

O
OH

S

HO

Hydroxypropylthiosulfonic acid

Formula: C3H8O3S2

Exact Mass: 155.9915

S

O
OH

S
HO

Hydroxybutylthiosulfonic acid

Formula: C4H10O3S2

Exact Mass: 170.0071

S

O
OH

S

HO

Hydroxypentylthiosulfonic acid

Formula: C5H12O3S2

Exact Mass: 184.0228
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Supplementary Table 1 Weights of the subsamples of A0106 and C0107 submitted for 

analysis by elemental analyzer, the results of bulk analysis of total sulfur concentration, and 

sulfur isotope ratios19. The results are shown in Figure 1. The results listed for other Ryugu 

particles3,33 are for larger particles that were analyzed by X-ray fluorescence (XRF) and ICP-

MS. The XRF and ICP-MS results are similar to the sulfur concentration of the CI group 

reported by Lodders (2021)8. The results from Yokoyama et al. (2023)26 are listed with XRF 

analysis error. One standard deviation (1SD) values are provided for the variation of sulfur 

concentrations of multiple particles, the results of Nakamura et al. (2022)33, and the 

estimation error of Lodders (2021)8. *Yokoyama et al. (2023) conducted XRF analysis using 

two different XRF instruments.  
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Supplementary Table 2 Blank subtracted abundances of anions and cations in the sequential 

extracts of Ryugu (A0106 and C0107), Orgueil, and baked serpentine. Blank cells are due to 

the detection limits and background from the solvent reagents. Errors are two standard 

deviations (2SD) of triplicate analysis. 
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Supplementary Table 2 (cont.) 
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Supplementary Table 3 Concentrations of sulfur-containing ions (Supplementary Table 1) in 

weight percent in each elution fraction of A0106 and C0107 relative to total sulfur 

concentration (Supplementary Table 1), and their sum. The presence of sulfur in sulfate and 

other intermediate-oxidation-state forms is supported by X-ray absorption near-edge structure 

analysis of the bulk sample34. 
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Supplementary Table 4 The sum of major anions and cations listed in Supplementary Table 2 

(in meq per gram of solid sample). Note that dissolved inorganic carbon and silica were not 

measured because of the limited amounts of available sample. “DW of LL” denotes the ions 

dissolved in the water (DW) phase of liquid-liquid (LL) separation. 
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Supplementary Table 5 The percentages of clay mineral and carbonate standards dissolved 

in the sequential extraction acids of Naraoka et al. (2023)2. The percentage of dissolution was 

calculated by measuring Al or Mg for clay minerals and Ca for carbonates. The ratio of solid 

to liquid phase of clay minerals is the same as the solid/liquid ratio of Naraoka et al. (2023)2, 

with 600 L of reagent added for 15 mg of solids. As the abundance of carbonates in Ryugu is 

a few percent, the sample weight of dolomite experiment was reduced to 1.5 mg of sample. 
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Supplementary Table 6 Blank subtracted abundances of cations in the sequential extracts of 

reference carbonaceous meteorites (CI1 Orgueil, C2ung Tarda, and CM2 Aguas Zarcas and 

Jbilet Winselwan).  
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Supplementary Table 7. Ammonia and amine abundances in hot water extracts of Ryugu 

A0106, C0107, and Orgueil. For reference, the amount of NH3 released by hydrothermal 

treatment (300 °C and 100 MPa) of the insoluble organic material of Orgueil is ~19 μmol/g. 

(ref. 25). A significant amount of NH3 is also present only in salt-bound form in Orgueil, not in 

the organic, carbonate, or phyllosilicate fractions (Supplementary Table 2). Errors shown are 

1SD.  

 
Species Ryugu A0106 

(nmol/g) 

Ryugu C0107 

(nmol/g) 

Orgueil 

(nmol/g) 

Orgueil/A106 

ratio 

Orgueil/C107 

ratio 

pK 

(at 25°C) 

Vapor 

Pressure 

(kPa @ 20°C) 

Ammonia 180±60 <20 33540±3080 190±24 >1677 9.2 857 

Methylamine 23.79±0.64 a,b 34.14±1.74 b 331.5±0.2 c 13.93±0.37 9.71±0.49 10.7 186 

Ethylamine 11.37±0.34a,b 10.70±1.98 b 27.3±2.4 c 2.40±0.22 2.55±0.52 10.8 116 

Isopropylamine 0.59±0.03a,b 0.62±0.06 b 4.8±0.1c 8.13±0.12 7.74±0.77 10.7 33.0 

n-Propylamine 0.05±0.01a,b 0.08±0.02 b 5.1±0.04 c 100±20 64±16 10.6 63.4 

 

a Naraoka et al. (2023)2 

b Parker et al. (2023)17 

c Aponte et al. (2016)35 
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Supplementary Table 8 Magnesium isotope ratios of the leacheates, normalized as 26Mg 

and 25Mg (‰, vs. the DSM-3 standard13) within two standard deviations (2SD) of triplicate 

analysis. The pure Mg standard Cambridge-113, which does not require column separation, 

was also measured. 
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