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ABSTRACT: The search for carbonaceous mater in Martian rocks is the key to evaluating their potential biosignatures.
Studying carbonaceous matter preserved within Earth’s basaltic analogs provides critical insights into the mineral-organic

interactions that may also occur on Mars. To characterize molecular-level chemical information of carbonaceous matter, correlative

surface-sensitive approaches such as Focused Ion Beam Scanning Electron Microscopy (FIB-SEM), Secondary lon Mass
Spectrometry (SIMS), and Atomic Force Microscopy Infrared Spectroscopy (AFM-IR) are employed. In this study, we developed a

correlative microanalytical protocol starting with the ex-situ FIB-SEM lift-out, in which lamellae from a Mars-analog basalt were

transferred onto a clean silicon substrate using a glass-needle nanomanipulator. The lamellae were then analyzed sequentially by

Time-of-Flight SIMS (TOF-SIMS), AFM-IR, and Nano-
scale Secondary lon Mass Spectrometry (NanoSIMS).
Specifically, spatially and chemically co-registered TOF-
SIMS, AFM-IR,
complementary insights into the same region, correlating
organic distribution, molecular vibrations, and isotopic

and NanoSIMS analyses provided

compositions within mineral matrices. Together, these results
demonstrate that the established correlative microanalytical
protocol in this
preparation and multi-modal surface analyses, providing a

study effectively integrates sample
framework for investigating planetary materials and future

Mars samples.

FIB-SEM

TOF-SIMS T AFM-IR

INTRODUCTION

The exploration of carbonaceous matter preserved in Martian
rocks is crucial for understanding potential biosignatures and the
possibility of life beyond Earth.!* As a terrestrial planet, Mars
contains basic building blocks. Although their compositions differ
from that of Earth, both planets share many similarities in their
geological evolution.*> Therefore, studying Mars-analog
environments on Earth provides valuable insights for interpreting
the possible biosignatures on Mars.® Among these analog
environments, subsurface settings have gained increasing
attention in recent years because they can support deep

biospheres.”® In particular, micro- to nano-scale carbonaceous
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matter preserved in basalt, the most common rock type on Mars,’
can contain key information. Similar organic signatures have been

identified in Earth's subsurface samples.'%-1

To characterize carbonaceous matter at the micro- to nano-scale,
analytical techniques must resolve their spatial distribution,
chemical composition, and molecular structure with high
sensitivity and resolution. Correlative multitechnique approaches
such as Secondary Ion Mass Spectrometry (SIMS) and Atomic
Force Microscopy Infrared Spectroscopy (AFM-IR) rely on
surface-sensitive analyses to resolve mineral—organic associations
in geological samples!">1>15 because they provide molecular-level
chemical information that traditional structural techniques such as
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Transmission Electron Microscopy (TEM) cannot offer.

However, a major challenge lies in accurately locating and
targeting areas of interest in bulk rocks, which are often only a few
micrometers apart. This makes it difficult to perform reliable
correlative measurements, particularly for precious planetary
materials, which must be handled with minimal damage or
contamination. 'S,

To address these challenges, Focused Ion Beam Scanning
Electron Microscopy (FIB-SEM) is widely employed to prepare
lamellae (thin sections ranging from tens of nanometers to several
micrometers in thickness) that enable precise surface analysis and
integration across multiple techniques.'”!° Specifically, FIB-SEM
allows site-specific milling, nano-scale imaging, and precisely
controlled thinning, enabling the preparation of well-defined
sections for high-resolution surface and microstructural analyses.
Two general lift-out strategies are typically employed, depending
on the system configuration and analytical objectives. In modern
dual-beam FIB-SEM systems equipped with nanomanipulators,
the in-situ lift-out technique allows the specimen to be directly
attached, typically onto a Cu grid, within the vacuum chamber.
This configuration facilitates efficient specimen transfer for
transmission and cross-sectional analyses. By contrast, the
classical ex-situ lift-out approach formalized by Giannuzzi and
Stevie 2 involves removing and externally mounting the FIB-
milled section after ion milling. This well-established and low-cost
procedure expands the applicability of FIB processing to planar
sample analysis and provides an alternative means of preparing
samples for a wide range of surface-sensitive characterization
techniques.

In this study, we adopted the classical ex-situ FIB-SEM lift-out
approach as a practical means to enable multitechnique correlative
microanalysis. We prepared lamellae (a few micrometers thick)
and placed them directly onto clean Si substrates to provide a flat
and stable platform suitable for various surface-sensitive analyses.
We demonstrate the applicability of this protocol using Mars-
analog basalt sample from the Emeishan large igneous province,
which contains naturally preserved carbonaceous matter. This
approach offers a simple and reliable solution for integrating
multiple analytical techniques on the same lamella and provides a
useful framework for preparing and studying precious planetary
materials in future sample-return missions.

EXPERIMENTAL

Sample preparation. The Mars-analog basalt sample contains
carbonaceous matter intimately associated with mineral matrices
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Fig. 1 Characteristics of the studied Mars-analog basalt. (A) Backscattered
electron (BSE) image of a polished basaltic section showing the fine-
grained groundmass and mineral assemblage. Labeled phases include
pyroxene, plagioclase, titanite, Fe—Ti oxide, and discrete carbonaceous
matter domains. Energy-dispersive X-ray spectroscopy (EDS) maps are
shown in Fig. S1 to confirm mineral-phase identification. (B) High-
magnification SEM image highlighting the focused ion beam (FIB) cut
region targeted for the following lifi-out procedure. (C) Mean Raman
spectrum (black line) with 95% confidence interval (gray shaded area)
derived from 11 replicate measurements on the carbonaceous domains. The
spectrum exhibits prominent D (~1350 cm™) and G (~1580 cm™) bands,
indicative of disordered and graphitic carbon structures, respectively.

such as pyroxene, plagioclase, titanite, and Fe—Ti oxides,
simulating potential microenvironments in Martian basalts. Before
focused ion beam—scanning electron microscopy (FIB-SEM), the
sample surface was polished to a mirror finish and coated with a
thin platinum layer (~10 nm) using a sputter coater to enhance
surface conductivity during imaging and analysis.

Representative backscattered electron (BSE) images illustrate
the fine-grained groundmass and distribution of the major mineral
phases and carbonaceous domains (Fig. 1A), as well as the FIB-
cut region prepared for microscale analysis (Fig. 1B). Raman
spectroscopy conducted on carbon-rich areas reveals prominent D
(~1350 cm™) and G (~1580 cm™) bands, characteristic of
disordered and graphitic carbon structures. The mean spectrum,
compiled from 11 measurements, is shown along with a 95%
confidence interval envelope to highlight the spectral
reproducibility (Fig. 1C).

FIB-SEM preparation and electrostatic needle lift-out and ex-
situ placement. Lamellac were prepared using a ZEISS
Crossbeam 550 FIB-SEM system to target the carbonaceous
matter domains embedded within the basaltic matrix. Before
milling, a protective platinum layer (~1 um thick) was deposited
via a gas injection system to preserve surface integrity. Rough
trenching was performed using a 30 kV Ga' beam at 2.5 nA,
followed by progressive thinning and final polishing under 5 kV
and 80 pA to achieve a lamella thickness of approximately 5 um.
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Importantly, during the final stage of FIB milling, the lamellae
were not fully detached from the host basalt. A narrow connection
was intentionally retained at the basal edge to prevent premature
movement or distortion during vacuum transfer. The basalt sample
was then moved under an optical microscope equipped with a
precision ex-situ lift-out system. A sharp nanomanipulator-
nanometer-scale glass needle, which was fabricated in situ by
thermally pulling a borosilicate capillary, was used to establish
electrostatic contact with the lamella.

A nano-scale glass needle was fabricated using a two-step
process involving micropipette pulling and tip reshaping under
optical monitoring. First, standard borosilicate glass capillaries
were heated and stretched using a micropipette puller, and the
central filament coil provided uniform thermal softening of the
glass. Subsequently, the pulled needle is refined using a
microforge. Under a stereomicroscope, the needle tip is brought in
proximity to a heating filament, allowing precise melting, bending,
or trimming to achieve the desired sharpness and geometry. The

relative position between the tip and the heating wire was finely
controlled along three axes to ensure consistent tip formation.

The finished glass needle was mounted on a nanomanipulator
probe holder for a subsequent lift-out operation. Photographs of
the puller and microforge setup, along with the key components
used for heating and shaping, are shown in Fig. S2.

Upon approaching the lamellar surface, electrostatic attraction
enables stable adhesion without the need for adhesives or welding.
A brief mechanical tilt was then applied to gently break the
residual tether between the lamella and the host rock, allowing the
fragment to be cleanly lifted from the surface. The lamellae were
subsequently aligned and transferred onto a pristine Si wafer.
Contact between the lamella and Si substrate was maintained
during retraction of the lift-out needle to ensure accurate
positioning and full planar adhesion. The entire placement process
was monitored in real-time using an optical microscope.
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Fig. 2 Protocol for high-resolution, multitechnique analysis of micron-scale lamella from the Mars-analog basalt. (A) The procedure begins with site-specific
FIB-SEM preparation. A focused ion beam (FIB) is used to mill the lamella (~5 um thick) from the polished basalt surface. A protective platinum cap is
deposited before milling, and a small remnant tether is intentionally preserved at the base of the lamella to maintain positional stability before transfer. (B)
The sample is then transferred to an optical microscope equipped with a precision nanomanipulator. A glass needle, thermally drawn to a nanometer-scale tip,
is brought into contact with the lamella. Electrostatic attraction between the needle and the lamella enables a lift-out approach without adhesives or deposition.
A slight retraction breaks the remaining tether, allowing the lamella to be lifted cleanly and placed onto a pre-cleaned silicon wafer. (C-E) Once transferred,
the lamella is subjected to correlative, spatially resolved chemical and isotopic analyses using multiple surface-sensitive techniques. TOF-SIMS provides
molecular fragment and elemental composition; AFM-IR detects vibrational signals corresponding to chemical functional groups; and NanoSIMS yields sub-
micron-scale isotopic and elemental mapping.
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Following transfer, the silicon wafer bearing the lamella was
reintroduced into the FIB-SEM chamber for post-transfer
stabilization. A localized Pt coating was carefully deposited on
both lateral edges of the lamellae using a gas-injection system.
Notably, the deposition was spatially restricted to the peripheral
contact zones between the lamella and the substrate, avoiding
direct coverage of the top surface of lamella.

A silicon wafer with the prepared lamellae was analyzed using
Nano-scale Secondary Ion Mass Spectrometry (NanoSIMS),
Time-of-Flight Secondary Ion Mass Spectrometry (TOF-SIMS),
and AFM-IR. To minimize beam-induced damage, the analyses
were performed sequentially in the following order: TOF-SIMS,
AFM-IR, and NanoSIMS (Fig. 2).

Time-of-flight secondary ion mass spectrometry analysis.
Time-of-flight secondary ion mass spectrometry (TOF-SIMS)
was conducted using a TOF-SIMS V instrument IONTOF GmbH)
at the Tan Kah Kee College of Xiamen University. The instrument
was equipped with a 30 keV pulsed Bis* liquid metal ion gun
(LMIG). To remove adventitious surface contamination, we
actively employed gas cluster ion beam (GCIB) cleaning by
sputtering a sample with low-energy Ar," beams at 500 eV for
both polarities. This step ensured that the organics detected during
the analysis were indigenous to the lamellae and not surface
residues. After cleaning the sample surface, we acquired large-area
mass spectra (20 um X 20 um) in bunched mode using a 0.7 pA
pulsed Bis* beam, achieving a mass resolving power (m/Am) of
6000-9000. The ion images were recorded at 128 x 128 pixels,
corresponding to a pixel size of 156 x 156 nm?. To enhance the
reproducibility and ensure accurate peak assignment, we
conducted both positive- and negative-ion mode acquisitions by
accumulating 100200 scans. We carefully maintained the total
ion fluence below the static SIMS limit (2.56 x 10'2ions/cm?). The
ion species were identified based on the exact mass-to-charge
ratios, peak shapes, and known stoichiometric relationships. All
data processing and image generation were performed using the
SurfaceLab software (IONTOF GmbH).

Atomic Force Microscopy—Infrared Spectroscopy analysis.
Nano-scale infrared characterization was performed using atomic
force microscopy-infrared spectroscopy (AFM-IR) with a
VistaScope system (Molecular Vista Inc.). Measurements were
performed in dynamic noncontact mode using NCHAu probes
(Nanosensors), with AFM images acquired at a resolution of 256
x 256 pixels over areas ranging from 20 to 50 pm. A tunable
quantum cascade laser (QCL, Block Engineering) was employed
as the mid-infrared source, covering a spectral range from 775 to
1970 cm™'. After recording the topographic data, infrared
responses were collected in two complementary modes: point
spectroscopy and spectral imaging. Single-point IR spectra were
acquired over integration times of 60-200 s, with a spectral
resolution of 2 cm™!. Infrared imaging at selected wavenumbers
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was conducted by synchronizing the cantilever deflection
(topography) and photoinduced force (IR absorption) signals
using the second and first eigenmodes of the -cantilever,
respectively. Targeted IR bands were selected based on prior
spectral screening to guide hyperspectral mapping. All data,
including the AFM morphology, single-point spectra, and IR maps,
were post-processed and analyzed using SurfaceWorks software
(Molecular Vista, Inc.).

Nano-scale secondary ion mass spectrometry analysis. We
performed nano-scale secondary ion mass spectrometry
(NanoSIMS) measurements using a NanoSIMS 50 L instrument
(CAMECA, Gennevilliers, France) at the School of Earth System
Science, Tianjin University. The analysis targeted light element
distributions, including '>C'H-, 2C™N~, 13C", and 2%Si". Mass
calibration and isotope referencing were conducted using a suite
of certified reference materials supplied by the Beijing Qiaotai
Mineral and Environmental Technology Co., Ltd. These included
the ZJ Metal Set (metal element standards) and ZBA Oxide Set
(oxide standards). Specific elements C, CH, and CN were
calibrated against the C4 GSB A70024-87 (glass carbon) standard,
and Si was calibrated using a single-crystal silicon wafer. Before
data acquisition, we performed surface presputtering using a Cs*
primary beam with a current of 500 pA rastered over a 30 x 30 um
area for 3 min to remove surface contamination and stabilize
secondary ion yields. During analysis, we employed a 0.8 pA Cs*
primary beam with a beam energy of 16 keV and a spot size
suitable for high-resolution imaging. Secondary ions were
collected from a 25 pmx 25 um area at a spatial resolution of 512
x 512 pixels, with a dwell time of 5 ms per pixel. All signals were
acquired in multi-collection mode using electron multipliers (EM),
enabling the simultaneous detection of targeted masses.

RESULTS AND DISCUSSION

Feasibility of the ex-situ FIB-SEM lift-out protocol for
correlative analysis. The FIB-milled lamellae prepared in this
study were approximately 20 um x 15 pum in lateral size and
approximately 5 um in thickness. Two lamellae from the Mars-
analog basalt specimen were successfully transferred onto Si
wafers and remained stable throughout all analyses, showing no
warping or delamination.

This protocol has been applied to silicate-based planetary
analogs. However, when applied to materials with greater
brittleness or porosity, adjustments to the ion-beam parameters or
lift-out forces are required. Although further testing of a broader
range of mineralogies is required, the present results demonstrate
the reliability of this approach for basaltic materials.

Successful preparation and downstream analysis of the FIB-
milled lamellae validated the feasibility of the ex-situ FIB-SEM
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lift-out protocol. This classical approach enables the preparation of
lamellae suitable for correlative analysis using TOF-SIMS, AFM-
IR, and NanoSIMS platforms. The transferred lamellae exhibited
excellent structural integrity across multiple platforms, including
TOF-SIMS, AFM-IR, and NanoSIMS, with no observable
distortions, fractures, or loss of adhesion during repeated vacuum
cycling or beam exposure.

A key aspect of this protocol is the preservation of surface
cleanliness and structural stability throughout the multiple
analytical stages. Although a secondary Pt coating was applied for
stabilization, its deposition was confined to the lateral surfaces of
the lamellae, avoiding direct coverage of the analytical area. This
design ensures mechanical reinforcement while maintaining an
uncontaminated surface for high-sensitivity chemical imaging,
which is crucial for organic and light elements.

The use of a clean Si wafer substrate also provides mechanical
robustness and cross-platform compatibility, allowing the same
lamella to be efficiently transferred between different instruments
without remounting or reprocessing. This approach also facilitates
accurate localization and targeting of areas of interest, which not
only enhances sample throughput but also ensures precise spatial
correlation.

Spatial distribution of organic fragments revealed by TOF-
SIMS. To ensure surface purity before imaging, a low-energy
GCIB sputtering step (500 pA, 3 min, 30 um raster) was applied
to gently remove surface contaminants. This preparatory step
eliminated adventitious hydrocarbons and exposed a clean
representative surface for molecular mapping.

High-resolution TOF-SIMS analyses revealed a heterogeneous
distribution of carbonaceous species across the lamellae (Fig. 3).
Distinct molecular fragments—such as C:H™, CsH~, CioH, CsN-,
CsN-, SiONa’, and "'Ga'—were detected with varying spatial
patterns and intensities (Figs. S3 and S4).

Small hydrocarbon ions such as CoH™ and CsH™, higher-mass
fragments including CioH~, as well as nitrogen-bearing species
like CsN™ and CsN- were all colocated within the condensed
carbonaceous matter (CCM) region, exhibiting overlapping and
uniform distributions that point to a common origin. Outside of the
CCM, however, this section also contains other mineral
components. Specifically, the elevated SiONa* signals derived
from feldspar and the occurrence of CaTiO:" in discrete hotspots
attributable to titanite suggest a possible association between
organics and silicate phases. Notably, 7'Ga* signals were mainly
observed in the mineral matrix rather than in the CCM. This
qualitative observation suggests that Ga implantation was more
persistent within the mineral phases, whereas GCIB cleaning
likely reduced the surface Ga contamination in the organic-rich
CCM region.
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Fig. 3 TOF-SIMS ion distribution maps of representative secondary ions
extracted from a Mars-analog basalt lamella. Organic-related fragments
show diverse aromatic and aliphatic species, including C,H™ (m/z 25.01),
Ce¢H™ (m/z 73.01), C,oH™ (m/z 121.00), CsN- (m/z 50.00), and CsN~ (m/z
74.01). These signals exhibit clear spatial heterogeneity, with colocalization
trends suggesting compositional zoning within the carbonaceous matter.
Inorganic ion signals (bottom row) such as SiONa" (m/z 66.97) and
CaTiO:" (m/z 119.91) highlight the underlying mineral matrix. "'Ga* (m/z
70.93) signals originated mainly from the mineral matrix rather than the
condensed carbonaceous matter (CCM).

Nano-scale infrared mapping by AFM-IR. The AFM-IR
measurements (Fig. 4) conducted on the lift-out lamella revealed
well-resolved vibrational signals across the surface. Distinct bands
from the CCM were observed at 1262 cm™!, mainly attributable to
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Fig. 4 AFM-IR (photo-induced force microscopy) analysis of a Mars-analog basalt lamella. A) Representative mid-infrared spectra collected from three
spatially distinct regions, showing diagnostic absorption features associated with organic and mineral phases. (B-D) IR chemical maps corresponding to
selected wavenumbers: 1262 cm™' (green), attributed to C-O stretching (alcohols, esters, or ethers) or C—N stretching; 1037 cm ™' (red), corresponding to Si—
0-Si/Si-O-Al asymmetric stretching; and 900 cm™" (blue), typically assigned to Si—O asymmetric stretching in silicates. (E) RGB overlay of the three
channels, illustrating the spatial separation and partial overlap of chemically distinct domains.

C—O stretching (alcohols, esters, or ethers) or C—N stretching, and
at 1429 and 1460 cm™, corresponding to the bending (scissoring)
modes of -CH2/—~CH3 groups. In the mineral components, titanite
exhibited a Si-O asymmetric stretching band near 900 cm™,
whereas feldspar showed its characteristic Si—O-Si/Si—O-Al
asymmetric stretching peak at ~1037 cm™.

Importantly, the lamella remained exceptionally stable during
contact-mode scanning with no lifting, edge delamination, or
vertical displacement, even after repeated measurements. This
mechanical stability reflects the solid attachment of the ex-situ-
lifted section to the flat Si substrate, which provides an adhesive-
free, conductive, and geometrically stable support for tip-sample
interactions.

From a practical standpoint, sample localization is significantly
facilitated. Unlike conventional lamellae mounted on Cu grids,
where the optical contrast is poor and precise AFM positioning
often requires prolonged trial and error, the lamellae transferred on
Si wafers can be readily located and aligned under an integrated
optical microscope. This saved considerable time during the
AFM-IR setup and minimized tip wear owing to unnecessary
scanning. Moreover, Mo grids or other alternative substrates may
offer improved optical contrast and are worth exploring in future
studies.

High-resolution elemental imaging by NanoSIMS. NanoSIMS
imaging of the lift-out lamella revealed sub-micrometer-scale
heterogeneities in light elements and isotopes, including '*C'H-,
I2CI4N-, 13C-, and 8Si~ (Fig. 5). Organic-related signals (CH-, CN")
were spatially confined within the CCM domain, while the spatial
decoupling of CH™ and Si~ signals also support a nonrandom
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association, indicating potential mineral—organic partitioning.

Ex-situ lift-out onto a silicon wafer provided stable mounting
throughout the NanoSIMS measurements. The lamella maintained
its adhesion and geometry under multiple raster scans and
presputtering steps without observable charging, warping, or drift.
This stability results from the uniform contact area and good
electrical coupling between the lamella and Si substrate, rather
than from any intrinsic advantage of Si conductivity over Cu.

In addition, the silicon-mounted lamella enables rapid and
precise positioning for NanoSIMS acquisition. As with AFM-IR,
the prealignment under the optical microscope was
straightforward owing to the high contrast between the lamella and
the wafer surface. This streamlined the identification of target
areas and reduced the overall setup time, thereby improving both

throughput and tip longevity.

Methodological context and limitations. The classical ex-situ
FIB-SEM lift-out protocol developed in this study demonstrates
the feasibility of obtaining lamellae from planetary analog samples.
Compared with conventional Cu grids, Si wafers provide a flat and
stable platform. Importantly, the lamella remained exceptionally
stable during contact-mode scanning using AFM-IR, with no
lifting, edge delamination, or vertical displacement, even after
repeated measurements.

However, this study had certain limitations. First, the transfer
process requires precise manual alignment and manipulation
under a microscope, which may limit the throughput or
reproducibility in less experienced hands. Second, although the
electrostatic adhesion of the lamella to the Si wafer is sufficient for
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Fig. 5 NanoSIMS ion maps of a focused ion beam (FIB)-prepared lamella from the Mars-analog basalt sample. Shown are secondary ion distributions of:
(A) 2C'H" (organic carbon proxy), (B) >)C'*N™ (nitrogen-bearing organic species), (C) '*C™ (stable carbon isotope), and (D) 2Si (silicate matrix reference).
These high-resolution (submicron) images reveal strong colocalization of '>C'H and ?CN~ signals along microdomains adjacent to the silicate phase,
suggesting spatial association between organic matter and the mineral matrix. The distribution of *Si~ outlines the structural framework of the silicate substrate.
A relatively uniform *C” signal indicates stable carbon incorporation across the interface zone.

most techniques, the absence of permanent fixation may pose
challenges for certain physical manipulations or prolonged
analyses under thermal or vibrational stress. Finally, although this
method eliminates most surface contamination using TOF-SIMS,
future analysis of returned samples still requires additional in-
vacuum cleaning and shielding steps.

In contrast to modern dual-beam FIB-SEM systems equipped
with nanomanipulators for in situ lift-out, the classical ex-situ FIB-
SEM lift-out protocol developed in this study offers an alternative
and accessible framework for the preparation of lamellaec with
minimal chemical interference. It bridges FIB-SEM sample
thinning with advanced correlative microspectroscopy and is
particularly suited for fragile or chemically reactive materials,
such as organics in Mars-analog basalts, where the preservation of
both structure and composition is essential.

CONCLUSION

The correlative microanalytical protocol established in this study
integrates FIB-SEM sample preparation with sequential TOF-
SIMS, AFM-IR, and NanoSIMS analyses, providing a coherent
protocol for the molecular- to nano-scale characterization of Mars-
analog basalt. This integrated approach enables the preparation
and transfer of stable lamellae suitable for trace organic detection,
isotopic mapping, and nano-scale mineralogical analysis.

Compared with modern dual-beam FIB-SEM systems
equipped with nanomanipulators for in-situ lift-out, the classical
ex-situ FIB-SEM method used in this study provides an accessible
alternative for preparing lamellae. The GCIB-cleaned TOF-SIMS
maps revealed spatially compartmentalized organic fragments
preserved within the mineral matrices, indicating that fine-scale
heterogeneity, which is often obscured by surface contamination,
can be reliably resolved through nondestructive cleaning and
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sectioning. The lamella also showed excellent compatibility with
AFM-IR, NanoSIMS, and spatial mapping of C—N-bearing
organics. However, our claim is based on qualitative observational
evidence obtained during TOF-SIMS analyses, rather than on a
quantitative comparison, which needs to be pursued in future
studies.

Collectively, these results establish a workflow combining FIB-
SEM, TOF-SIMS, AFM-IR, and NanoSIMS as an integrative
protocol for studying complex mineral-organic associations in
planetary materials. Future work will evaluate its applicability to
materials with diverse mineralogical and mechanical properties,
including returned samples from Mars and other planetary bodies,
as well as the potential chemical modifications introduced during
sample preparation.

ASSOCIATED CONTENT

The supporting information (Figs. S1-S4) is available at
https://www.at-spectrosc.com.

AUTHOR INFORMATION

Jingbo Nan received his BSc in 2015 from
the China University of Geosciences, Beijing,
and his PhD in 2021 from the University of
Chinese Academy of Sciences. He is
currently an Associate Professor at the

Nanjing Institute of Geology and
Palaeontology, Chinese Academy of
Sciences. His research  focuses on

astrobiology, particularly in areas including
origins of life and the preservation of traces of life in the Archaean eon. He

Atom. Spectrosc., 2026, 47(X), XXX—=XXX.



possesses expertise in in-situ analysis techniques, including electron
microscopy and nano-scale spectroscopy. His related work has been
published in leading international journals such as PNAS, Nature
Communications, Geology, and Earth and Planetary Science Letters. He is
also a member of the Origin of Life Early-career Network.

Zongjun Yin received his BSc in 2007
from the China University of Geosciences
(Wuhan), and his PhD in 2012 from the
University of Chinese Academy of
Sciences. He is currently a Distinguished
Research Fellow and Professor at the
Nanjing Institute of Geology and
Palaeontology, Chinese Academy of

Sciences. His research focuses on the

origin and early evolution of life on Earth. He possesses expertise in
paleontological and astrobiological research, with work published in
leading international journals such as Science Advances,
Communications, PNAS, Current Biology, and Geology. He is also a
recipient of the National Science Fund for Excellent Young Scholars and a

Nature

member of the National “Ten Thousand Talents Program”. He has been
working as member of editorial board for Atomic Spectroscopy.

Corresponding Author

*J.B. Nan

Email address: jnan@nigpas.ac.cn
"Z.J. Yin

Email address: zjyin@nigpas.ac.cn
Notes

The authors declare no competing financial interest.

ACKNOWLEDGMENTS

We gratefully acknowledge Yuhao Hong for support with TOF-
SIMS measurements, Bohao Yin for NanoSIMS analyses, and
Ming Ji and Zhaoxiang Han for AFM-IR analyses. We also thank
Tingting Qiu for valuable discussions. This work was financially
supported by the National Natural Science Foundation of China
(42472303) and the Fundamental Research Funds for the Nanjing
Institute of Geology and Palaecontology, CAS (NGBS202406).

REFERENCES

1. L.E.Hays, H. V. Graham, D. J. Des Marais, E. M. Hausrath, B.
Horgan, T. M. McCollom, M. N. Parenteau, S. L. Potter-McIntyre,
A. J. Williams, and K. L. Lynch, 4strobiology, 2017, 17, 363-400.
https://doi.org/10.1089/ast.2016.1627

10.

12.

13.

14.

15

16.

17.

18.

19.

20.

. J.F. Banfield, J. W. Moreau, C. S. Chan, S. A. Welch and B. Little,

Astrobiology, 2001, 1, 447-465.
https://doi.org/10.1089/153110701753593856

F. Westall, F. Foucher, N. Bost, M. Bertrand, D. Loizeau, J. L. Vago,
G. Kminek, F. Gaboyer, K. A. Campbell, J.-G. Bréhéret and P.
Gautret, Astrobiology, 2015, 15, 998—1029.
https://doi.org/10.1089/ast.2015.1374

L. J. Rothschild, carus, 1990, 88, 246-260.
https://doi.org/10.1016/0019-1035(90)90188-F

R. D. Wordsworth, Annu. Rev. Earth Planet. Sci., 2016, 44, 381-408.
https://doi.org/10.1146/annurev-earth-060115-012355

J. Shen, Y. Chen, Y. Sun, L. Liu, Y. Pan and W. Lin, Earth Planet.
Phys., 2022, 6, 431-450. https://doi.org/10.26464/epp2022042

P.J. Boston, M. V. Ivanov, and C. P. McKay, Icarus, 1992, 95, 300-
308. https://doi.org/10.1016/0019-1035(92)90045-9

J. R. Michalski, J. Cuadros, P. B. Niles, J. Parnell, A. D. Rogers, and
S. P. Wright, Nat. Geosci., 2013, 6, 133-138.
https://doi.org/10.1038/ngeo1706

M. B. Wyatt, H. Y. McSween Jr, K. L. Tanaka and J. W. Head 111,
Geology, 2004, 32, 645-648. https://doi.org/10.1130/G20527.1

B. Rasmussen and J. R. Muhling, Sci. Adv., 2023, 9, eadd7925.
https://doi.org/10.1126/sciadv.add7925

. J. Nan, X. Peng, O. Plimper, I. C. ten Have, J.-G. Lu, Q.-B. Liu, S.-

L.Li, Y. Hu, Y. Liu, Z. Shen, W. Yao, R. Tao, M. Preiner, and Y. Luo,
Pro. Natl. Acad. Sci., 2024, 121, €2308684121.
https://doi.org/10.1073/pnas.2308684121

Y. Suzuki, S. Yamashita, M. Kouduka, Y. Ao, H. Mukai, S.
Mitsunobu, H. Kagi, S. D’Hondt, F. Inagaki, Y. Morono, T. Hoshino,
N. Tomioka, and M. Ito, Commun. Biol., 2020, 3, 136
https://doi.org/10.1038/s42003-020-0860-1

D. Z. Oehler, F. Robert, M. R. Walter, K. Sugitani, A. Meibom, S.
Mostefaoui, and E. K. Gibson, Astrobiology, 2010, 10, 413-424.
https://doi.org/10.1089/ast.2009.0426

J. Nan, Z. Peng, C. Wang, D. Papineau, Z. She, Z. Guo, X. Peng, J.
Zhou, Y. Hu, W. Yao, R. Zhang, C. Wang, and R. Tao, Earth Planet.
Sc. Lett., 2023, 615, 118226-118226.
https://doi.org/10.1016/j.eps.2023.118226

.J. Nan, H. E. King, G. Delen, F. Meirer, B. M. Weckhuysen, Z. Guo,

X. Peng, and O. Pliimper, Geology, 2021, 49, 330-334.
https://doi.org/10.1130/G48153.1

F. M. McCubbin, C. D. K. Herd, T. Yada, A. Hutzler, M. J. Calaway,
J. H. Allton, C. M. Corrigan, M. D. Fries, A. D. Harrington, T. J.
McCoy, J. L. Mitchell, A. B. Regberg, K. Righter, C. J. Snead, K. T.
Tait, M. E. Zolensky, and R. A. Zeigler, Space Sci. Rev., 2019, 215,
148. https://doi.org/10.1007/s11214-019-0615-9

L. Gu, N. Wang, X. Tang, and H. G. Changela, Scanning, 2020,
8406917. https://doi.org/10.1155/2020/8406917

J.-H. Li, Q.-L. Li, L. Zhao, J.-H. Zhang, X. Tang, L.-X. Gu, Q. Guo,
H.-X. Ma, Q. Zhou, Y. Liu, P.-Y. Liu, H. Qiu, G. Li, L. Gu, S. Guo,
C.-L. Li, X.-H. Li, F.-Y. Wu, and Y.-X. Pan, Geosci. Front., 2022,
13, 3. https://doi.org/10.1016/j.gs£.2022.101367

T.J. Zega, L. R. Nittler, H. Busemann, P. Hoppe, and R. M. Stroud,
Meteorit. Planet. Sci., 2007, 42, 1373-1386.
https://doi.org/10.1111/j.1945-5100.2007.tb00580.x

L. A. Giannuzzi and F. A. Stevie, Introduction to Focused Ion
Beams: Instrumentation, Theory, Techniques and Practice. New
York, Springer Science & Business Media, 2004.
https://doi.org/10.1007/b101190

https://www.at-spectrosc.com/as/article/pdf/2025203

XXX

Atom. Spectrosc., 2026, 47(X), XXX—=XXX.





