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Abstract 

We performed in-situ analysis on a ~ 1 mm-sized grain A0080 returned by the Hayabusa2 spacecraft from near-Earth 
asteroid (162173) Ryugu to investigate the relationship of soluble organic matter (SOM) to minerals. Desorption 
electrospray ionization-high resolution mass spectrometry (DESI-HRMS) imaging mapped more than 200 CHN, CHO, 
CHO–Na (sodium adducted), and CHNO soluble organic compounds. A heterogeneous spatial distribution was 
observed for different compound classes of SOM as well as among alkylated homologues on the sample surface. The 
A0080 sample showed mineralogy more like an Ivuna-type (CI) carbonaceous chondrite than other meteorites. It con‑
tained two different lithologies, which are either rich (lithology 1) or poor (lithology 2) in magnetite, pyrrhotite, and 
dolomite. CHN compounds were more concentrated in lithology 1 than in lithology 2; on the other hand, CHO, CHO–
Na, and CHNO compounds were distributed in both lithologies. Such different spatial distribution of SOM is likely 
the result of interaction of the SOM with minerals, during precipitation of the SOM via fluid activity, or could be due 
to difference in transportation efficiencies of SOMs in aqueous fluid. Organic-related ions measured by time-of-flight 
secondary ion mass spectrometry (ToF–SIMS) did not coincide with the spatial distribution revealed by DESI-HRMS 
imaging. This result may be because the different ionization mechanism between DESI and SIMS, or indicate that the 
ToF–SIMS data would be mainly derived from methanol-insoluble organic matter in A0080. In the Orgueil meteorite, 
such relationship between altered minerals and SOM distributions was not observed by DESI-HRMS analysis and 
field-emission scanning electron microscopy, which would result from differences of SOM formation processes and 
sequent alteration process on the parent bodies or even on the Earth. Alkylated homologues of CHN compounds 
were identified in A0080 by DESI-HRMS imaging as observed in the Murchison meteorite, but not from the Orgueil 
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meteorite. These compounds with a large C number were enriched in Murchison fragments with abundant carbon‑
ate grains. In contrast, such relationship was not observed in A0080, implying different formation or growth mecha‑
nisms for the alkylated CHN compounds by interaction with fluid and minerals on the Murchison parent body and 
asteroid Ryugu.

Keywords  Ryugu, Hayabusa2, Spatial distribution of soluble organic compounds, DESI-HRMS imaging, ToF–SIMS 
analysis

Graphical Abstract

Introduction
Recent non-targeted analyses using high-resolution mass 
spectrometry (HRMS) (Schmitt-Kopplin et  al. 2010; 
Naraoka et  al. 2017) has found high diversity and com-
plexity of soluble organic materials (SOMs) in carbona-
ceous chondrites (CCs). Such extraterrestrial SOMs are 
expected to record the chemical evolution of the solar 
system from the presolar molecular cloud phase to pre-
sent geological activities as well as prebiotic evolution of 
organics.

The Hayabusa2 spacecraft collected samples from 
two touchdown sites on C-type asteroid (162173) 
Ryugu and returned them to Earth on December 6, 
2020 (Tachibana et  al. 2022). One of the science goals 
is to understand the role of C-type asteroids on deliv-
ery of water and organic matter to the proto-Earth 
(Tachibana et al. 2014; Watanabe et al. 2017; Tachibana 
2021). Initial spectroscopic investigation of returned 
samples with MicrOmega, a hyperspectral micro-
scope, in the clean chamber at the JAXA curation facil-
ity, showed C–H vibration features of organic matter 
in the near-infrared wavelength range (Pilorget et  al. 
2021). MicrOmega found heterogeneity in spectro-
scopic features at submillimeter scale, and one particle 
potentially enriched in N–H bond was reported (Pilor-
get et  al. 2021). Chemical, isotopic, and mineralogi-
cal or petrological analyses of asteroid Ryugu samples 
have similar characteristics as those of Ivuna-type (CI) 
CCs (Yada et al. 2021; Nakamura et al. 2022; Yokoyama 
et  al. 2022). Organic analysis was performed for SOM 
and insoluble organic matter (IOM), revealing a high 

variety of organic compounds as well as chemical and 
isotopic heterogeneities of organic matter from Ryugu 
grains (Naraoka et  al. 2023; Yabuta et  al. 2023). The 
solvent extracts from Ryugu aggregate sample A0106, 
collected at the first of two touchdown sites, showed a 
high molecular diversity consisting of C, H, N, O and/
or S compositions by HRMS analysis, including the 
high abundance of poly-sulfur bearing species (Nara-
oka et  al. 2023). Various soluble organic compounds 
including aliphatic amines, carboxylic acids, polycy-
clic aromatic hydrocarbons, amino acids, and alkylated 
N-bearing heterocyclic compounds were also detected 
(Aponte et  al. 2023; Naraoka et  al. 2023; Parker et  al. 
2023).

Macromolecular organic matter with complex struc-
ture and various morphology is ubiquitously present in 
Ryugu samples (Yabuta et  al. 2023). Several functional 
groups, such as C=O, C=C, and Si–O, were assigned by 
micro-Fourier transform infrared spectroscopy (μ-FTIR) 
and atomic force microscope-based infrared spectros-
copy (AFM-IR) on the intact grains A0108 and C0109, 
which were from the first and second touchdown sites, 
respectively. These microscopic analyses also showed 
the close association of macromolecular organics with 
mineral components in the grains (Yabuta et  al. 2023) 
as observed in CCs (Pearson et al. 2002; Kebukawa et al. 
2010; Le Guillou et al. 2014; Noun et al. 2019).

The isotopic analysis revealed that the distributions of 
D/H ratio of Ryugu IOM were within the range of CI, 
Mighei-type (CM), and ungrouped Tagish Lake CCs, 
whereas the 15N/14N ratio was only similar to that of CI 
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CCs (Yabuta et  al. 2023). Furthermore, 13C-rich preso-
lar grains were identified in a Ryugu grains and their 
abundance was identical to that for CI, CM and CR CCs 
(Barosch et  al. 2022; Yabuta et  al. 2023). These results 
also suggest a potential Ryugu-CI CC connection. Fur-
thermore, the presence of isotope heterogeneity in Ryugu 
organic matter suggests the characteristics of organics in 
the preaccretion phase was not completely erased by par-
ent body alteration processes.

We recently reported the heterogeneous distribution of 
soluble organic compounds in Ryugu grains by desorp-
tion electrospray ionization (DESI) technique coupled 
with and HRMS (Naraoka et al. 2023). In this study, we 
further reveal the association of organic matter with min-
erals on Ryugu. We performed in-situ analysis of SOMs 
on an intact Ryugu sample using desorption electro-
spray ionization (DESI) technique coupled with HRMS 
(Naraoka and Hashiguchi 2018; Hashiguchi and Naraoka 
2019a, 2019b; Naraoka et  al. 2023) and time of flight-
secondary ion mass spectrometry (ToF–SIMS), and min-
eralogical observation to investigate the relationship of 
organic compounds and minerals.

Sample and experiments
The grain (A0080) used in this study, collected at the 
first touchdown site on 21 February 2019 from the 
surface of Ryugu, has a flat surface and ~ 1  mm in 
size (Additional file  1:  Fig. S1). Because of its fragile 
nature, the grain was embedded in a soft alloy of Bi, 
Sn, and In (U-alloy, U-49 (the melting point: 49  °C); 
Osaka Asahi Co., Ltd.) without any brazing or polishing 
(Fig. 1a). Organic molecular imaging was performed on 
a 2.8  mm × 2.8  mm area of the sample surface includ-
ing surrounding metal, which was used for a blank, 
using DESI-HRMS system, which is a 2D-DESI ion 
source (Omni Spray Source 2D, Prosolia Inc.) equipped 
with a hybrid quadrupole-Orbitrap mass spectrometer 
(Q-Exactive Plus, Thermo Fisher  Scientific) at Kyushu 
University. The spray solvent was 100% methanol 
(FUJIFILM Wako Pure Chemical Corporation, LC–
MS grade) with a flow rate of 3  µl/min. The spot size 
was ~ 150  µm and spatial resolution is approximately 
100 µm estimated using Rhodamine B on a single Tef-
lon coated spot on a standard Prosolia Omni Slide™. 
The desorbed positive ions (m/z 50–500) were collected 
in full scan mode with a mass resolution of 140,000 
(m/Δm at m/z = 200). During the imaging, a lock mass 
mode was employed to calibrate the accurate mass 
using dioctyl phthalate ([C24H38O4 + H]+  = 391.2843) 
derived from polyether ether ketone (PEEK) tubing 
attached to a fused silica capillary for solvent spray. 
Other detailed analytical conditions are described in 
Naraoka and Hashiguchi (2018) and Hashiguchi and 

Naraoka (2019b). The criterion for identification of 
mass peaks from the sample surface was the intensity 
ratio > 10 at the sample surface (inside of the dotted line 
in Fig. 1b) to the outside, which contained background 
ions from spray solvent and/or surrounding air. The 
obtained mass spectral data were converted to a text 
data file for imaging by Firefly software (Prosolia Inc.) 
and the DESI images were visualized using BioMAP 
(maldi-msi.org). For the image analysis, the mass reso-
lution of m/z of ±  ~ 0.001 was adapted. The chemical 
formulae of identified peaks were assigned using 12C, 
13C, H, 14N, 16O, 23Na, and 32S, then filtered by ± 3 ppm 
mass precision, that is defined as [(measured 
m/z)  –  (calculated m/z)]/(calculated m/z)  –  1] × 106 
(ppm).

After the imaging, the ToF–SIMS measurement was 
performed on the same surface of A0080 using a TRIFT 
III spectrometer (ULVAC-PHI, Inc.) at Nagoya Univer-
sity. Positive and negative spectra were obtained using 
an Au+ beam. An accelerating voltage and current of the 
primary ion were 22 kV and 2.6 nA, respectively. The ion 
beam pulse width was set at 1.4 ns (bunched mode) and 
9.5 ns (non-bunched mode) for spectral and image analy-
sis, respectively. The angle between the primary Au+ ion 
beam and the sample surface was 40°. The beam size was 
estimated to be ~ 1 µm and surface areas of 100 × 100 to 
150 × 150  μm were measured. Approximately 107 total 
ion counts were obtained in acquisition time of about 
5 min. A low-energy pulsed electron ion gun of 28.0 eV 
was used for surface charge compensation.

After the ToF–SIMS analysis, detailed mineralogical 
observation of the grain surface was performed using a 
field-emission scanning electron microscope (FE-SEM) 
(Hitachi, SU 6600) equipped with energy dispersive X-ray 
spectroscopy (EDS) (HORIBA, EMAX Energy) at Nagoya 
University using an accelerating voltage of 10  kV. The 
topography of the sample surface was also observed using 
a laser scanning microscope (Nikon Instruments Inc., 
A1RMP) equipped with a 10× objective lens at Nagoya 
University Equipment Sharing System. A laser at 405 nm 
wavelength was used and the topography was measured 
using a step of ~ 1 µm.

We also analyzed an antigorite grain as a procedural 
blank in the series of analyses (DESI-HRMS and ToF–
SIMS), which was heated in air at 450 °C for 3 h and then 
methanol washed and studied using the same methods as 
described above. Orgueil and Murchison CC fragments 
were analyzed by DESI-HRMS using methanol spray of 
2–3  µL/min for comparison. The Ryugu grain and the 
blank sample were stored in a pure N2-purged container 
or sealed glass vial for blank and meteorite sample during 
transportation between institutes.
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Data analysis was performed using Image J and Adobe 
Photoshop for DESI-HRMS imaging and FE-SEM data 
and Wincadence software (Ulvac-phi. Inc) for ToF–SIMS 
data.

Results
Organic compound species identified by in‑situ DESI‑HRMS 
analysis of A0080
A set of optical, total ion, and specific ion images of 
A0080 are shown in Fig. 1 with a mass spectrum obtained 
from the entire grain surface. Ion signals were observed 
both from the sample surface and its outside. Peaks 
detected from outside the sample came from surround-
ing metal and/or surrounding air. For instance, an ion of 
m/z 312.362 (C21H46N+: Fig. 1c) was detected only from 
the surrounding metal alloy and should not be indig-
enous to A0080.

More than 200 positive ions were identified in m/z 
80–400 from the grain surface of A0080 by DESI-HRMS 
imaging and assigned to CHN, CHO, CHO–Na, and 
CHNO compounds within ± 3  ppm in mass precision. 

Sulfur-bearing species, which are abundantly present in 
Ryugu SOMs (Naraoka et  al. 2023), were not identified 
likely because the DESI imaging was made for positive 
ions.

The CHO compounds were dominated among the 
identified species both in terms of signal intensity (~ 65% 
of the total ion counts) and number (Fig. 2a; Table 1). The 
CHN, CHO, CHO–Na, and CHNO compounds include 
their CH2 alkylated homologues such as CnH2n+2N+, 
CnH2n-4N+, and CnH2n-1N2

+ for CHN (n = 4 to 22), 
CnH2n-8O4

+, CnH2nO4
+, and CnH2n+2O5

+ for CHO (n = 4 
to 16) (Table  2). The abundant CH2 homologs of CHN 
compounds were also identified from analysis of solvent 
extracts from CCs (Naraoka et  al. 2017; Isa et  al. 2021) 
and Ryugu grain A0106 (Naraoka et al. 2023, Oba et al. 
2022, Oba et al. 2023) and in-situ DESI imaging of CCs 
(Naraoka and Hashiguchi 2018; Hashiguchi and Naraoka 
2019b).

In contrast to the presence of Mg-containing metalor-
ganic compounds in several CCs including Murchison 
and Tagish Lake (Ruf et  al. 2017; Hashiguchi and Nara-
oka 2019a), the Mg-containing organic species were not 

Fig. 1  a An optical microscope image of A0080. The dotted line represents the outline of A0080, which was embedded in a soft alloy. b A total ion 
image obtained by DESI-HRMS. c A mass spectral image of C21H46N+ (m/z 312.362). d A mass spectrum of total ion obtained from the entire surface 
of the grain, inside of the region of interest (ROI) indicated by the dotted line in (a)–(c)
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detected from A0080. Among these identified organic 
species, a total of 35% of them (78% of CHN compounds, 
11% of CHO compounds, 52% of CHNO compounds, 
and 7% of CHO–Na compounds, respectively) were 
reported as positive ions in the methanol extract of the 
Ryugu aggregate sample (A0106) using nano-liquid chro-
matograph (nano-LC) equipped with a nano-electrospray 
ionization (ESI) and nanoAmide column (Naraoka et al. 
2023), while others are newly identified in this work.

Spatial distribution of SOM related to mineralogy of A0080
The detected organic ions are heterogeneously distrib-
uted on the sample surface and are concentrated in 
specific regions on the surface. The grain surface after 
the DESI-HRMS imaging appeared rougher than the 
original surface and had up to about 150  µm of rough-
ness (Additional file 1: Fig. S2). This is because of the loss 
of small fragments from the surface by the spraying of 
methanol solvent and/or N2 gas used for the DESI sys-
tem. The distribution of ion signals was affected by the 
surface roughness and were generally highest around 
the highest region of the grain surface (Additional file 1: 
Fig. S2). Despite the roughness effect on ion detection, 
total ion signals of CHN, CHO, CHO–Na, and CHNO 
compounds showed different spatial distributions on 
the sample surface (Fig.  2b). For example, most of the 
CHN compounds appear to be concentrated in the lower 
region of the sample surface shown in Fig.  2b relative 
to CHO compounds that are concentrated in the upper 
region. CHNO and CHO–Na compounds were detected 
in the intermediate region. In DESI-HRMS imaging with 
the same conditions of analysis on A0080 (spot size of 
spray solvent of 150 µm, and scan rate of around 65 m/s 
for x axis), a difference of 70 µm in depth reduces the ion 
intensity by about 50% (Additional file 1: Fig. S3). How-
ever, the reduction of ion intensity was not significantly 
different between a depth difference of 70 µm and 90 µm 
if the width of the step is less than 250  µm (Additional 
file1: Fig. S3). The SOM concentrated region in A0080 
is a matrix region composed of submicron-scale parti-
cles with a maximum roughness of about 70 µm and no 
deep steps with a width exceeding 90  µm. The analyses 
were performed simultaneously under the same condi-
tions for identification of all SOM compounds, therefore 
the differences in the spatial distribution of those SOM 
by different chemical composition do not reflect sample 
roughness.

FE-SEM–EDS analysis showed that A0080 consists 
mainly of phyllosilicates, magnetite, pyrrhotite, and dolo-
mite grains larger than 10 µm in size. Although breunner-
ite, dolomite and calcite were observed in Ryugu samples 
(Kawasaki et  al. 2022; Nakamura et  al. 2022; Yokoyama 
et  al. 2022; Loizeau et  al. 2023), carbonates observed 

in A0080 were almost dolomite. Further, there are two 
distinct lithologies in A0080; one is enriched in large 
(> 10  µm) magnetite, pyrrhotite, and carbonate (dolo-
mite) grains (lithology 1) and the other is poor in those 
minerals (lithology 2) (Figs.  3a–c). There were neither 
chondrules nor Ca-Al-rich inclusions (CAI) observed on 
the A0080 surface. In both lithologies, magnetite showed 
various morphologies, such as single hexagonal crys-
tals and spherical (including framboids for magnetite) 
and screw-shaped crystals called plaquettes (Figs.  3e, f ) 
(Kimura et  al. 2013; Gounelle and Zolensky 2014). Pyr-
rhotite also occurs as a single hexagonal crystal, which is 
up to ~ 30 µm, and irregular or spherical shape (Figs. 3e, 
f ). The textures of magnetite and pyrrhotite in A0080 
were similar to those in CI CCs (Gounelle and Zolensky 
2014). Such mineralogical and petrological features of 
A0080 are similar to that of the most common lithology 
in Ryugu grains (Nakamura et al. 2022; Yokoyama et al. 
2022).

In the high SOM signal region of the grain, the CHO 
compounds are distributed in both lithology 1 and 2, 
while CHN, CHO–Na, and CHNO compounds were 
enriched in smaller regions, especially in lithology 2 
(Figs.  3a–d, 4). Furthermore, the spatial distribution of 
each species was different among the same alkyl homo-
logues (Fig.  5) of these CHN, CHO, and CHNO com-
pounds. Figure 6 shows the ion intensity ratio of the alkyl 
homologues with different sizes from lithology 1 (region 
of interest, ROI 1) to lithology 2 (ROI 2). There were no 
clear correlations in abundances of CHN, CHO, CHNO, 
and CHO–Na compound groups between the two differ-
ent ROIs and the amount of alkylation in the same CH2 
homologues (Figs. 6b–d).

ToF–SIMS analysis
Ion images obtained by ToF–SIMS after DESI-HRMS 
analyses showed heterogeneous distributions of both 
inorganic and organic ions (Additional file  1: Fig. S4). 
The spatial distributions of inorganic elements (Si+, 
Mg+, and Fe+) were very similar to each other, sug-
gesting that the image heterogeneity reflected the 
roughness of the sample surface rather than the min-
eral distribution (e.g., pyrrhotite and magnetite) as 
shown in previous studies of ToF–SIMS analysis on 
CCs (Noun et  al. 2019). The ToF–SIMS data obtained 
in spectral mode were used to compare the abun-
dances of organic-related ions, including positive ions 
(12C+, 12CH2

+, C3H9
+, CNO+, and CNNO+) and nega-

tive ions (CH–, CN–, CO2
–, CO3

–,CO4
–, and C3H9

–), 
in three regions; Area A (enriched in CHN, CHO, 
CHO–Na, and CHNO), area B (boundary of CHO-rich 
and CHNO/CHN-poor region), and area C (CHO-
rich and CHNO/CHN-poor region) were identified 
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by DESI-HRMS imaging and FE-SEM observations 
(Fig.  7). The CNO+ and CNNO+ ions detected by 
ToF–SIMS were more abundant in the CHO-rich and 
CHNO/CHN-poor region that was identified by DESI-
HRMS imaging (area C > area B > area A). The intensi-
ties of 12C+ ions were almost similar in the three areas. 
Negative ions CN–, CO3

– and CO4
– also showed similar 

trends to CNO+ and CHNO+ (Figs. 7b, c). In contrast, 
CO2

– and C3H9
– were less in area B than in areas A and 

C.

Comparison for spatial compound distribution 
in the Orgueil and Murchison meteorites
About 80 and about 400 compounds were identified from 
Orgueil and each of two Murchison fragments (fragment 
1 and 2) by DESI-HRMS imaging using methanol spray, 
respectively (Fig.  8; Table  1). These compounds were 
assigned to CHN, CHO, CHO–Na, and CHNO com-
pound groups based on their molecular compositions. 
For Orgueil, CHO compounds were most abundant 
(~ 40%) and CHO–Na compounds show the highest ion 

Fig. 2  a The number of species and the relative intensity (%) of identified compounds from A0080. The relative intensity was calculated using total 
intensity from ROI (inside of the dotted line, corresponding to the sample surface of A0080). b DESI-HRMS images of total ions of CHN, CHO, CHO–
Na, and CHNO compounds, respectively. Outlines in these images for each compound correspond to > 40% of maximum ion intensity
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intensities (~ 41%) (Fig.  8c). Very few CHN compounds 
were identified. For both fragments of Murchison mete-
orites, CHNO compounds were the most abundant rela-
tive intensities (75–80%), although CHN compounds 
were the most in the number of species. The CHN com-
pounds in Murchison include 13 suites of alkyl homo-
logues, which are more abundant than those in A0080. 
Even though some CHNO species were identified as alkyl 
homologues, most CHNO species have no alkyl homo-
logues. A small abundance of alkyl homologues of CHO 
and CHO–Na was identified in Murchison (Table 2); in 
contrast they are abundant in the Orgueil meteorite simi-
lar to A0080. The total ion of CHN, CHO, CHO–Na, and 
CHNO groups showed different spatial distributions in 
the sample surfaces (Fig.  9). Alkyl homologues of CHN 
compounds showed different ion intensities but similar 
spatial distributions in the same fragments (Figs.  10a, 
b) as distinct from A0080. In contrast, the CHNO com-
pounds were differently distributed for the same alkyl 
homologues as observed in A0080 (Figs. 10c, d).

By FE-SEM–EDS observation, chondrule and anhy-
drous minerals were not found in the Orgueil, and 
secondary minerals such as magnetite, Fe–sulfide, Ca–
sulfate, and Ca–phosphate (apatite) grains were abun-
dant in the matrix of the Orgueil meteorite. The SOM 
was concentrated on the sample surface, mainly in three 
areas at ~ 100–200  µm (Fig.  11). The maximum height 
difference observed on the sample surface was 80  µm, 
which occurred in the DESI-HRMS analysis due to fragil-
ity similar to A0080 and the unevenness difference within 
the SOM concentration was less than about 10 µm. There 
is no clear correlation between the height of the sam-
ple surface and the SOM distribution and (Additional 
file  1: Fig. S5). The CHO compounds-rich region tends 
to be enriched in CHN, CHNO, and CHO–Na as well, 

while CHNO and CHO–Na compounds-rich region 
(~ 100  µm) was also observed (Fig.  11d). In the SOM-
concentrated regions, large Ca–phosphate (10–20  µm), 
Fe–sulfide, and Mg–sulfate were distributed, but these 
minerals are also present in areas where SOM is not 
detected; thus, it was difficult to find a clear correlation 
between the distribution of minerals including secondary 
minerals and the spatial distribution of SOM.

For both fragments of Murchison, the identified SOM 
species were distributed in the matrix, where few chon-
drules and cracks were present (Figs. 12a–d). Fe–sulfide, 
magnetite, and Ca–sulfate occurred in both fragments, 
and large (> ~ 10 µm) carbonate grains were more abun-
dant in fragment 1 than fragment 2 (Figs. 12c, e–f ). The 
carbonate grains were Ca–carbonate, sometimes partially 
containing sodium, and appeared randomly distributed 
in the matrix of fragment 1. The difference of roughness 
of sample surface was less than about 50  µm, and the 
SOM was widely distributed in the matrix in the sam-
ple, with no correlation with height similar to a previous 
study of DESI-HRMS analysis for a Murchison meteorite 
(Hashiguchi and Naraoka 2019b). The CHO, CHO–Na, 
and CHNO compounds seemed to be more concentrated 
in large (> 20 µm) Fe–sulfide-poor regions in fragment 1 
(upper right region) than CHN compounds (Figs. 10c, d). 
However, these compounds were also detected from the 
surrounding of Fe–sulfide-rich region (the center region 
of fragment 1). The spatial distribution of SOMs seemed 
to be uncorrelated with specific minerals in each frag-
ment, consistent with our previous work (Naraoka and 
Hashiguchi 2018). The intensity ratios of alkyl homo-
logues of CHN and CHNO between fragment 1 (carbon-
ate-rich) and fragment 2 (carbonate-poor) are compared 
in Fig. 13. The intensity ratios of alkyl CHN homologues 
in fragment 1 to fragment 2 increased with the of alkyl 

Table 1  Identified species from the sample by methanol-sprayed DESI-HRMS imaging

* MgOC: Mg-containing organic compounds

CHN CHO CHO–Na CHNO MgOC* Unassigned Total

A0080

Species 45 75 16 35 n.d 40 211

Intensity (%) 8.5 65.6 4.7 4.5 n.d 16.7 100

Orgueil

Species 3 33 16 7 64 25 84

Intensity (%) 0.1 29.3 41.1 7.3 n.d 22.2 100

Murchison fragment 1

Species 143 21 5 107 64 59 399

Intensity (%) 5.6 7.2 3.6 75.2 4.0 4.4 100

Murchison fragment 2

Species 158 28 5 96 64 60 411

Intensity (%) 4.2 6.1 3.3 81.1 2.1 3.2 100
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Table 2  Alkylated homologues of CHN, CHO, CHNO and CHONa compounds identified by DESI-HRMS imaging

Formula A0080 Orgueil Murchison (fragment 1) Murchison (fragment 2)

CHN CnH2n+2N+ n.d n.d 9–16 9–16

CnH2nN+ n.d n.d 10–11, 13–19 10–11, 13–19

CnH2n-2N+ n.d n.d 14–18 14–18

CnH2n-4N+ 14–15 17 12–21 12–21

CnH2n-6N+ 14–15 n.d 14–26 14–26

CnH2n-8N+ 14–22 n.d 15–27 15–26

CnH2n-10N+ 15–21 n.d 16–26 16–26

CnH2n-12N+ 17–19 n.d 17 17

CnH2n-14N+ 17–20 n.d 13 13

CnH2n+3N2
+ n.d n.d 5 5

CnH2n+1N2
+ n.d n.d 10–17 10–17

CnH2n-1N2
+ 4 4 6–20 6–20

CnH2n-3N2
+ n.d n.d 10–21 10–21

CnH2n-5N2
+ n.d n.d 13–22 13–22

CnH2n-7N2
+ 8 n.d 11–21 11–21

CnH2n-9N2
+ 15–17 n.d 14–17 14–17

CHO CnH2n+1O+ n.d 3–4, 7–8 8 8

CnH2n-3O+ n.d 8–10 n.d n.d

CnH2n-5O+ n.d 7, 10 n.d n.d

CnH2n+1O2
+ n.d 5–7 8 8

CnH2n-1O2
+ n.d 5, 7–10, 12 6 n.d

CnH2n-3O2
+ n.d 9, 10 n.d n.d

CnH2n+3O3
+ n.d 5–7, 10 n.d n.d

CnH2n-11O3
+ n.d 9 8,10 8,10

CnH2n-8O4
+ 13–14 n.d 8 8

CnH2n-6O4
+ 9–16 n.d 7 7

CnH2n-4O4
+ 6–7, 10–16 n.d n.d n.d

CnH2n-2O4
+ 4–16 n.d n.d n.d

CnH2nO4
+ 5–15 n.d 7 7

CnH2n+2O4
+ 6–14 5 9 9

CnH2n+2O5
+ 6,9 n.d 13 13

CnH2nO5
+ 5, 9–11, 13 n.d 8,11 8,11

CnH2n-2O5
+ 9–13 n.d 9 9

CnH2n-4O5
+ 9–12, 14–15 n.d n.d n.d

CnH2n-6O5
+ 11, 13 n.d n.d n.d

CHNO CnH2nON+ n.d n.d 11, 14 11, 14

CnH2n-2ON+ 6, 8, 11–14 n.d n.d n.d

CnH2n-4ON+ 6, 8, 12–15 n.d 8, 10–19 8, 10–19

CnH2n-6ON+ n.d n.d 12–19 12–19

CnH2n-8ON+ n.d n.d 16–21 16–21

CnH2n-1ON2
+ n.d n.d 8, 10–11, 14–18 8, 10–11, 14–18

CnH2n-3ON2
+ n.d n.d 15,16 15,16

CnH2n-2O6N+ n.d n.d 18,22 18,22

CHONa CnH2n-4ONa+ 8, 11–12, 14 n.d n.d n.d

CnH2n-4ONa+ 8, 9, 11, 14, 16 n.d n.d n.d

CnH2n-8ONa+ 8, 12–14 n.d n.d n.d

CnH2nO3Na+ n.d 8, 9, 12 n.d n.d

CnH2n+2O3Na+ n.d 4, 5, 7, 10 4, 6 4, 6
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Fig. 3  a BSE image of A0080. b RGB maps corresponding to Fe-Kα (red), Mg-Kα (green), and Si-Kα (blue). In this image, anhydrous silicates and 
chondrules would be shown in bright green. c RGB maps of Ca–Kα (red), Fe-Kα (green), and S–Kα (Blue). Bright blue grains and bright green grains 
correspond to Fe–sulfide (pyrrhotite) and magnetite, respectively. Red grains show Ca- and Ca–Mg carbonate (dolomite). A dotted outline shows 
boundary lithology 1 (outside), which contains abundant magnetite, pyrrhotite, and dolomite, and lithology 2 (inside). d A combined image of the 
BSE image with overlayed RGB images of total CHO (Red), CHN (Green) and CHNO (Blue), which are the same figure shown in Fig. 2b. Dotted lines 
show outlines of the concentrated region for total CHO (pink), total CHN (green), total CHNO (blue), and total CHO–Na (yellow), which is almost 
consistent with total CHNO, respectively. Note that positioning of the DESI-HRMS images to BSE image contains an uncertainty of ±  ~ 20 µm. e, f 
pyrrhotite and magnetite grains with various crystal shapes, which were obtained from area (e) and (f) shown in (a)
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size of CHN homologues for CnHmN+ (Fig.  13b). On 
the other hand, CnHmN2

+ compounds showed a similar 
intensity ratio between fragment 1 and fragment 2. The 
relationship of alkyl homolog size of CHN compounds 
and distribution of carbonate in the two Murchison frag-
ments is distinct from that observed in A0080. No clear 
correlation was found amongst CHNO compounds 
(Fig. 13c).

Discussion
Molecular diversity of identified SOMs in A0080
DESI-HRMS imaging revealed a variety of methanol-
soluble organic compounds on the surface of A0080, 
because DESI technique is related to solubility of spray 
solvent (e.g., Ifa et  al. 2007). The molecular diversity 
and distribution patterns of organic compounds with 
various soluble organic compounds including ali-
phatic amines, carboxylic acids, polycyclic aromatic 

hydrocarbons, amino acids, and alkylated N-bearing 
heterocyclic compounds were previously reported 
from the solvent extracts of Ryugu aggregate sample 
A0106 (Naraoka et al. 2023). Alkylated homologues of 
N-heterocycles having a core structure with additional 
methylene such as piperidine (CnH2n+2N+), pyridine 
(CnH2n-4N+), and imidazole (CnH2n-1N2

+) were iden-
tified in the methanol extract of the A0106 (Naraoka 
et  al. 2023). Such N-heterocycles were also reported 
previously from the extracts of the Murchison meteor-
ite (Naraoka et al. 2017). Although there are differences 
in ionization efficiency due to the analytical methods 
described here, the identification of the alkylated CHN 
compounds from A0080 and Murchison by DESI-
HRMS in this study is consistent with the detection of 
those compounds in the solvent extracts.

On the other hand, those alkylated CHN compounds 
were not identified in the Orgueil meteorite. The result 

Fig. 4  a High magnification BSE image and b RGB maps of Ca–Kα (red), Fe-Kα (green), and S–Kα (Blue), which are obtained from the same area 
shown as (a) in Fig. 3a. The dotted lines and the color are the same as that shown in Fig. 3b. The upper region in this area (lithology 1) contains a lot 
of magnetite, pyrrhotite, and Ca–Mg carbonate (dolomite) of > 10 µm size. In the lower region, such large secondary minerals were less abundant 
(lithology 2). c High-magnification BSE image obtained from the area (c) shown in (a). d, e BSE image of dolomite grains, which corresponds to the 
same area shown as a square in (c), as (e) and Fig. 4a, respectively
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suggests the different mechanism to produce and evolve 
the CHN compounds between in Orgueil and in Ryugu 
including fluid composition on their parent body despite 
of their similar feature such as mineralogy, elemental and 
isotopic composition. Effect of space weathering or per-
haps terrestrial alteration are also possible mechanisms 
to produce different abundance of CHN compounds in 
Orgueil and A0080 that described later. A Ryugu grain 
A0080 and Orgueil were dominated by CHO compounds 
or CHO–Na compounds, on the other hand, Murchison 
meteorites were rich in CHN and CHNO compounds 
(Figs. 2a, 8c; Table 1).

More abundant alkyl homologues of CHN com-
pounds such as the CnH2n-4N+ composition with a 
wider range of alkylation sizes were identified in Mur-
chison than in A0080 (Table 2). In contrast to the pre-
sent result in this study for A0080, the distribution 
pattern of alkylpyridine (CnH2n-4N+) identified from 
methanol extract of A0106 showed a wider C range rel-
ative to Murchison, suggesting different hydrothermal 
activity and/or different history of solar radiation and 
cosmic ray irradiation between Ryugu and the parent 

body of the Murchison meteorite (Naraoka et al. 2023). 
The difference of molecular diversity of A0080 found in 
this study was not consistent with data of A0106 com-
pletely, and that result would be attributed to difference 
of analytical technique using (Nano-) ESI and DESI ion-
ization effect. For example, imidazole and hydroxy pyri-
dine show high sensitivity as positive ions ([M + H]+) 
by both ESI and DESI in flow or spray of solvent. On 
the other hand, [M + H]+ ions of pyridine, crown 
ether, glycine, and phthalaldehyde showed low ioniza-
tion and desorption efficiency although they showed 
high sensitivity in ESI analysis (Additional file  1: Fig. 
S6,  Table  S1). Furthermore, considering the hetero-
geneous spatial distribution of SOM observed in this 
study, the difference might also be the result of sample 
heterogeneity—in other words, heterogeneity of SOM 
distribution in the CC (Naraoka and Hashiguchi 2018; 
Hashiguchi and Naraoka 2019b; this study) and in the 
Ryugu sample. Based on our supplementary data (Addi-
tional file 1: Fig. S6, Table S1), pyridines (and possibly 
alkylpyridines) detected by DESI-HRHS in this study 

Fig. 5  Representative ion intensity images of alkylated homologues of a CnH2n-6N+, b CnH2n-4N+, c CnH2n-6O4
+, d CnH2n+2O4

+ and e CnH2n-2NO+, 
identified from A0080 respectively
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would be underestimated in abundance compared to 
(alkyl-)imidazoles estimated from their ion intensities.

The differences between the Murchison and Orgueil 
meteorites would result from differences in the organic 
matter accreted in their parent bodies or formation 

Fig. 6  a BSE images of A0080 with ROI1 and ROI2, almost corresponding to lithology 1 and lithology 2. Total intensity ratio between ROI1 and 
ROI2 as a function of size of alkylated homologues of b CHN compounds, c CHO compounds, d CHNO compounds, and e CHO–Na compounds, 
respectively
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process of SOM, and subsequent alteration conditions on 
the parent bodies. In particular, the alkyl homologues of 
CHN are thought to have formed and grown as a result 
of fluid activity during the aqueous alteration (Naraoka 
et  al. 2017), therefore differences in fluid composition 
and the aqueous alteration environment may be respon-
sible for the differences.

The effect of space weathering needs to be considered 
for the result from Ryugu grain A0080 because it could 
have experienced space weathering due to solar wind 
sputtering and micrometeorite bombardment (Nogu-
chi et  al. 2022), and also solar heating. Destruction of 
the chemical bonds of SOM could have occurred by UV 

irradiation, which may result in the loss of H2, meth-
ane, water, or aliphatic features (Orthous-Daunay et  al. 
2019). UV irradiation has also been argued as important 
mechanism for degradation of several organic molecules 
and biosignatures on Mars (Carrier et al. 2019). The pen-
etration depth of UV irradiation on Ryugu has not been 
accurately estimated so far. Although the accurate esti-
mate is difficult due to difficulty of obtaining standard 
mineral samples with UV transparent, it would be a few 
to several hundred nm order based on the investigations 
with various natural minerals (Carrier et al. 2019) and the 
penetration depth of solar wind injection in Ryugu grains 
(~ 100  nm; Noguchi et  al. 2022). Under the analytical 

Fig. 7  a BSE image of A0080. White squares show the analyzed area by TOF–SIMS. Dotted lines are corresponding to outlines for concentrated 
regions of CHO (pink), CHNO (blue), CHN (green), and CHO–Na (yellow) compounds, respectively. b Ion intensity of 12C+,12CH2

+, C3H9
+, CNO+, and 

CHNO+ ions relative to 28Si+ ions. c Relative intensity of CH–, CN–, CO2
–,CO3

–,CO4
–, and C3H9

– ions to 16O– from area A, area B and area C, shown in (a) 
respectively
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conditions of DESI-HRMS used in this study, the pene-
tration depth on the surface of the sample is about ~ 200–
500 nm. Because this estimate is based on Rhodamine B 
with high solubility and permeability for methanol sol-
vent, the penetration depth may be shallower for Ryugu 
or meteorite samples depending on porosity in the 
sample.

Based on those, UV irradiation would have affected 
on the SOM in the surface of A0080 that was identified 
by DESI-HRMS and generated from a sample surface of 
less than 500  nm. On the other hand, molecular analy-
sis of organic matter of Orgueil and Murchison mete-
orites was performed on interior material that should 
not have been significantly affected by space weather-
ing rather than surface material of Ryugu. Hence, space 

Fig. 8  a An optical microscope image of the Orgueil meteorite. The dotted line represents the boundary of the meteorite grain and the 
surrounding soft alloy. b A total ion image obtained by DESI-HRMS. c The number of species and the relative intensity (%) of identified from Orgueil. 
The relative intensity was calculated using total intensity from ROI (inside of the dotted line in (a), (b)). d DESI-HRMS images of total ions of CHN, 
CHO, CHO–Na, and CHNO compounds, respectively
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weathering is a possible explanation for the difference in 
molecular diversity of A0080 compared to the Orgueil 
and Murchison meteorites. A comparison of these 
results with those from the second sample collected 

by Hayabusa2, which is composed of material, more 
likely to have derived from Ryugu’s subsurface would be 
illuminating.

Fig. 9  a Optical microscope image of Murchison fragments embedded in Indium. b TIC image of DESI-HRMS imaging. Total ion intensity image for 
c CHN compounds, d CHO compounds, e CHNO compounds, and f CHO–Na compounds. Dotted lines in b–f show outlines of the sample surface 
of fragment 1 and fragment 2

Fig. 10  Representative ion intensity images of alkylated homologues of a CnH2n-4N+, b CnH2n-1N2
+, c CnH2n-6NO+, and d CnH2n-3N2O+ from 

Murchison fragments
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Spatial distribution of SOM in A0080 
and implication for interaction with minerals 
or aqueous fluid
The organic compounds identified in A0080, Orgueil, 
and Murchison by DESI-HRMS imaging in this study 
are methanol-soluble. The Ryugu samples experienced 
by aqueous alteration (Nakamura et  al. 2022; Yokoy-
ama et al. 2022), and the identified organic compounds, 
should have been dissolved in the aqueous fluid. The FE-
SEM–EDS observations revealed that large (> 10  µm) 
sulfide, magnetite, carbonate grains were heterogene-
ously distributed in A0080, as seen in lithology 1 and 
2. These minerals, particularly magnetite and carbon-
ate, were produced during aqueous alteration (Brearley 
et al. 2006) and SOM distributions appear to be related 
to the mineral distribution (more concentrated in lithol-
ogy 1 or lithology 2, as discussed above). Therefore, the 
different spatial distributions of the SOMs (CHN, CHO, 
CHO–Na, and CHNO; Fig.  2) are likely to be products 
of the aqueous activity in Ryugu’s parent body, for exam-
ple, interaction of minerals and fluids that contain SOMs. 
Mineral precipitation and compound adsorption with 
surrounding minerals is one of the key processes for dif-
ferent compound distribution. There are three possible 
mechanisms for producing the SOM heterogeneities. 
These are (a) presence of multiple fluids with differ-
ent chemical compositions (abundance of CHN, CHO, 
CHO–Na, and CHNO) during aqueous alteration, which 
can be ascribed to the different chemical compositions 
of interstellar ice grains accreted to the parent body, and 
distribution of each fluid to different range of the body, 
(b) different timing of SOM precipitation, and (c) differ-
ent transportation efficiency of organic compounds by 
fluid flow and adsorption effect onto surrounding min-
erals. These will be considered individually below.  (a) 
A variety of chemical compositions in initial ice grains 
is not implausible based on chemical compositions of 
cometary ice (Goesmann et  al. 2015; Bockelée-Morvan 
and Biver 2017) and numerous laboratory studies (e.g., 
Piani et al. 2017). Also, ice grains with various chemical 
compositions should have been present based on the sta-
bility of molecules with heliocentric distance and changes 
in condition on the solar nebula (e.g., Dodson-Robinson 
et al. 2009). Although there has been no evidence found 
in the Ryugu sample that traces accumulation of ice 
particles with different elemental and isotopic composi-
tions as have been observed in the Isheyevo meteorite 
(CH chondrite) (van Kooten et al. 2017), previous stud-
ies suggest that asteroid Ryugu originated from the outer 
solar system (Hopp et al. 2022; Ito et al. 2022; Kawasaki 
et  al. 2022). Based on the various organic compositions 
of cometary ice, it is possible that ice particles of various 

compositions may have accumulated on the Ryugu par-
ent body.

In this study, CHO, CHN, CHO–Na, and CHNO com-
pounds were identified in a small region of a few hundred 
µm and more than half of the region for these SOMs 
overlapped. The concentrated region of CHO, CHN, 
CHNO, and CHO–Na compounds gradually changed 
and appeared to be the result of fluid transportation. 
Bland et  al. (2009) showed that the permeability of CC 
parent bodies, which are composed mainly of nanoscale 
particles (grain size in the range 20–200 nm), is low, and 
the maximum distance that fluid can be transported dur-
ing an aqueous alteration of about 1 Ma is up to 100 s of 
µm (Bland et al. 2009). If nanoscale ice grains of various 
chemical compositions were heterogeneously distrib-
uted on the Ryugu parent body and they melt and fluid 
is consumed in  situ, the spatial distribution of SOM 
would likely to be a more heterogeneous than if the fluid 
was gradually displaced, as we observed. Furthermore, 
it is not necessary for a correlation with the mineral and 
SOM distribution if the SOM distribution simply reflects 
the composition and location of the ice grains accreted 
in the Ryugu parent body. Therefore, (a) is unlikely to 
produce the different distribution of SOM.  (b) Organic 
ions from ice grains and cations (e.g., Mg2+, Fe2+/Fe3+, 
and Ca2+) were generated by dissolution of anhydrous or 
amorphous silicates during aqueous alteration (Brearley 
1995; Howard et al. 2009) on the asteroid Ryugu parent 
body. These organic ions in fluids would have been pre-
cipitated as salts in secondary minerals, such as carbon-
ate and phosphate, as the aqueous fluid was consumed 
by the alteration process (Le Guillou et al. 2014). Nano-
scale observations of CCs including Orgueil suggests that 
nanocarbonate co-precipitated with organic matter dur-
ing aqueous alteration on the parent body (Le Guillou 
et al. 2014). Further, organo-carbonates were observed in 
CCs (Chan et al. 2017); therefore, it follows that SOM is 
closely related to mineral formation and precipitation in 
fluids.

The CHO compounds in A0080 were more abundant in 
lithology 1 than other SOMs. Carboxylic acids are mainly 
ionized as negative ions by electrospray ionization (ESI), 
not detected as positive ion (Thurman et al. 2001) (Addi-
tional file 1: Table S1). Although the chemical structures 
are not available for this analysis, the ionization and des-
orption efficiencies of DESI suggest that these CHO com-
pounds may be ethers or aldehydes (especially those with 
aromatic rings) (Additional file 1: Fig. S6, Table S1). The 
influence of the formation and growth of carbonates on 
organic matter has been investigated in previous experi-
mental studies, for example focused on carboxylic acids 
(Wada et al. 1999, 2001; Roberts et al. 2013) or alcohols 
(Dickinson and McGrath 2003). Effect of aldehydes and 
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ethers for precipitation of carbonates have not been 
investigated in detail, but these compounds may have 
affected the carbonate formation reaction in the fluid, or 
they may have preferentially adsorbed and coprecipitated 
on carbonates in A0080 based on our observation.

In contrast to CHO compounds, CHN, CHNO, and 
CHO–Na compounds were more concentrated in lithol-
ogy 2 than in lithology 1, though the distribution of these 
compounds mostly overlapped (Fig.  3d). As discussed 
above, these compound-enriched regions are gradually 
displaced, and it would appear to be the result of fluid 

Fig. 11  a BSE image of the Orgueil meteorite. b A combined image of the BSE image with overlayed RGB images of total CHO (Red), CHN (Green) 
and CHNO (Blue). Dotted lines show outlines of the concentrated region for total CHO (pink), total CHN (green), total CHNO (blue), and total 
CHO–Na (yellow), respectively. Those outlines are corresponding to an ion intensity of > 40% of the maximum intensity for each compound. Note 
that positioning of the DESI-HRMS images to BSE image contains an uncertainty of ±  ~ 20 µm. c, d BSE and RGB maps of Ca (Red) Fe (Green) and S 
(Blue) or Ca (Red) P (Green) and S (Blue) of SOM concentrated regions shown in (c) and (d) in (b). In RGB maps of Ca (Red) Fe (Green) and S (Blue), 
light green and purple grains are corresponding Fe–sulfide, which almost pyrrhotite, and Ca–sulfate, respectively. In region (d), many Ca-phosphate 
(apatite) are observed by yellow color in RGB maps of Ca (Red) P (Green) and S (Blue). Large grains shown in blue color in both RGB maps (CaFeS 
and CaPS) are corresponding to Mg sulfate. All scale bars for images in (c) and (d) correspond to 100 µm
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Fig. 12  a Back-scattered image of Murchison fragments. White arrows show chondrules or their fragments. Black veins correspond to cracks. 
b Combined RGB map corresponding to Fe-Kα (red), Mg-Kα (green), and Si–Kα (blue). Red grains are Fe–sulfide or magnetite. c Combined RGB 
map of Ca–Kα (red), Fe-Kα (green), and S–Kα (blue). Pink grains and bright green grains correspond to Ca–sulfate, and Fe–sulfide, respectively. d A 
combined image of the BSE image with overlayed RGB images of total CHO (red), CHN (green), and CHNO (blue). e BSE image (left) and EDS spectra 
(right) obtained from area1 and 2 shown in the BSE image. The EDS spectra consist of Ca, Na, C, and O. f BSE image of carbonate grain and RGB map 
of Ca–Kα (red), C–Kα (green), and S–Kα (blue). The grain is mainly Ca–carbonate and partially contains sulfate. g BSE image of a Ca-Na carbonate 
grain and RGB map of Ca-Kα (red), C-Kα (green), and Na-Kα (blue). (e)-(g) correspond to the same area shown by squares in (a)-(c)
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migration. The distance between the CHO-rich region 
(upper region) and the CHN-rich region (lower region) 
is approximately 100 µm (Fig. 3d). Ryugu, which has CI-
like features, has undergone extensive aqueous alteration 
on its parent body. Similar alterations lasted 9 Ma on the 
CI parent body (Fujiya et  al. 2013). Since it is possible 
that fluid is transported up to 100 s of μm during 1 Ma of 
aqueous alteration (Bland et al. 2009), it is plausible that 
this is the result of fluid transport observed in this study.

A possible scenario involved two steps. First, CHO 
compounds in the aqueous fluid catalyzed dolomite pre-
cipitation and some fraction of the CHO compounds 
precipitated in lithology 1 together with dolomite and 
Mg2+ ions to form dolomite grains. Subsequently, the 
fluid moved to lithology 2 and was gradually consumed. 
As a result, the remaining CHO compounds and CHN, 
CHO–Na, and CHNO compounds were also precipitated 
from the dwindling fluid. The CHO compounds showed 
high ion intensities in lithology 1, thus, abundant CHO 
compounds, which may include ethers and aldehydes, 
could have been precipitated during dolomite formation. 
Nano-scale investigation for the relationship of mineral 
surfaces to interiors would provide more constraint for 
the fluid actions. (c) The fluid activity could produce the 

observed heterogeneous distribution of soluble organic 
compounds (Naraoka and Hashiguchi 2018; Hashigu-
chi and Naraoka 2019b; Potiszil et  al. 2020; Muneishi 
and Naraoka 2021). The transportation efficiencies of 
SOMs by fluid flow vary with their affinities for the aque-
ous phase (Potiszil et al. 2020) and adsorption onto sur-
rounding minerals such as phyllosilicates. This process is 
like chromatography between the aqueous phase (mobile 
phase) and minerals (solid phase) (asteroidal chromatog-
raphy). Geochromatographic phenomena between clay 
minerals and/or solubility in H2O to produce fractiona-
tion of N-heterocycles have been observed in terrestrial 
environments (Yamamoto 1992) and postulated to have 
occurred in the parent bodies of the CCs (e.g., Wing and 
Bada 1991).

The adsorption of organic compounds on minerals 
has been previously observed, especially on clay miner-
als such as phyllosilicates by ion exchange (Bolger 1983; 
Hashizume 2015; Awad et al. 2019), and also on carbon-
ates (Thomas et  al. 1993). Wada et  al. (2001) reported 
the strong affinity of carboxylic acid for CaCO3, which 
resulted in the inhibition of CaCO3 growth. If adsorption 
was the main process that caused the different spatial dis-
tributions of SOMs in A0080, clear relationships between 

Fig. 13  a TIC image of Murchison fragments with ROI1 and ROI2, almost corresponding to the whole sample surface of fragment 1 and fragment 2, 
respectively. Total intensity ratio from ROI1 to ROI2 as a function of size of alkylated homologues of b CHN compounds, and c CHNO compounds
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more specific minerals and organic compounds should 
be observed. However, different transportation rates 
between CHO, CHN, CHNO (CHO–Na) compounds 
are also possible (Muneishi and Naraoka 2021), adding 
complexity to the interpretation of the different spatial 
distribution of these SOM. Further investigation of the 
transportation mechanisms of CHO, CHN, CHNO com-
pounds will be needed before it will be possible to make a 
firm interpretation.

Ryugu samples and Orgueil have similar chemical char-
acteristics; however, they were not similar in relation to 
SOM spatial distribution and mineral distribution. In 
particular, the different compositions and abundances 
of the SOM detected for the CHN compounds raise the 
possibility that the organic species they contain are dif-
ferent. Ryugu shows different distributions and abun-
dances of amino acids and amines compared to Orgueil, 
suggesting that the evolutionary processes in the parent 
body, such as formation environment, pathways, and 
during water alteration, were different (Naraoka et  al. 
2023). Although the possibility of differences of primary 
organic matter accreted in the parent bodies of Orgueil 
and Ryugu cannot be completely ruled out, different fea-
tures of the relationship of SOM distribution and miner-
als between these two samples may be due to differences 
in the formation process of each organic material, espe-
cially the interaction behavior with minerals due to pro-
cesses in the parent body.

Our results showed that the relationship between SOM 
and dolomite, which is a secondary mineral observed in 
A0080, suggests that the fluid activity is likely responsi-
ble for the heterogeneous SOM distributions, although 
the influence of space weathering cannot be completely 
excluded. Effects of the space weathering on organic spe-
cies and its heterogeneity on extraterrestrial samples 
should be investigated to reveal more detailed mecha-
nisms to produce heterogeneous distribution of SOM on 
Ryugu sample.

Different spatial distribution of alkyl homologues of SOMs
A range of alkylated homologues was identified for CHN 
compounds in A0080 and was previously reported from 
Murchison, Murray (CM2), and Yamato 002540 (CR) 
(Naraoka et  al. 2017; Naraoka and Hashiguchi 2018; 
Hashiguchi and Naraoka 2019b; Isa et al. 2021), but not 
identified from Orgueil in this study.

The reaction of aldehydes and ammonia through aldol 
condensation reactions has been proposed for the for-
mation and growth of alkylated N-heterocycles includ-
ing alkyl-pyridines in CCs (Yamashita and Naraoka 2014; 
Naraoka et al. 2017). On the other hand, Isa et al. (2021) 
suggested that the mass distribution of SOM in Tagish 
Lake samples cannot be explained by such a condensation 

process. Instead, they proposed that the complex features 
of the SOM were established before accretion on the par-
ent body followed by simplification in the asteroid due to 
secondary processes such as aqueous alteration. Orgueil 
showed similar characteristics to CI and shows an exten-
sive degree of aqueous alteration. According to argument 
by Isa et al. (2021) this result may indicate that the CHN 
compounds in A0080 have relatively been unaffected by 
aqueous alteration compared to that in Orgueil.

Abundance of alkyl homologues of CHN compounds 
(also other SOMs) in lithology 1 and lithology 2 of A0080 
were not significantly different (Fig.  6). On the other 
hand, carbonate-rich fragment 1 was enriched in CnHmN 
compounds with a larger C number in Murchison 
(Fig. 13). Furthermore, a clearly different distribution of 
CnHmN and CnHmN2 compounds implies either (1) dif-
ferent formation pathway to form these compounds or 
(2) different interactions with minerals (e.g., carbon-
ate grains). The specific relationships between minerals 
were not identified; therefore, a detailed mechanism for 
the correlation in the physical distributions of CnHmN 
and CnHmN2 compounds in these samples is elusive. And 
yet, that distinct feature between Murchison and A0080 
is remarkable and implies that the formation mecha-
nism for the alkylated homologues of CHN compounds 
may be different between Murchison and A0080. This 
result implies a primordial feature of CHN compounds in 
A0080 described above or different formation or evolu-
tion (growth) mechanisms for the alkylated homologues 
of CHN compounds, for example during aqueous altera-
tion (Naraoka et al. 2017).

Orthous-Daunay et al. (2019) suggested that the Mur-
chison meteorite appeared to be formed where the UV 
photon flux was negligible, or it has been accreted and 
shielded from photolysis in the parent body. However, 
some chemical processes during fluid activity appeared to 
be more likely than the effect of space weathering for the 
distinct feature of alkylated CHN homologues between 
Murchison and A0080 because the positive relationship 
of carbonate abundance of carbonate was observed in 
both samples.

Molecular distribution by ToF–SIMS
Organic-related ions detected by ToF–SIMS showed 
different abundances among area C within lithology 1, 
and area A within lithology 2 and around those bound-
aries (area B) (Fig. 7). The intensities of these ions from 
three regions were similar, and highest in area C. DESI-
HRMS imaging found abundant CHO compounds and 
lower abundances of CHN or CHNO compounds in 
area C than in area A and area B, which is inconsistent 
with the occurrence of CNO+, CHNO+, and CN– ions 
by ToF–SIMS analysis. Carboxylate ions (CO3

2–, CO4
–, 
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and probably RCO2
–) appeared to be consistent with the 

result of DESI-HRMS imaging results, even if they could 
be derived from CHO compounds or dolomite grains.

Inconsistency of spatial distribution for organic species 
between ToF–SIMS data and DESI-HRMS imaging data 
for spatial distribution of organic species is probably the 
result of different ionization mechanisms between ToF–
SIMS (sputtering by the ion beam) and DESI-HRMS 
imaging (desorption and ionization by charged solvent 
spray). Although soluble organic matter such as amino 
acids can be analyzed by ToF–SIMS (Noun et al. 2019), 
our result may indicate that ions detected from A0080 
by ToF–SIMS would be mostly derived from methanol-
insoluble organic compounds. Such organic compounds 
include IOM, which contains several functional groups 
including C=O and C=C (Yabuta et  al. 2023). In addi-
tion, SOM in Tagish Lake meteorite, was sufficiently 
detected even after 2–3 repeated measurements of DESI-
HRMS using same analytical condition, which may be 
because of organic matter is associated with clay minerals 
(Hashiguchi and Naraoka 2019a). Therefore, SOM could 
be consumed during DESI-HRMS analysis from sample 
surface, however it is unlikely that SOM in A0080 was 
completely lost by DESI-HRMS in this study. More than 
that, our result can probably be explained by that organic 
ions detected by ToF–SIMS are mostly fragmented ones 
from parent organic ions whereas DESI causes mini-
mum fragmentation (Cooks et  al. 2006). Furthermore, 
methanol-insoluble organic matter such as IOM (Lau-
rent et al. 2022) would be detected by ToF–SIMS, on the 
other hand, only methanol-soluble compounds can be 
detected by DESI-HRMS. These differences could have 
led to the incongruent results between TOF–SIMS and 
DESI-HRMS observed in A0080. Further in-situ coordi-
nated analysis using ToF–SIMS is expected to reveal the 
relationship between SOM, IOM, and minerals in aster-
oid Ryugu.

Summary and Conclusion
We performed in-situ analysis on a Ryugu sample A0080 
using the DESI-HRMS imaging, ToF–SIMS, and min-
eralogical observation by FE-SEM–EDS to investigate 
the relationship of organic compounds to minerals. Our 
result shows the following:

(1)	 Different spatial distributions of SOM were 
observed on the surface of Ryugu grain A0080, 
which are assigned as CHN, CHO, CHO–Na, and 
CHNO in A0080 across a few hundred µm. The dis-
tribution could be due to different timing of precip-
itation of these SOM from the aqueous fluid during 
fluid flow and consumption on the asteroid Ryugu, 
or to different transportation by aqueous fluid.

(2)	 Heterogeneous distribution among the same 
alkylated homologues (–CH2–families) of the 
SOMs was identified  in A0080. Alkylated CHN 
compounds are also abundant in Murchison and 
more enriched in a fragment with abundant car-
bonates. The alkylated CHN compounds were not 
identified in Orgueil. Relationship between abun-
dance of the alkylated CHN compounds and altered 
minerals including carbonates were not clear in 
A0080 different from Murchison. These results 
indicate that the formation or growth mechanism 
for the alkylated homologues of CHN compounds 
during aqueous alteration between Murchison and 
A0080 was different. Such a difference seemed to 
be attributed to the presence of carbonate grains, 
particularly Ca carbonate, which may have been 
catalyst for alkylation of CHN compounds. Alter-
natively, our result implies more primordial feature 
(less affected by aqueous alteration) of CHN com-
pounds in A0080 than in Murchison and Orgueil.

(3)	 Spatial distribution of SOM in A0080 revealed by 
DESI-HRMS imaging was not consistent with the 
abundance of CN, CNO, or CHNO ions measured 
by ToF–SIMS, whereas carboxylate-ions detected 
by ToF–SIMS seemed to be consistent with DESI-
HRMS data. This result indicates that TOF–SIMS 
detects mainly fragment ions, whereas DESI-HRMS 
detects SOM almost without fragmentation, or that 
the ToF–SIMS analysis has probably detected mole-
cules mostly from methanol-insoluble organic mat-
ter, including IOM, on the surface of A0080.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s40623-​023-​01792-w.

Additional file 1.Figure S1. Photograph of the initial sample A0080 (total 
1.4 mg) collected from the first touchdown at asteroid Ryugu. The photos 
were taken in the clean chamber of the ISAS/JAXA curation facility before 
sample distribution. Figure S2. Left: combined image of BSE image of 
A0080 and RGB image of total CHO (red), total CHN (green), and total 
CHNO compounds. Right: topography image obtained from the almost 
the same area as the SE image. The color bar shows a depth of the sample 
surface ranged from 0–339 µm. The dotted line shows the highest region 
on the surface, which is roughly corresponding to the SOM concentrated 
region identified by DESI-HRMS imaging. Figure S3. Evaluation of effect 
for ion intensity of DESI-HRMS imaging using a epoxy. (a) An optical micro‑
scope image of epoxy with scratches of different roughness. (b) A DESI 
image of m/z 368.428 (C25H54N+) from the epoxy surface. Outline of white 
dotted line corresponds to a region for normalization of ion intensity. (c) 
Normalized image using averaged ion intensity obtained from a region 
shown by dotted rectangle in (b). White solid rectangles correspond 
to areas 1, 2, and 3 surrounding scratches with different roughness 
described in (a). Correlation between decrease of ion intensity and (d) 
difference of depth from the surface region used for normalization or (e) 
width of scratches. Figure S4. (a) A BSE image and positive secondary 
ion images obtained by TOF-SIMS from area A in Fig.7. (b) An BSE image 
and negative secondary ion images obtained by ToF-SIMS from area B in 
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Fig.7. All scale bars show 100 µm. Color bars show ion counts. Note that 
the positioning of the TOF-SIMS images and BSE image contains a ~ ± 20 
µm uncertainty. Figure S5. Left: BSE image of the Orgueil meteorite with 
color outlines for SOM concentrated regions (pink, green, blue, and yellow 
corresponds to CHO, CHN, CHNO, and CHO-Na compounds, respectively). 
The white dotted line shows the regions of highest SOM concentrations. 
Right: topograpic image obtained from almost the same area as the BSE 
image. The color bar shows a depth of the sample surface ranged from 
0–115 µm. Figure S6. A comparison of ESI efficiency from Flow Injection 
Analysis (FIA)-HRMS and DESI-HRMS desorption efficiency on various 
organic reagents. All ions correspond to [M+H]+. The ion intensities from 
DESI-HRMS data were calculated from 2 mm × 2 mm for each ion images. 
Error bars correspond 2 , which were calculated using standard deviation 
of the eluent blank data for FIA-HRMS data, or standard deviation of 
pixels in analyzed area for DESI-HRMS data. Experimental conditions are 
described below. Table S1. Comparison of ESI efficiency and DESI desorp‑
tion efficiency on organic reagents.
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