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Soluble organic matter Molecular atlas of Ryugu reveals

cold hydrothermalism on C-type asteroid parent body
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Supplementary Text

Progressive oxygenation of aliphatic CHO molecules increases the diversity of mid-range atomic
environments of carbon atoms up to four bonds away, in particular for remotely oxygenated units
(OCnCH; n: 1-2). This structural diversity grows much faster than the nominal O/C elemental
ratio. Proportions of remotely oxygenated aliphatic units (OCCH units) were larger in Murchison,
and directly oxygenated aliphatic (OCH) units were distinct in Murchison and A0106 methanol
extracts (Figure S8A-D). Remarkably, the A0106 methanol extract showed higher apparent
diversity and relative abundance of directly oxygenated aliphatic (OCH) units than Murchison
extract. When considering rubble-pile asteroid Ryugu as an extinct comet that has lost its icy
components (40), elevated abundance of oxygenated aliphatic groups and molecules in the
methanol extract of a surface sample like A0106 becomes very plausible. Limited bandwidth of
overall chemical shift 5y in *H NMR spectra decreases opportunities for distinction of alkyl
binding motifs in complex mixtures, but variance in curvature of *H NMR resonances was
substantial, reflecting individual distributions of aliphatic branching motifs in Murchison and
A0106 methanolic extracts.

Overall, the molecular diversity of aliphatic and aromatic atomic environments with remotely
oxygenated carbon atoms was higher in Murchison than in the methanol A0106 extract. Both
findings agree with a larger proportion of carboxylic groups, and higher relative abundance of
alicyclic binding motifs in Murchison extract. These features decrease the average number of
chemical bonds between oxygen and carbon atoms in CHO molecules and induce downfield
displacement and line broadening of & for remotely oxygenated aliphatic protons as observed in
Murchison extract. Metal complexation through oxygenated functional groups may further
contribute to faster relaxation and line broadening in Murchison extract. Enhanced aqueous
alteration is a likely cause for oxygenation of organic molecules as well as mobilization of metal
ions in asteroid parent bodies.

References Suplementary Meterials:
40. H. Miura, E. Nakamura, T. Kunihiro. The Asteroid 162173 Ryugu: a Cometary Origin. The

Astrophysical Journal Letters. 925, L15 (2022).



Table S1: Meteorites and their characteristics used for the model computation (Fig. 4).

Name Type Origin Weathering Water alteration (37) Petrological type (38) Heating stage (22) Dataset
Grade (Rubin et al. 2007) (Alexander et al 2013) (Quirico et al 2018)

Boriskino cmM2 Fall 0 used for model
DOM 08003 CM2 Antarctica 2 11 Tl used for model
EET 92042 CR2 Antarctica 2 2.5 Tl used for model
Essebi C2-ung Fall 0 1.9 TI(?) used for model
Flensburg Cl-ung Fall 0 2 used for model
GRA 95229 CR2 Antarctica 1 2.5 TI(?) used for model
GRO 95577 CR1 Antarctica 2 Tl used for model
lvuna cii Fall 0 1 Tl used for model
LEW 85311 CM2_an Antarctica 2 1.9 Tl used for model
LEW 85312 CM2_an Antarctica 2 1.8 Tl used for model
MCY 05230 CM2 Antarctica 2 1.8 Tl used for model
MET 00426 CR2 Antarctica 2 2.6 Tl used for model
MET 01070 cM1 Antarctica 2 2 1.2 Tl used for model
Moapa Valley |CM1 Hot desert used for model
Mukundpura |CM2 Fall 0 Tl used for model
Murchison cMm2 Fall 0 2.5 1.6 Tl used for model
Nogoya CcM2 Fall 0 2.2 1.1-1.6 Tl used for model
NWA 10923 C1_2ung Hot desert 1 used for model
NWA 8534 cMm1/2 Hot desert 1 used for model
Orgueil cni Fall 0 1 1 Tl used for model
Paris cMm2 Fall 0 2.9 2.7 Tl used for model
QUE 99177 CR2 Antarctica 2 2.4 Tl used for model
Tagish Lake C2_ung Fall 0 Tlito Tl used for model
Y791198 cMm2 Antarctica 24 1.5 Tl used for model
Yamato 74662 | CM2 Antarctica 1 used for model
Aguas Zarcas | CM2 Fall 0 Predicted

Bells C2-ung Fall 0 19-23 TI(?) Predicted
Kolang cM1/2  Fall 0 Predicted
Kivesvaara cMm2 Fall 0 Predicted
Maribo cMm2 Fall 0 Predicted
Mighei cMm2 Fall 0 2.3 1.6 Predicted
Murray cMm2 Fall 0 24 1.5 Predicted
Nawapali cMm2 Fall 0 Predicted
NWA 10834 cMm1/2 Hot desert 1 Predicted
Tarda C2-ung  Fall 0 Predicted
Pollen cM2 Fall 0 2.4 Predicted
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spectrum sample Figure | NS ['21 2] [31] NE | WDW1 | WDW?2 | PR1 | PR2
IH NMR A0106 5616 | 5000 | 5000 | - EM - 1| -
IH NMR M“%‘SO” 5000 | 5000 | - EM - 1| -
H,'HJRES | A0106 1280 | 1000 | 500 | 43 S S 0] o
IH, 'H JRES M“%‘SO” 2048 [ 1000 | 500 | 43| O 0 0| o
H, 1H A0106
TOCSY 144 | 1861 | 889 | 1589 | EM Q 05 | 4
H, H Murchison
ToeSY A 160 | 1000 | 500 | 2243 | EM 0 25 | 25

Table S2. Acquisition parameters of NMR spectra, shown according to all figures in the manuscript (Figures 2, S8a-
d, S9a-b). NS: number of scans (for 2D NMR: F2); AQ: acquisition time [ms]; D1: relaxation delay [ms]; NE: number
of F1 increments in 2D NMR spectra; WDW1, WDW?2: apodization functions in F1/ F2 (EM/GM: line broadening
factor [Hz]; QS: shifted square sine bell; SI: sine bell); PR1, PR2: coefficients used for windowing functions WDW1,

WDW2, EM/GM are given in [Hz], SI/QS derived functions indicate shift by n/n.




5(*H) [ppm] key substructures Hz;éalbou65a Murchison
7.0-10.0 ppm CaH 2.6 3.8
5.0-7.0 ppm =CH 2.7 0.5
3.1-5.0 ppm OCH 9.2 74
2.1-3.1 ppm OCCH 7.7 13.0
1.9-2.1 ppm acetyl derivatives 6.9 6.8
1.35-1.9 ppm alkyl 14.2 204
1.25-1.35 ppm (CH2)n, alkyl 33.7 17.8
1-1.25 ppm alkyl, OCCHs 8.6 121
0.5-1.0 ppm CCHs 14.5 18.2
0.5-1.9 ppm sum of CCHn 77.9 75.3
2.1-5.0 ppm sum of OCCH + OCH 16.9 204

Table S3. *H NMR section integrals (800 MHz, CD30D) of methanol A0106 and Murchison extracts (cf. Fig. S2X)
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Figure S1: Fourier transform ion cyclotron mass spectrometry of the methanol extract of A0106. (A) full spectra
showing the high abundance of polythiols from S3 to S9. (B) details of nominal mass 319 of the same extract compared
to the methanol extract of Murchison CM2 and Orgueil CI1 with corresponding annotations in elementary
compositions in CHNOSNa. The regular patterns and mass defects reflects homologous compositional series with
increasing carbon saturation and lower oxygen contents from left to right (CH4/O substitution as described in (17))
(colors are CHO: blue, CHOS: green, CHON: orange, CHONS: red). In A0106 the two annotations on the right, the
C17H3505S formula being the last in a series of decreasing oxygen number indicates the presence of a sulfonation / -
SO; compared to C2oH310S in which sulfur rather would be involved as a reduced —SH functional group.
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Figure S2: van Krevelen Diagrams of all annotated formula as obtained from ESI(-), ESI+) and APPI(+) ionization
modes in FTICR-MS for all available extracts (n.t. not shown the spectra of the hexane extract in ESI(+) mode
contained too many impurities and was thus fully non-considered). The bubble size express the intensity in the mass
spectra and the color correspond to the chemical families as in the legends. The number of elementary compositions
is also shown in each analyzed fraction with the relative abundance in the CHO, CHNO, CHOS and CHNOS chemical
families. One clearly observe the increase in oxygenation with increasing polarity of the used solvent. Also APPI
enables the profiling of the low oxygenated compounds preferentially.
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Figure S3: mass edited H/C ratios van Krevelen Diagrams representations of all annotated formula as obtained from
ESI(-), ESI+) and APPI(+) ionization modes in FTICR-MS for all available extracts as shown in Figure S2 (n.t. not
shown the spectra of the hexane extract in ESI(+) mode contained too many impurities and was thus fully non-
considered). One clearly observes the increase in m/z with lower polarity of the used solvent. Also APPI enables the
profiling of the higher m/z molecules, thus with lower oxidation states as seen in Figure S2.
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Figure S4: Abundance profiles of the oxygen degree in the formula of the CHO, CHOS and CHNO chemical families
as dependent of the extraction solvent and the ionization mode (same data as in Figure S2 and S3).
(n.t. not shown the spectra of the hexane extract in ESI(+) mode contained too many impurities and was thus fully
non-considered)
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Figure S5: Abundance profiles of the numbers of heteroatoms (S and N) in the formula of the CHOS and CHNO
chemical families as dependent of the extraction solvent and the ionization mode (same data as in Figure S2, S3 and
S4).
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showing similarities in signals with annotated formula and the more diverse molecular profile of Murchison; (B)
shows the calculated Aromaticity Equivalent Xc for all CH-type of compounds. (39)
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Figure S7 (A) functional network considering the most abundant mass transformations as expressed in Figure 1E and
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Fig. S8a. 'H NMR spectra (800 MHz, CDsOD) of methanol extracts of (A) A0106, (B) Murchison (A5), and (C)
difference spectra Murchison — A0106, whole range of chemical shift 64. Larger linewidth in Murchison extract
indicated an overall higher diversity of atomic environments, with special emphasis on remote oxygenation (OC,CH
units; n: 1, 2), together with contributions from faster transverse (T2) relaxation, possibly reflecting enhanced
molecular interactions from carboxylic-rich molecules. Smaller linewidths increase *H NMR resonance amplitude at
equal integral. Murchison showed higher relative abundance of pure and remotely oxygenated aliphatic molecules
whereas A0106 showed larger proportion of oxygenated aliphatic units (OCH) and of oxygenated aromatic molecules
with electron-donating OR and electron withdrawing carboxylic COOH substituents.
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Fig. S8b. *H NMR spectra (800 MHz, CD3OD) of methanol extracts of (A) A0106, (B) Murchison (A5), and (C)
difference spectra of Murchison — A0106, section of remotely oxygenated (OCCH units; 6 > 1.9 ppm) and pure
aliphatic (CCCH units; 8y < 1.9 ppm). *H NMR resonances of A0106 methanol extract are much narrower than those
of Murchison A5. Murchison showed higher relative abundance and diversity of pure and remotely oxygenated
aliphatic atomic environments. A0106 extract showed higher relative abundance of a few dozens of relatively
abundant (~1% of overall *H NMR integral) aliphatic atomic environments, which likely comprise small aliphatic
carboxylic acids, with isopropyl groups (HsC)2CH-C or related units (HsC)-CH-C; (61 <~0.9-1.0 ppm).
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Fig. S8c. 'H NMR spectra (800 MHz, CDsOD) of methanol extracts of (A) A0106, (B) Murchison (A5), and (C)
difference spectra of Murchison - A0106, section of directly oxygenated (OCH units). These are more abundant and
molecularly diverse in A0106 than those of Murchison extract. 'H NMR resonances of A0106 extract are considerably
more narrow than those of Murchison. Ammonium **NH,4* shows a 1:1:1 triplet (}Jxy ~ 42 Hz, with ~1.2 % relative

abundance in A0106 , and just visible traces in Murchison.
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Fig. S8d. 'H NMR spectra (800 MHz, CD3sOD) of methanol extracts of (A) A0106, (B) Murchison (A5), and (C)
difference spectra of Murchison — A0106, section of olefinic (C=CH units; 6n < 6 ppm; C.C=CH-CH>-, 6y ~5.33
ppm, 3Jun: 7.3 Hz) and aromatic (CaH units; 84 > 6 ppm). Major aromatic *H NMR resonances of both extracts
showed gross concordance of &y with some variance in relative abundance. Murchison A5 extract (19) shows
considerably higher proportions of high field *H NMR resonances (8n < 7 ppm) possibly reflecting naphthenic acids
with optional admixture of electron-donating oxygen substitution. Low field resonances (6n > 7.3 ppm) probably
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Connectivity networks in A0106 and Murchison extract were largely defined by aliphatic branching and proximity to
carboxylic groups and produced a superficial similarity in cross peak positioning of OCCH and CCCH units in
TOCSY and JRES NMR spectra of both meteorite extracts; lower cross peak amplitude was caused by sample
limitation in case of A0106. Branched aliphatic molecules in an astrochemical context can be produced by (more)
random addition of carbon radical species, and consecutive hydrothermal alteration facilitates further isomerization
from linear to branched alkyl motifs because of the higher thermodynamic stability of branched alkyls over linear
ones. Specific values of 64 applied to HOOC-CHa-CHB-CHy-CHBS,¢ units, and methyl groups. JRES NMR spectra
indicated higher proportions of (HsC),CH- (doublet splitting; n ~ 0.75-0.96 ppm) than H3C-CH,- groups (triplet
splitting; dn ~ 0.85-0.95 ppm) corroborating presence of methyl-rich compact highly branched alkyl binding motifs.
800 MHz homonuclear 2D NMR spectra with cryogenic detection are very sensitive, and produce significant cross
peaks even for very minor constituents of A0106 methanol extracts further contributing to the observed superficial
resemblance of major cross peak positions.
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Fig. S9b: Homonuclear 2D NMR spectra (800 MHz, CD30D), aliphatic section of aromatic CarH and oleflnlc =CH
units of A0106 (left, A, B) and Murchison (right C-D) methanolic extracts; (A, C) 'H, IH TOCSY NMR spectra
(C: green shade) and (C) 'H, *H COSY NMR spectrum (C: red shade), and (B, D) *H, 'H JRES NMR spectra. A0106
and Murchison methanolic extracts share several of the major aromatic *H NMR resonances and cross peaks in 2D
NMR NMR spectra which likely represent polyaromatic rings. Owing to limited sample, mDHOM showed only a
very few cross peaks whereas Murchison extract showed background cross peaks of benzene derivatives with alkyl,
carboxyl, and oxygen functionalization (19).
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