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GRAPHICAL ABSTRACT
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PUBLIC SUMMARY
■   We analyzed the composition, abundance and distribution of soluble organic matter (SOM) in meteorites.

■   Desorption electrospray ionization mass spectrometry imaging mapped SOM at ~10 μm resolution.

■   SOM is distributed in phyllosilicates and concentrated in fine-grained rims of chondrules.

■   Parent-body source and aqueous alteration jointly shape SOM synthesis and preservation.
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Soluble organic matter  (SOM) in meteorites has been suggested to play a
significant role in the emergence of early life on Earth. However, the mecha-
nisms that govern its evolution remain unclear. Here, we employed an inte-
grated analytical  approach  encompassing  desorption  electrospray  ioniza-
tion  high-resolution  mass  spectrometry  (DESI-HRMS)  imaging  and  ultra-
high-performance  liquid  chromatography–high-resolution mass  spec-
trometry  (UHPLC-HRMS)  to  comprehensively  analyze  the  composition,
abundance,  and  spatial  distribution  of  methanol-extractable  SOM  in  nine
meteorites with different alteration histories. The results show that SOM is
preferentially  associated  with  phyllosilicates  but  depleted  in  carbonate
phases. A positive correlation is observed between the abundance of SOM
and  the  degree  of  aqueous  alteration  in  CM2  chondrites,  although  highly
altered CI1  chondrites  deviate  from  this  trend.  Additionally,  the  composi-
tion of SOM appears to be modulated by fluid redox conditions and helio-
centric  distance,  as  indicated  by  systematic  differences  in  molecular
features  among  chondrites  from  different  parent  bodies.  The  findings
suggest that the evolution of SOM is governed by the coupled influences of
the  Solar  System  environment,  parent-body  processes,  and  microscale
mineral  phases,  with  aqueous  alteration  and  fluid  activity  serving  as  the
central driving forces.

 INTRODUCTION
Organic  matter  has  been  detected  in  a  variety  of  carbonaceous

chondrites1,2 and  in  extraterrestrial  samples  returned  from  carbonaceous
chondrite-like  asteroids  Ryugu  and  Bennu.3-5 The  delivery  of  extraterrestrial
organic  matter  to  Earth  via  meteorites  has  been  proposed  as  a  potential
contributor  to  the  building  blocks  of  life.6,7 Organic  matter  in  meteorites  is
commonly  divided  into  solvent  soluble  organic  matter  (SOM)3 and
solvent/acid insoluble organic matter (IOM).5 SOM is characterized by a vast
chemical  diversity,  comprising  tens  of  thousands  of  molecules.1,3,4 It  is
hypothesized that SOM may have been more readily utilized by early life, as it
contains small molecules essential for life processes, including amino acids,
fatty acids, nucleobases and sugars.2,8-13 Despite its potential prebiotic signifi-
cance, the mechanisms underlying the formation, evolution and preservation
of SOM remain unclear because of a paucity of direct evidence.2

Current  hypotheses  suggest  that  the  formation  and  evolution  of  SOM
occur  through  multiple  sequential  stages:  beginning  in  the  interstellar
medium  (ISM),  proceeding  through  the  protostellar  disk  and  planetesimal
aggregation, and continuing with subsequent alteration within asteroid parent
bodies.2,14 Isotopic evidence supports this scenario, as enrichments in D and
15N in meteoritic organic matter deviate markedly from Solar System average
values,3 consistent with isotope fractionation processes in  the cold environ-
ments of the ISM.2 In such environments, high-energy ultraviolet photons and
cosmic  rays  generate  abundant  radicals,  providing  key  precursors  for  SOM
synthesis.2,15 Laboratory  simulations  have  demonstrated  that  low-tempera-
ture ultraviolet  irradiation of interstellar  ice analogs can produce a variety of
organic  compounds,  including  SOM-like  species.15-17 Astronomical observa-
tions  also  reveal  that  relatively  simple  N-,  O-,  and  S-bearing  organic
molecules  are  widespread  in  the  ISM,18 where  they  can  adsorb  onto  dust
grains  and  be  incorporated  into  growing  planetesimals  and  asteroid  parent
bodies.19 While  some  simple  organics  and  amino  acids  may  survive  transit
through the harsh ISM conditions,20-23 the formation, evolution, and preserva-
tion  of  larger  and  more  complex  SOM  species  (~100–800  Da)24 remain
poorly understood.2 Addressing this knowledge gap requires a comprehensive

characterization  of  SOM  composition,  abundance,  and  occurrence,  with
particular  emphasis  on  their  spatial  associations  with  inorganic  minerals.
Such  an  approach  enables  molecular  signatures  to  be  linked  directly  to
parent-body  processes,  thereby  constraining  the  mechanisms  responsible
for SOM formation and evolution.25

To achieve  this,  robust  analytical  strategies  are  essential.  The  analysis  of
SOM  in  meteorites  and  asteroid  samples  can  be  broadly  categorized  into
targeted  and  untargeted  strategies.  Targeted  approaches  typically  focus  on
life-relevant compounds, such as amino acids. Untargeted analysis has tradi-
tionally  been  dominated  by  direct-injection  Fourier  transform  ion  cyclotron
resonance  mass  spectrometry  (FT-ICR/MS),3,4 which enables  the  assign-
ment  of  tens  of  thousands  of  molecular  formulas  owing  to  its  ultra-high
mass resolution ( > 107) and sub-ppm mass accuracy.24,26 Comparative stud-
ies  based  on  FT-ICR/MS  have  revealed  substantial  differences  in  SOM
composition  across  meteorites  and  asteroid  samples.24,26 However, in-situ
SOM analysis remains scarce. Desorption electrospray ionization high-reso-
lution mass spectrometry  (DESI-HRMS) imaging has been applied to  mete-
orites and Ryugu samples,3,25,27-30 but previous spatial resolution has not been
sufficient  to  systematically  resolve  the  SOM  distribution  among  distinct
mineral phases or structures. Our earlier work improved DESI spatial resolu-
tion to 20 μm,31 and in the present study we further enhanced it  to ~10 μm,
thereby  making  it  increasingly  feasible  to  elucidate  SOM–mineral associa-
tions.  In  parallel,  ultra-high-performance  liquid  chromatography–high-reso-
lution  mass  spectrometry  (UHPLC-HRMS)32,33 has  emerged  as  a  powerful
untargeted analytical platform in metabolomics34 and prebiotic chemistry.35,36

Its chromatographic separation improves quantitative accuracy and enables
direct comparisons of SOM across multiple samples.37,38

In  this  context,  we  combine  DESI-HRMS  imaging  and  UHPLC-HRMS  to
systematically characterize the composition, abundance, and spatial distribu-
tion of methanol-extracted SOM in nine fallen meteorites representing diverse
petrographic  types  and  degrees  of  aqueous  alteration.  This  integrated
approach  provides  new  insights  into  the  origin  and  evolution  of  SOM  in
extraterrestrial environments, with a particular emphasis on the role of parent-
body aqueous alteration in its formation and preservation.

 MATERIALS AND METHODS
 Sample information

The  names,  classifications,  and  fallen  year  of  meteorites  are  as  follows:
Zag (H3-6, 1998),39 Allende (CV3, 1969),40 Ningqiang (C3-ungrouped, 1983),41

Murchison  (CM2.5,  1969),42 Aguas  Zarcas  (CM2.2,  2019),43 Mukundpura
(CM2.0, 2017),44 Kolang (CM1/2, 2020),45 Tarda (C2-ungrouped, 2020)46,47 and
Orgueil  (CI1,  1864).48,49 Their  petrological  and  isotopic  characteristics  have
been extensively documented, and the presence of organic matter within their
matrices  has  been  confirmed  by  previous  studies.  Compared  to  samples
from  currently  available  asteroid  sample-return  missions,  fallen  meteorites
offer  far  greater  sample  diversity,  making  them  an  essential  resource  for
understanding  the  evolution  of  SOM  in  asteroids.  Although  restricting  our
study  to  meteorite  falls  helps  minimizes  the  potential  impacts  of  terrestrial
contamination  and  alteration  on  SOM,50 such  influences  cannot  be  entirely
excluded.

For  each  meteorite,  one  portion  was  used  for  solvent  extraction  of  SOM,
and another portion was prepared as a polished cross-section for DESI anal-
ysis.  Although  organic  matter  has  been  previously  reported  in  the  water-
bearing  salt  crystals  and  clasts  within  Zag,39,51 such  components  were  not
clearly observed in the subsample analyzed in this study (Figures S1-S2).
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 Meteorite cross-section sample preparation
Each meteorite  sample  was  affixed  to  a  stub  using  a  minimal  amount  of

adhesive.  A  smooth,  large-area  cross-section  was  then  prepared  using  a
target preparation system (Leica EM TXP) combined with a broad argon ion
milling  system  (Leica  EM  TIC  3X).  This  method  avoided  the  need  for  resin
embedding,  slurry  polishing,  and solvent  cleaning.  To minimize heat  buildup
during milling, alternating ion beam conditions were applied: samples under-
went  four  cycles  at  5  keV  and  2  mA,  with  each  cycle  lasting  20  minutes,
followed  by  three  cycles  at  1  keV  and  1  mA,  with  each  cycle  lasting  10
minutes.31 All cycles were conducted at an ion beam incidence angle of 3°.

 DESI-HRMS imaging analysis
DESI-HRMS imaging was performed using a platform consisting of a DESI

XS  source  (Waters),  a  high-resolution  mass  spectrometer  (SELECT  SERIES
MRT, Waters), and a solvent delivery system (ACQUITY UPLC M-Class µBSM,
Waters).52 To  facilitate  comparison  with  earlier  meteorite  studies  that
employed DESI-HRMS in positive-ion mode,25,27-29 imaging was conducted in
positive-ion mode as well.  The solvent used was a mixture of methanol and
water (95:5, v/v). Samples were scanned with a step size of 10 μm, a solvent
flow rate of 250 nL·min−1, and a scan speed of 20 μm·s−1. Detailed instrumen-
tal  parameters  are  provided  in Table  S1.  In  comparison  with  our  previous
study  on  the  Murchison  meteorite,31 which  achieved  a  spatial  resolution  of
20 μm,  a  mass resolution of  ~30,000 at  556 Da,  and a  mass accuracy of  <
15  ppm,  the  present  study  achieved  a  higher  spatial  resolution  of  ~10  μm
(Figure S3), an ultrahigh mass resolution of ~160,000 at 556 Da, and a mass
accuracy of < 1 ppm.53 Since DESI-HRMS can only ionize SOM, these techni-
cal  advancements  enable  more  precise  discrimination  of  SOM  associated
with different minerals (Figures 1-3) and allow for reliable molecular formula
assignment for detected compounds.

Methanol  is  widely  used  in  DESI  analysis,27,28,31 providing efficient  extrac-
tion and ionization of  polar  and moderately polar  organics.  Previous studies
have demonstrated that methanol, compared to other solvents such as water
or  acetonitrile,  extracts a broader  range of  SOM from meteorites.1 The DESI
source exhibits relatively low ionization efficiency for non-polar compounds,54

and  the  combination  of  a  methanol-water  solvent  and  DESI  ionization
provides  high  extraction  and  ionization  efficiency  for  polar  SOM,  thereby
achieving  low  detection  limits  for  these  species.  However,  this  approach  is
less  effective  for  non-polar SOM,  and  a  more  comprehensive  characteriza-
tion of SOM would benefit from employing multiple solvent systems in future
studies.

 Quality assurance for DESI-HRMS imaging
Fused  silica  cross-section  samples  (Corning 7980 0F,  Edmund)  were

prepared  in  parallel  with  the  meteorite  samples  and  served  as  procedure
blanks to monitor potential contamination during sample preparation. Fused
silica was selected due to its high thermal stability and extremely low back-
ground organic content,4,8 as its production involves temperatures exceeding
1700°C, thereby excluding the presence of indigenous SOM. Moreover, its low
surface  porosity  minimizes  solvent  retention  and  surface  heterogeneity,
contributing  to  enhanced  DESI  signal  intensity  and  sensitivity.  A  glass  slide
was  used  as  the  solvent  blank.  All  cross-section  samples  were  stored  and
transported  between  laboratories  in  a  vacuum-sealed  metal  container.  All
reagents  were  LC-MS  grade  (Fisher  Chemical).  No  evidence  of  additional
contamination  was  observed  during  sample  preparation  (Figures  S4-S5).
Ions detected in the solvent or procedural blanks were excluded from subse-
quent analysis and discussion.

Fused silica may not fully represent the physical and chemical characteris-
tics of meteoritic surfaces. Mineralogical and structural differences—such as
surface energy, porosity, and roughness—may lead to discrepancies in matrix
effects  and  potential  adsorption  of  exogenous  contaminants.  While  fused
silica serves as a conservative and contamination-free reference, future stud-
ies could explore mineral analogues (e.g., serpentine)3 more representative of
meteoritic matrices to better evaluate contamination risks and matrix effects.

 DESI-HRMS data processing
Centroid  peak  features  were  extracted  from  the  raw  DESI-HRMS  data

using  HDI  v1.8  (Waters)  and  used  to  generate  raster  images  for  each

detected m/z feature. The molecular formulas were then assigned in MassL-
ynx v4.2 (Waters) within a mass tolerance of 1 ppm, using the peak positions
exported from HDI v1.8 and applying the following elemental constraints: C 0-
100,  H  0-100,  N  0-10,  O  0-20,  and  S  0-2.  Because  only  the  centroid  peak
positions were imported, isotope peaks of low-intensity ions were not always
captured.  Consequently,  isotope  pattern  fitting  was  not  used  as  a  criterion
during  formula  assignment.  Sulfur-bearing  formulas  were  cross-validated
against those independently obtained from the UHPLC-HRMS data. A magni-
fied  profile  mass  spectrum  extracted  from  an  arbitrary  time  window  of  the
raw  total  ion  chromatogram  was  used  to  illustrate  peak  separation,  with
molecular formulas and mass errors annotated manually (Figure 2B). Due to
peak-shape  shift  and  signal-to-noise  limitations,  some  annotated  mass
errors in this magnified spectrum exceed 1 ppm.

Guided  by  the  SEM–EDS  results,  specific  mineral  phases  or  regions  of
interest  were  selected,  and  location-specific  average  DESI-HRMS  spectra
were  extracted  for  comparative  and  multivariate  analysis,  including  violin
plots (Figure 2C) and principal component analysis (PCA) (Figure 2D).

In DESI-HRMS analysis, ion signal intensities are influenced not only by the
concentration  of  the  analytes,  but  also  by  matrix  effects  arising  from  the
physical  and  chemical  properties  of  the  sample  substrate,  such  as  mineral
composition,  surface  roughness,  and  porosity.55 For  example,  highly  porous
rock surfaces can reduce ion yield  in  DESI  analysis.55 In  addition,  during the
ionization  process,  ion  suppression  and  charge  competition  may  occur,54

which  are  related  to  the  chemical  complexity  and  coexisting  species  in  the
sample.  Matrix  effects  result  in  signal  intensities  that  do  not  necessarily
reflect  the  actual  abundance  of  SOM.31 To  correct  for  intra-sample  matrix
effects,  the  intensity  of  the  lockmass  ion  (leucine  enkephalin,  50  ng·ml−1)
added to the solvent was used to normalize all detected signals,31,56 enabling
a more accurate representation of the spatial  distribution of SOM within the
same sample (Figure S6).31 However, it should be noted that this normaliza-
tion  only  compensates  for  matrix  effects  within  a  given  sample,  and  thus,
direct  comparison  of  DESI-HRMS  signal  intensities  between  different
samples remains infeasible at present.

 SEM-EDS analysis
After DESI-HRMS imaging, large-area backscattered electron (BSE) images

(Figure  S2)  were  acquired  using  a  low-vacuum  desktop  scanning  electron
microscope (Phenom XL G2, Thermo Fisher Scientific) equipped with an inte-
grated  energy  dispersive  X-ray  spectroscopy  (EDS)  system.  The  instrument
was  operated  at  60  Pa  and  15  kV,  with  data  acquisition  performed  using
MAPS v3.29 software (Thermo Fisher Scientific).

 SOM extraction
To ensure consistency with DESI-HRMS results,  methanol  extraction was

used to isolate SOM from powdered meteorite samples.  We powdered inte-
rior  fragments  while  avoiding  fusion  crusts  and  visibly  weathered  surfaces.
Approximately 60 mg of meteorite fragments were ground into a fine powder,
and ~10 mg of  powder was weighed into individual  1.5 mL microcentrifuge
tubes. Methanol was added at a ratio of 20 μL per 1 mg of sample.3 The SOM
was  extracted  via  ultrasonication  for  15  minutes.  The  extract  was  then
centrifuged at 12,000 rpm for 10 minutes, and the resulting supernatant was
carefully transferred into a screw-neck vial containing a low-volume insert.

 UHPLC-HRMS analysis
SOM extracts in methanol were analyzed using an ACQUITY Premier UPLC

system (Waters) coupled to a quadrupole Multi-Reflecting Time-of-Flight (Q-
MRT)  mass  spectrometer  (SELECT  SERIES  MRT,  Waters)  equipped  with  an
electrospray  ionization  (ESI)  source,  providing  ultra-high  mass  resolution
(~200,000)  and  mass  accuracy  (<  1  ppm).53 To  maintain  consistency  with
DESI-HRMS  imaging,  UHPLC-HRMS  analysis  was  also  conducted  in  ESI
positive-ion  mode.  The mobile  phase comprised acetonitrile  and water,  and
the separations were performed using a BEH C18 column (130 Å, 1.7 µm, 2.1
mm x 100 mm, Waters). Data acquisition was performed using MSE,  a data-
independent  acquisition  (DIA)  mode  that  enables  enhanced  MS2 spectral
coverage.57 Progenesis QI software (v3.0, Waters) was used for data analysis,
including alignment, peak picking, deconvolution, and identification. Statistical
analysis  was  carried  out  using  EZinfo  v3.0  (Waters).  Detailed  instrument
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parameters and data processing protocols are provided in Table S2.
The  inclusion  of  liquid  chromatography  not  only  reduces  ion  suppression

effects  but  also  improves  the  detection  limits  for  moderately  and  weakly

polar SOM, thus enabling more accurate quantification and between-sample
comparisons of SOM abundance. The chemical coverage of SOM by UHPLC-
HRMS  can  be  further  improved  by  adding  HILIC  chromatography,  using
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multiple  ionization  sources  and  polarities  [e.g.,  ESI(+/–), APCI],  and  employ-
ing complementary MS acquisition modes (e.g., DDA and DIA).

 Quality assurance and quality control for UHPLC-HRMS analysis
The  extraction  solution  of  fused  silica  (Corning 7980 0F,  Edmund)  was

prepared  in  parallel  with  the  meteorite  samples  as  a  procedural  blank  to
monitor potential contamination during the entire sample preparation stage.4,8

A solvent blank was also included. Comparisons between solvent and proce-
dural blanks showed consistent ion detection and intensity (Figure S7), indi-
cating  that  no  additional  contamination  was  introduced  during  sample
preparation.  However,  terrestrial  contamination  during  meteorite  collection
and storage cannot be completely excluded, highlighting the unique value of
pristine  extraterrestrial  materials  returned  by  sample-return  missions.  All
reagents used were LC-MS grade from Fisher Chemical.

For UHPLC-HRMS analysis, 10 μL from each meteorite extract was pooled
to generate a quality control (QC) sample. This pooled QC was injected every
ten runs,  resulting  in  a  total  of  seven  QC  injections.  The  total  ion  chro-
matograms  (TICs)  of  the  QC  samples  remained  stable  throughout  the
sequence.  Partial  least  squares  discriminant  analysis  (PLS-DA)  showed  a
tight  clustering  of  the  pooled  QC  samples,  indicating  acceptable  analytical
reproducibility  (Figure  4).  Compounds  with  a  relative  standard  deviation
(RSD)  below  40%  in  the  pooled  QC  were  retained,58 while  those  with  high
abundance in the blank were removed.

 UHPLC-HRMS data processing
A total  of  2,809 compounds (Data S1) were ultimately selected for down-

stream  omics-based  statistical  analysis.33 Kendrick  mass  defect  (KMD)
plots59 were used to visualize the SOM compounds in meteorites (Figure S7).
Data  were  acquired  in  DIA  mode,  which  enabled  the  analysis  of  compound
structures  via  MS2 spectra  (Figure  S8).  However,  the  obtained  MS2 spectra
did  not  exactly  match  entries  or  theoretical  fragmentation  patterns60 in
current  spectral  databases  (Table  S1).  In  silico  predictions  of  some
compounds  did  yield  apparent  matches,  but  the  prevalence  of  numerous
structural isomers, in conjunction with the limited number of diagnostic frag-
ment  ions,  precluded  confident  structural  assignment  of  the  compounds.
While  some  MS2 fragments  displayed  similarities  (Figure  S8),  indicating
common  chemical  substructures,  full  structural  elucidation  based  on  MS2

data alone remains challenging. Although meteorite samples provide a larger
available material compared to asteroid samples, isolating and purifying indi-
vidual  SOM  compounds  through  preparative  chromatography  followed  by
nuclear magnetic resonance (NMR) analysis remains technically difficult and
cost-prohibitive.  Under  these  constraints,  the  analysis  was  restricted  to
molecular formula assignment in Progenesis QI, using the following elemen-
tal  ranges:  C  0-100,  H  0-100,  N  0-10,  O  0-20,  and  S  0-2,  with  a  minimum
isotope pattern similarity threshold of 60%. Nevertheless,  omics approaches
enable robust comparative analysis of SOM abundance across meteorites.

Based on the PLS-DA (Figure 4), differential markers were identified using a
Variable Importance in the Projection (VIP) threshold > 1. Molecular formulas
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Figure 2.  Mineral- and structure-specific differences in SOM within the Murchison (CM2.5) meteorite revealed by DESI-HRMS imaging (A) DESI-HRMS spectra (positive ion
mode) of SOM extracted from distinct mineralogical and structural domains: phyllosilicates in fine-grained rims (FGRs), phyllosilicates in the interchondrule matrix, Ca-carbonate,
and olivine.  Ion signals from olivine are primarily  attributed to solvent  background.  (B)  Expanded view of  the DESI-HRMS profile  spectrum in the range of  223.05–223.25 Da,
extracted directly from the raw total ion chromatogram. In order to create this illustrative profile spectrum, the molecular formulas were annotated manually. Consequently, some
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component analysis (PCA) of SOM across mineral domains. Ellipses represent the 95% confidence intervals.
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were assigned to 380 compounds (Data S1) with a mass error < 1 ppm and
isotopic pattern.  These SOM markers are predominantly  composed of  CHN,
CHNO, CHOS, and CHO species, consistent with previous studies.1,3

In  the  heatmap  (Figure  5),  to  mitigate  inter-sample  variation  in  ion
response, peak areas were normalized by calculating Z-score.

z=
X−μ
σ

Where X is the observed value (e.g., SOM abundance in a given meteorite),
μ  is  the dataset  mean,  and σ is  the standard deviation.  Z-score scandaliza-
tion was applied solely  for  multivariate  visualization and not  for  quantitative
comparisons.61 The raw abundances are provided in Data S1.

 RESULTS AND DISCUSSION
 Spatial Distribution of SOM

Due  to  solvent  extraction  selectivity,  ionization  efficiency,  and  matrix
effects,  DESI-HRMS signal  intensities cannot  be directly  compared between
different samples.31 However,  within the same sample,  DESI-HRMS imaging
at a spatial resolution of ~10 μm (Figure S3) co-localized with mineralogical
maps  (BSE)  enables  visualization  of  the  relative  distribution  of  methanol-
extractable  (primarily  polar)  organic  matter  among  different  mineral  phases
and  microstructures  (Figures  1-3).  This  approach  reveals  mineral-scale
spatial heterogeneity in SOM abundance and composition.

In  positive  ion  mode,  solvent-related  background  ions  are  commonly
present  in  DESI-HRMS  spectra  (Figure  S4).  In  this  study,  SOM  was  not
detected  by  DESI-HRMS in  the  Allende,  Zag,  Ningqiang,  and  Orgueil  mete-
orites.  The  absence  of  detectable  SOM  in  Orgueil  can  be  attributed  to  the
combined  effects  of  its  highly  porous  substrate62 and  differences  in  SOM
abundance.26 The  KMD  plot  shows  CHN,  CHNO  and  CHOS  homologues,  as
well  as  CHO  species  in  CM  chondrites,  consistent  with  previous  reports.26,31

By  comparison,  the  KMD  pattern  of  SOM  in  Tarda  was  distinctly  different
from that of the CM chondrites (Figure S5). However, because of the polarity
selectivity  of  DESI ionization and matrix  effects discussed above,  we do not
directly  compare  DESI-HRMS  signal  intensities  or  profiles  across  different
samples.

Phyllosilicates  and  carbonates  are  both  secondary  minerals  produced
during aqueous alteration.63 The co-localization of DESI-HRMS imaging with
BSE images (Figure 1) reveals that SOM is dispersed throughout the matrix of
the  meteorite,  showing  a  direct  spatial  association  with  aqueously  altered
phyllosilicate  minerals,  whereas  carbonate  domains  generally  exhibit  low
SOM abundance. In the Tarda meteorite, which lacks intact chondrules, SOM
is  evenly  distributed  in  the  phyllosilicate  matrix  (Figure  1E).  Conversely,  in
other CM chondrites, the distribution of SOM within phyllosilicates is hetero-
geneous,  with  SOM  being  notably  concentrated  around  the  outer  edges  of
chondrules,  especially in their  fine-grained rims (FGRs).  The spatial  distribu-
tion  of  most  SOM compounds (CHN,  CHNO and CHOS)  remains  consistent
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(Figures S9-S10), except for a few ions related to carbonate (Figure 3).
Using  the  Murchison  meteorite  as  an  example,  we  selected  multiple

regions  of  interest  within  four  representative  mineralogical  or  structural
domains and extracted the corresponding DESI-HRMS spectra for statistical
analysis  (Figure  2).  The  peak  intensities  in  the  DESI-HRMS  spectra
(Figure  2A) and  the  distributions  of  normalized  SOM  abundances  summa-
rized in the violin plots (Figure 2C) indicate that, phyllosilicates in FGRs gener-
ally  exhibit  a  higher  abundance  of  SOM  compared  to  those  present  in  the
interchondrule matrix although SOM within individual FGRs is heterogeneous.
Additionally,  the  SOM  contrast  between  the  FGRs  and  matrix  is  real  rather
than  a  matrix-effect  artifact,  because  even  in  the  raw (uncorrected)  images
the internal standard (leucine enkephalin) does not exhibit higher response in
the  FGRs,  whereas  SOM  shows  intrinsically  higher  signal  intensity
(Figure S6). The molecular compositions of SOM in FGR and interchondrule-
matrix  phyllosilicates  are  broadly  similar,  with  differences  dominated  by
abundance rather than by distinct SOM families.

In  contrast,  Ca-carbonate  phases  show  significant  depletion  of  SOM
(Figure  2),  with  only  a  few  specific  molecules  being  enriched  (Figures  3 &
S11).  This  contrast  between  Ca-carbonate  and  phyllosilicates  is  clearly
captured  by  the  PCA  plot  based  on  SOM  compositions  and  abundances
(Figure  2D).  No  SOM  was  detected  in  unaltered  olivine  within  chondrules,
where  the  signals  are  indistinguishable  from  the  solvent  background
(Figures 2A & S4). This result is consistent with previous DESI imaging obser-
vations  in  Murchison.31 We  infer  that  the  variations  in  SOM  abundance  and
composition  across  different  minerals  or  structural  domains  are  genuine
rather than artifacts of matrix effects, because carbonates show both enrich-
ments  and  depletions  of  SOM  compared  with  phyllosilicates  (Figure  3).  At
present,  molecular  formulas have not  been assigned to the ions enriched in
Ca-carbonate, as the specific form of the parent ion addition and the poten-
tial  involvement  of  metal  elements  remain  uncertain.  Nevertheless,  the
absence of these carbonate-associated ions from both solvent and procedu-
ral  blank  spectra  indicates  that  they  are  unlikely  originated  from  laboratory
contamination.

 Associations between SOM and Mineral Phases
The  spatial  correlation  between  SOM  and  phyllosilicates  (Figure  1) indi-

cates  a  coupled  process  of  SOM  synthesis  and  mineral  alteration  during
aqueous alteration. In carbonaceous chondrite parent bodies, this coupling is

plausibly  facilitated  by  the  serpentinization  of  anhydrous  silicates,  whereby
infiltrating aqueous fluids transform olivine- and pyroxene-rich assemblages
into phyllosilicates and, in the process, generate H2 and modify fluid pH and
redox state.64 The layered structure and surface hydroxyl groups of water-rich
phyllosilicates may  serve  as  active  sites  for  SOM  adsorption  and  preserva-
tion.25,65-67 Experimental  studies  have  demonstrated  that  water–rock reac-
tions  in  the  presence  of  phyllosilicates  have  the  capacity  to  synthesize
complex  organic  solids  from  simple  precursors,  as  well  as  to  govern  the
hydrothermal transformation  pathways  and  the  functional  group  composi-
tion of organic matter.68,69

The heterogeneous distribution of  SOM in  CM chondrites  and the  enrich-
ment of SOM in FGRs (Figures 1-2) suggest that SOM may have been redis-
tributed by aqueous fluid mobilization. FGRs are chemically similar to the fine-
grained  matrix  but  have  more  compact  textures  and  lower  porosity.70 The
origin  of  FGRs  remains  debated,  with  two  scenarios  most  frequently
proposed:71,72 (i)  nebular  dust  accretion,  in  which  FGRs  are  hypothesized  to
have formed via a dust-accretion process analogous to that responsible for
the fine-grained matrix,70,71 and (ii)  formation on the parent-body via regolith
compaction70 and  associated  processing.73,74 Nebular  dust  accretion  alone
does  not  straightforwardly  account  for  the  pronounced  contrast  in  SOM
abundance  observed  between  FGRs  and  the  matrix  (Figure  2),  suggesting
that  additional  parent-body  processes  may  be  required.  Moreover,  because
no steep thermal gradient has been observed within CM parent bodies at the
microscale during aqueous alteration,75,76 the enrichment of  SOM in FGRs is
unlikely to be simply attributable to local temperature variations.

A more concise explanation is that aqueous alteration involved fluid trans-
port,63 during which SOM was intercepted by chondrules or other low-perme-
ability  minerals,  leading  to  SOM  accumulation  in  FGRs  with  smaller  grain
size74 and  higher  high  surface  area.  Notably,  SOM  is  absent  in  unaltered
chondrules  (ROI2  in Figure  1A)  but  appears  in  partially  altered  chondrules
(ROI1  in Figure  1A),  though  at  a  lower  abundance  than  in  the  FGRs.  This
observation  further  supports  the  notion  that  progressive  aqueous  alteration
and fluid activity drive changes in SOM distribution.25,28,29,77 Given the approxi-
mately non-directional enrichment of SOM around FGRs, a strongly unidirec-
tional  flow  of  the  aqueous  fluids  is  improbable.  This  finding  aligns  with  the
convecting mudball hypothesis,75 which proposes that the system was thor-
oughly  mixed  with  nebular  fines,  ice,  and  chondrules.  Therefore,  at  least  on
the  millimeter  scale  observed  through  DESI-HRMS imaging,  the  redistribu-
tion of SOM could be driven by fluid movement76,78 during aqueous alteration
in a locally open system.

The  difference  in  SOM  composition  and  abundance  between  carbonate
and  phyllosilicates  have  two  possible  explanations.  In  the  multi-step aque-
ous  alteration,79 changes in  fluid  properties  between  the  formation  of  phyl-
losilicates and carbonates (e.g., Type 2 calcite63,80) might lead to the depletion
of  most  SOM  species  in  carbonate  phases  (Figure  2)  and  help  explain  why
ions enriched in carbonates are absent in phyllosilicates (Figures 3 & S11). In
addition,  differences  in  the  crystal-chemical  structures  between  carbonates
and  phyllosilicates  likely  result  in  distinct  adsorption  mechanisms  for  SOM,
with  phyllosilicates  being  more  favorable  for  most  SOM  adsorption  and
preservation,  whereas  carbonates  may  exhibit  a  strong  affinity  for  specific
ions (Figure 3).  However,  potential  differences in  SOM among various types
of  carbonates63,80 require further  investigation,  preferably  through the  estab-
lishment  of  spatial  correlations  between  DESI-HRMS  imaging  and  in  situ
measurements of carbonate isotopic compositions.

 Compositional Diversity of SOM among Meteorites
The  incorporation  of  UHPLC-HRMS  provides  a  complement  to  DESI-

HRMS,  enabling  direct  comparison  of  SOM  composition  and  abundance
between samples. Although it remains difficult to unequivocally identify SOM
structures based solely on MS2 spectra in this study (Figure S8), the addition
of retention time as a chromatographic dimension offers valuable structural
insights.  UHPLC-HRMS analysis detected 2,809 SOM compounds (Data S1)
in methanol extracts of nine meteorites, thereby enabling subsequent omics-
based statistical analysis (Figures 4-6).

Under the current BEH C18 column and ESI(+) analysis conditions, SOM is
predominantly  composed  of  CHN,  CHNO,  CHOS  homologues,  and  CHO
compounds (Data  S1).  These formula  families  broadly  correspond to  suites
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of  aliphatic  and  aromatic  amines,  and  N-heterocycles  (CHN,  CHNO),
oxygenated  hydrocarbons  such  as  aldehydes,  alcohols,  and  carboxylic-
acid–derived  species  (CHO),  and  organosulfur  compounds.3,25,27-29,81,82 In  the
PLS-DA plot (Figure 4),  the cumulative Q2 increased to 0.87 with 16 compo-
nents,  indicating  substantial  predictive  ability  under  cross-validation,  while
the cumulative R2Y reached 0.94. The statistics thus provide a robust multi-
variate  framework  for  resolving  systematic  differences  in  SOM composition
and abundance among the meteorites. The Allende CV3 and Zag H3-6 mete-
orites overlap with the solvent and procedure blanks, indicating no detectable
SOM in the methanol  extracts of  these meteorites (Figure S7). The distribu-
tion patterns of the four CM chondrites in PLS-DA correlate with their extent
of aqueous alteration. Cluster analysis (Figure 5A) further indicates that SOM
in  these  four  CM  chondrites  was  compositionally  similar.  Kolang  CM1/2,
which experienced the most extensive aqueous alteration, exhibited the high-
est abundances of most CHN, CHNO, and CHOS differential markers (Figures
5 & S12), followed by Mukundpura CM2.0, Aguas Zarcas CM2.2, and Murchi-
son CM2.5.

Notably,  the  separation  of  CM  chondrites  and  Tarda  C2-ung  into  two
distinct  groups  (Figure  6)  indicates  significant  differences  in  their  organic
compositions.  Although  the  m/z  values  of  compounds  (MS1)  in  Tarda  were
consistent with those in CM chondrites, the compounds in Tarda C2-ung had
longer  retention  times  (Figures  6C-D)  and  distinct  MS2 spectra,  indicating
differences  in  isomeric  composition  and  the  presence  of  less  polar  organic
molecules.  This  polarity  difference  between  Tarda  C2-ung and  CM  chon-
drites  also  explains  the  divergent  KMD  patterns  observed  in  DESI-HRMS

analysis  (Figure  S6),  as  the  less  polar  SOM  in
Tarda  C2-ung  is  more  difficult  to  ionize  under
DESI conditions.83

The  Ningqiang  C3-ung meteorite  was  posi-
tioned on  the  opposite  side  of  the  CM  chon-
drites  in  the  PLS-DA  plot  (Figure  4),  with  a
higher  abundance  of  CHO  compounds  and
marked  depletion  of  CHN  species  (Figure
S12B).  The  abundance  of  CHNO  and  CHN
compounds  in  Orgueil  was  much  lower  than
those  in  CM  chondrites  (Figure  S12).  In
contrast, several CHO markers were detected in
Orgueil  but  were  absent  in  CM  chondrites
(Figures  5A & S12B).  These  results  agree  with
previous  DESI-HRMS  comparisons  between
Orgueil  and  Murchison,  which  reported  that
Orgueil  is  enriched  in  CHO  but  depleted  in
CHN/CHNO compounds.28

 Associations between SOM and Parent Body
Conditions

The composition  of  SOM  in  different  mete-
orite  types  reflects  the  controls  exerted  by
parent-body conditions.  CI  and  CM  carbona-
ceous chondrites represent two distinct chemi-
cal  groups,  primarily  defined  by  systematic
differences  in  their  bulk  chemistry,  mineralogy
and  characteristic  oxygen-isotope
systematics,84 which are  commonly  inter-
preted to reflect accretion from different nebu-
lar  reservoirs  and evolution  on  different  parent
bodies.85 The  similarity  in  SOM  composition

among  the  four  CM  chondrites  (Figure  5A)  is  consistent  with  their  shared
classification  and  also  suggests  that  they  may  have  originated  from  a
common precursor and experienced a similar organic synthesis pathway.

CM-type  chondrites  with  higher  levels  of  aqueous  alteration  show  higher
mean  standardized  abundances  (Figure  4C), indicating  that  aqueous  alter-
ation  promotes  the  synthesis  of  CHN,  CHNO,  and  CHOS compounds in  CM
chondrites.  The  trends  in  SOM  composition  revealed  by  UHPLC-HRMS  are
consistent with previous FT-ICR/MS observations24 that compare the relative
abundances of classes such as CHN and CHO across meteorites with differ-
ent  degrees  of  aqueous  alteration.  Although  the  PLS-DA  results  based  on
UHPLC-HRMS differ from those from FT-ICR/MS24,26 because UHPLC adds a
retention-time  dimension  that  carries  structural  information,  both  analysis
reveal the influence of alteration degree or temperature26 on the evolution of
SOM.  As  the  extent  of  alteration  increases  in  CM  chondrites,  Fe  valence  is
observed to decrease from 2.60 to 2.40,86 which correlates with the increas-
ing abundance of  CHN compounds (Figure S12D).  CHO compounds,  on the
other  hand,  are  predominantly  detected  in  the  Murchison  CM2.5  meteorite
(Figure S12B).

Although Orgueil is thought to have undergone the highest degree of aqueous
alteration,  its  SOM  abundance  is  lower  than  that  of  CM-type  chondrites
(Figure 5B), suggesting that Orgueil and CM chondrites likely originated from
different  parent  asteroids87-89 and  underwent  different  aqueous  alteration
processes. A similar discrepancy is observed in the amino acid composition
and  abundance  of  Orgueil  meteorite  compared  to  CM  chondrites.10,90 The
amino  acid  abundance  in  Orgueil  is  about  one-third  of  that  detected  in  CM
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chondrite.  In  addition,  the  SOM  abundance  in  the  CI  chondrite-like  Ryugu
asteroid  is  lower  than  that  in  Murchison.3 The  Orgueil  meteorite  exhibits  a
higher  Fe valence state (2.77)  relative to  CM chondrites (2.60–2.40)86 and a
lower Fe/S ratio (0.85) relative to CM chondrites (0.89–0.97),45 indicating that
aqueous  alteration  in  Orgueil  occurred  under  more  oxidizing  conditions.  In
line with this, the presence of CHO compounds in Orgueil (Figures 5A & S12B)
suggests  that  the  redox  state  during  aqueous  alteration  can  significantly
influence  SOM  composition.91 Recent laboratory  simulations  have  demon-
strated that asteroidal aqueous alteration can actively deplete and transform
amino acids, with hydrothermal and redox-driven electrochemical processes
modifying their  abundances,  stability,  and isomeric distributions.69,92 Notably,
a recent study suggested that the highly oxidized state of Orgueil may result
from terrestrial oxidative alteration.93 This highlights the need for future SOM
studies to include multiple CI chondrites,  particularly the recently discovered
Oued Chebeika 002 meteorite.

The influence of fluid redox conditions is further illustrated by the SOM in
the  Ningqiang  (C3-ung)  meteorite.  Previous  mineralogical41 and  oxygen-
isotope94 studies of opaque assemblages and magnetite in Ningqiang mete-
orite  have  indicated  that  pre-existing metal  phases  were  oxidized  by  aque-
ous  fluids  on  the  parent  body,  thereby  corroborating  our  observation  that
SOM in Ningqiang are dominated by CHO compounds (Figures 5A & S12B) .

The  SOM  difference  between  Tarda  and  CM  chondrites  (Figures  4-6)  is
likely  attributable  to  their  parent  asteroids.  CM  chondrites  are  suggested  to
originate  from  C-complex  asteroids  in  the  main  belt  (2.1-3.3  AU),95 while
Tarda is thought to come from more remote D-type asteroids46,47 in the outer
main belt and Jupiter Trojan regions (~ 5.2 AU).95 Dynamical models and 13C
isotope  have  suggested  that  the  initiation  of  C-complex  asteroids  originally
formed beyond 5 AU,95,96 whereas D-type asteroids accreted at  even greater
heliocentric distances of > 10 AU. The reflectance spectra (0.4-2.5 μm, VNIR
band)  of  D-type  asteroids  show  no  absorption  features  but  a  very  steep
slope,97 which  has  been  interpreted  as  indicating  either  structurally  simpler
organic  compounds  or  altered  chromophores  in  complex  molecules.47,98 A
shortening  of  the  conjugated  system  in  organic  molecules  would  cause  a

blue  shift  of  the  absorption  peak,  thereby  eliminating  distinct  absorbance
features  in  the  VNIR  region.  These  observations  imply  a  potential  link
between SOM polarity (e.g., isomerism), structural characteristics (e.g., conju-
gation length), and reflectance spectra. Consequently, it can be hypothesized
that the heliocentric distance associated with an asteroid’s source region and
subsequent migration history exerts an influence on its temperature,95 which
in turn affects the pathways of organic synthesis. However, further studies on
samples  from  diverse  asteroids,  particularly  additional  D-type  samples,  are
required to verify this mechanism.

The absence of detectable SOM in the Allende CV3 meteorite (Figures 4-5)
is most likely attributed to its history of thermal metamorphism at tempera-
tures  of  550–590°C,  followed  by  subsequent  alteration  at  temperatures
below  300°C.99 The  intense  thermal  metamorphism  would  have  destroyed
potentially  pre-existing  SOM,  while  the  subsequent  limited  alteration—
reflected  by  Allende's  largely  anhydrous  mineralogy40—was  insufficient  to
promote the synthesis of new, complex SOM. This finding is consistent with
previous studies that also failed to detect amino acids in Allende,100 suggest-
ing  that  minimal  alteration  cannot  facilitate  the  formation  of  complex  SOM.
The  absence  of  detectable  SOM  in  the  Zag  meteorite  is  consistent  with  its
classification as an ordinary chondrite that has undergone varying degrees of
thermal metamorphism.39

 Multiscale Controls on SOM Evolution: From Solar System to Microscale
Previous  studies  establish  a  continuous  framework  for  SOM  evolution,14

spanning  the  irradiation  of  interstellar  ices16,19 in  the  ISM,15-17 subsequent
accretion2,14 and  radial  migration  of  parent  bodies,  and  later  parent-body
processing.3,5,101 Our  results  suggest  that  controlling  mechanisms  can  be
understood at three spatial scales: the Solar System, the parent body, and the
microscale (Figure 7).

At  the  Solar  System  scale  (Figure  7A),  the  heliocentric  distance  for  the
source regions  of  asteroid  parent  bodies  influences  their  ambient  tempera-
ture,  water/rock  ratio,  and  initial  inventory  of  organic  precursors.95,96 These
environmental  factors,  set  by orbital  distance and dynamical  history,  dictate
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the  pathways  and  outcomes  of  SOM  synthesis.  For  instance,  differences  in
polarity  and  isomeric  diversity  (Figure  6) between  the  Tarda  and  CM  chon-
drites are likely linked to the distinct source regions of their parent bodies.

At  the  parent-body  scale  (Figure  7B),  coupled  fluid  conditions  govern  the
elemental  composition  and  molecular  types  of  SOM  formed,  including
temperature, pH–alkalinity, redox state, water–rock ratio, and ionic composi-
tion/speciation.  Reducing  environments  tend  to  favor  the  synthesis  and
preservation  of  CHN  compounds,35,102,103 whereas  more  oxidizing  conditions
may favor the formation of organic acids,35 consistent with our observations
of SOM differences between Orgueil and CM chondrites (Figure 5). The recent
detection of sugars in Bennu samples,13 together with their relatively alkaline
extract pH (8.23), further highlights the role of pH in shaping organic inventories.

At the microscale (Figure 7C), the distribution and preservation of SOM are
influenced by the crystalline structure, surface chemistry, and porosity of the
dominant  mineral  phases.  Phyllosilicates (e.g.,  serpentine)  provide extensive
interlayer spacing and surface hydroxyls, facilitating the adsorption, complex-
ation, and retention of organic molecules.65-67 In contrast, carbonate minerals
are  generally  depleted  in  SOM  (Figure  2). Laboratory  simulations  demon-
strated  that  mineral  type,  degree  of  crystallinity,  and  nanoscale  structure
significantly  influence  the  efficiency  of  SOM  accumulation  and  preservation
(e.g.,  amino  acids  and  nucleobases).69,104 Moreover,  dense  silicate  minerals
(such  as  olivine  and  pyroxene)  within  chondrules  may  impede  fluid  flow,
resulting in  preferential  enrichment  of  SOM  in  the  FGRs  surrounding  chon-
drules,  thereby  reflecting  the  control  of  mineral  physical  properties  on  the
SOM spatial  distribution.  This  pattern  constrains  a  lower  bound on the  fluid
transport distance,76 indicating fluid movement over at least several hundred
micrometers during ~3 Myr of aqueous alteration.78

The controlling factors at different scales are not isolated but rather mutu-
ally  interconnected.  The  Solar  System-scale  environment  establishes  the
boundary conditions for fluid properties within the parent body, which in turn
influences both the mineralogical context105 and organic synthesis. Ultimately,
mineralogical controls at the microscale dictate the spatial heterogeneity and
preservation potential of SOM.

This multiscale framework (Figure 7) takes interstellar ices as the starting
point for SOM evolution and focuses on the synthesis of SOM from simple to

more complex molecules.106 It  does not  treat  IOM as an initial  reservoir,  nor
does it explicitly consider the breakdown of IOM during aqueous alteration107

and  the  associated  release  of  SOM.6,108 This  framework  is  not  incompatible
with  previous  observations  from  the  Tagish  Lake  meteorite,  which  indicate
that SOM can be simplified during aqueous alteration.109 If the system experi-
enced further heating,110 more extensive aromatization and a partial transfor-
mation  of  SOM  into  IOM  are  chemically  plausible,111-113 reducing the  abun-
dance and structural diversity of the remaining SOM. Future investigations of
SOM evolution should consider its relationship with IOM by jointly quantifying
the occurrence, abundance and composition of both SOM and IOM in experi-
mental simulations and samples.

 CONCLUSIONS
DESI-HRMS imaging reveals that the distribution of SOM in carbonaceous

chondrites  exhibits  significant  heterogeneity  at  the  microscale.  SOM  is
predominantly  distributed  in  phyllosilicates  and  is  enriched  in  fine-grained
rims  of  chondrules,  indicating  that  its  distribution  is  jointly  controlled  by
mineral hosts and microstructures. UHPLC-HRMS results further indicate the
presence of systematic differences in SOM abundance and heteroatom-class
composition  among the  various  groups  of  chondrites.  These  variations  can
be attributed to differences in the source regions and fluid conditions of the
parent bodies. In summary, the formation, evolution, and preservation of SOM
in carbonaceous chondrites are influenced by the Solar System environment,
the parent  body  processes,  and  microscale  mineral  phases.  Aqueous  alter-
ation  and  associated  fluid  activity  constitute  the  key  driving  forces,  shaping
both  the  molecular  complexity  and  the  heterogeneous  distribution  of
extraterrestrial organic matters.
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