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ABSTRACT

Context. The JAXA Hayabusa2 mission returned well-preserved samples collected from the carbonaceous asteroid Ryugu, providing
unique non-terrestrially weathered samples from a known parent body.

Aims. This work aims to provide a better understanding of the formation and evolution of primitive asteroidal matter by studying the
fine scale association of organic matter and minerals in Ryugu samples. We characterized the samples by IR nanospectroscopy using
infrared photothermal nanospectroscopy (AFM-IR) technique. This technique overcomes the diffraction limit (of several microns) of
conventional infrared microspectroscopy (1-FTIR). The samples were mapped in the mid-IR range at a lateral spatial resolution about
a hundred times better than with p-FTIR. This provided us with unique in situ access to the distribution of the different infrared
signatures of organic components at the sub-micron scale present in the Ryugu whole-rock samples as well as to the characterization
of the compositional variability of Ryugu in the insoluble organic matter IOM) chemically extracted from the Ryugu samples.
Methods. The AFM-IR maps of whole-rock particles and IOM residues from Ryugu samples were recorded with a lateral resolution
of tens of nanometers. Spectra were recorded in the 1900-900 cm™' spectral range by AFM-IR (Icon-IR) for all samples, and additional
spectra were recorded from 2700 to 4000 cm™ for one IOM sample by an optical photothermal IR (O-PTIR) technique using a mIRage®
IR microscope.

Results. Organic matter is present in two forms in the whole-rock samples: as a diffuse phase intermixed with the phyllosilicate
matrix and as individual organic nanoparticles. We identify the Ryugu organic nanoparticles as nanoglobule-like inclusions texturally
resembling nanoglobules present in primitive meteorites. Using AFM-IR, we record for the first time the infrared spectra of Ryugu
organic nanoparticles that clearly show enhanced carbonyl (C=0) and CH contributions with respect to the diffuse organic matter in
Ryugu whole-rock and IOM residue.

Key words. methods: laboratory: solid state — techniques: imaging spectroscopy — interplanetary medium —
meteorites, meteors, meteoroids — minor planets, asteroids: general

1. Introduction

The Hayabusa2 mission brought back well-preserved samples
from the carbonaceous asteroid Ryugu. The Ryugu samples
share strong similarities with CI chondrites (e.g., Yokoyama et al.
2023), which are meteorites with the most primitive chemical
composition and a mineralogy that underwent a large extent of
aqueous alteration (e.g., Brearley et al. 2006). Carbonaceous
chondrites contain hydrated minerals and organic matter that
may have contributed to the input of prebiotic matter on the
early Earth (Pizzarello & Shock 2017). Investigating the organic

matter of fresh carbonaceous asteroidal matter is of crucial
importance to putting constraints on the formation of interplan-
etary organic matter and on the potential interaction between
organic phases and the surrounding mineral matrix.

Vibrational spectroscopy is a powerful tool to elucidate the
chemical structure of organic matter and minerals in meteorites
and micrometeorites as well as in samples from the carbona-
ceous asteroid Ryugu (e.g., Dartois et al. 2018, 2023). The
main limitation of classic infrared microspectroscopy (1-FTIR)
is diffraction, which limits the best achievable lateral resolu-
tion to a few microns, even with synchrotron techniques. To
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overcome this diffraction limit, near-field infrared techniques
such as scattering-type near-field scanning optical microscopy
(s-SNOM; Dominguez et al. 2014; Yesiltas et al. 2021) and
infrared photothermal nanospectroscopy (AFM-IR) can be used.
The AFM-IR measurement is based on the detection of pho-
tothermal expansion of samples during IR absorption (Dazzi
et al. 2005). This is an unparalleled technique to study the com-
position of organics and minerals at the nanoscale, and it is
becoming more widely used to study the complexity of organic
and mineral associations in meteoritic samples, as it gives direct
access to the local IR signal (Mathurin et al. 2019; Kebukawa
etal. 2019; Phan et al. 2022, 2023). Using a simple sample prepa-
ration that is compatible with infrared microscopy (u-FTIR)
and NanoSIMS, we recently achieved a multi-technique analy-
sis of a fragment of a xenolithic clast from the Zag meteorite
(Kebukawa et al. 2023a). The combination of techniques used
in the analysis of the same sample allowed us to correlate iso-
topic compositions with chemical heterogeneities observed at the
nanoscale. We previously reported the characterization of whole-
rock Ryugu samples from chambers A and C with two different
AFM-IR setups (see Yabuta et al. 2023). These first measure-
ments gave insight into the organic matter distribution at the
nanoscale, highlighting the presence of at least two main organic
phases in Ryugu samples: a diffuse organic phase associated
with the phyllosilicates and discrete organic patches showing
different chemical compositions. In this study, we explore in
detail the nanoscale repartition of organic matter in the sam-
ple as well as a possible relationship between components
observed in the whole-rock and insoluble organic matter (IOM)
Ryugu samples.

2. Samples and methods

The Ryugu samples analyzed in this work originate from cham-
ber A (surface sample collected at the first touchdown site) and
chamber C (potentially containing sub-surface material ejected
from the Hayabusa2-made artificial crater) (Tachibana et al.
2022). An intact sample from Ryugu chamber A (A0108-19
whole-rock) as well as insoluble organic matter (IOM) extracted
from chamber A and C samples were analyzed (A0106-I0M
residue_3, and C0107-I0M residue_16-A and -B, respectively).
These residues were prepared by HF/HCl demineralization at
Hiroshima University from samples that had already been pro-
cessed with solvent extraction with hexane, dichloromethane,
methanol, hot water, formic acid, and HCl by the Soluble
Organic Molecule (SOM) initial analysis team (Yabuta et al.
2023; Naraoka et al. 2023). Each fragment of the Ryugu “whole-
rock” or IOM sample was micro-manipulated and transferred
into a diamond compression cell made of two facing diamond
windows. The fragments were flattened to a thickness of ~1 um
in order to provide an optimal thickness for infrared trans-
mission microspectroscopy (U-FTIR). After compression in the
diamond cell, the flattened sample was generally distributed on
each diamond window, providing two complementary flat sam-
ples named “top” and “bottom” depending on which diamond
window the sample finally resides. In some cases, the majority
of the sample remains on one diamond window only.

To measure IR maps at the tens of nanometer resolution, we
used a technique combining an atomic force microscope (AFM)
to a tunable IR laser, the AFM-IR. In these measurements,
the AFM probe senses the photothermal expansion occurring
in the sample induced after the infrared absorption of the
material located under the AFM tip (Dazzi et al. 2005). In
these conditions, the lateral resolution is no longer fixed by the

A198, page 2 of 14

diffraction limit, as in classical IR spectroscopy, but is related
to the tip dimension, making it possible to achieve a tens of
nanometers lateral resolution. The sensitivity of the technique
is also improved compared to classical IR spectroscopy, as it
was possible to achieve a molecular monolayer detection in the
optimized mode (Lu et al. 2014). In this mode, called enhanced
resonance mode, the maximal sensitivity was obtained by tuning
the laser repetition rate to the value of an eigenmode of the
cantilever. The position in frequency of the different eignemodes
are mainly defined by the cantilever parameters. However, the
mechanical properties of the sample beneath the tip can also
induce a shift in frequency of the eigenmodes. On complex
materials, such the ones that were observed here, the eigenmode
maximal frequency is continuously tracked at the same time
that the IR map is acquired. Consequently, the relative variation
of local mechanical properties of the sample is simultaneously
measured during IR map acquisition and can give indirect
insight into the mechanical variation within the sample.

We note that since the AFM-IR technique relies on pho-
tothermal expansion, no signal should be detected when there
is no infrared active mode in the sample. The AFM-IR system
was an Icon-IR from Anasys Instrument (Bruker) coupled to
a multi-chip quantum cascade laser (QCL; Daylight Solutions)
covering the mid-IR range from 900 cm™' up to 1960 cm™!
in four individual bands (1960-1706 cm™', 1706-1411 cm™!,
1411-1209 cm™' and 1209-900 cm™!). The QCL power varies
from one wavenumber to the other. To take these variations into
account, a background was acquired on an external power meter,
which was located at an equivalent optical path as the one from
the QCL to the sample under the AFM tip. All the local spec-
tra were divided by the acquired background. The IR mappings
were also background corrected to take into account the differ-
ence in power from one wavenumber to the other. In this study,
AFM-IR was used in contact mode with a gold-coated silicon
AFM tip (Budget Sensors, ContGB-G, 13 kHz, 0.2 N m™!). The
IR mapping acquisitions were made using a 0.4 Hz scan rate
with a laser power of around 5% for each QCL chip with a rep-
etition rate of around 750 kHz and a pulse width of 100 ns.
Infrared maps (images) were acquired at fixed laser wavenum-
bers: 1020 cm™! (silicates); 1460 cm™' (peak of CHy); 1520
cm™! (to estimate the local baseline for the CHy due to other
vibrational modes; see below); and 1720 cm™"' (C=0, chosen a
few cm™! higher than the carbonyl band maximum to avoid a
residual C=C contribution). The signal at 1460 cm™"! represents
the CHy deformation modes’ absorption with contributions from
other vibrational modes. To highlight the CHX absorption, the
absorption due to the continum should be removed. Thus, the
1460 cm™! images were subtracted from the 1520 cm™' IR map
(whole-rock Ryugu sample) or 1500 cm™! IR map (IOM sam-
ples). The areas we studied using AFM-IR have already been
analyzed using synchrotron FTIR microscopy (Dartois et al.
2023), and no carbonates have been observed, suggesting a
lack of carbonate absorption in the 1400-1500 cm™' spectral
range. Each map acquisition consists of a topographic AFM
image and an IR absorption map at the chosen wavenumber
with a tens of nanometers lateral resolution. We took advan-
tage of the intrinsically acquired topographic image to align
the maps acquired at different wavenumbers. Final images were
slightly smoothed using a 2-pixel kernel. The maps were com-
bined in composite three color RGB (green, red, blue) images
using several infrared vibrational groups of interest in order to
better delineate the spatial variations at the tens of nanome-
ter scale. To maximise the contrast in the composite image for
bands with different intrinsic intensities, the intensity of each
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image recorded at a given wavenumber was first normalized to
its maximum intensity over the entire map before combining
the images.

This article focuses on organic nanoparticles that were iden-
tified by the AFM-IR method. Individual lines of spectra cov-
ering the full QCL spectral range were acquired on some of
the most remarkable regions identified in the images. The step
size between each point was set to a few tens of nanometers
(typically from 25 to 100 nm, depending on the acquisition).
Intensity ratios of bands at frequencies corresponding to CHy,
C=C, and C=0 were calculated from these spectra and are sys-
tematically shown as profiles in the figures showing the detailed
analyses of the organic nanoparticles. These ratio profiles also
give information on the dimension of the organic nanoparticles.

In addition to the AFM-IR measurement, chamber C Ryugu
sample C0107-IOM residue_16-A was studied with an optical
photothermal IR (O-PTIR) technique using a mIRage® infrared
microscope (Photothermal Spectroscopy Corp., Santa Barbara,
CA, USA). The physical concept of this technique is also to over-
come the diffraction limit of the classical IR technique in order
to achieve sub-micrometric lateral resolution by detecting pho-
tothermal expansion induced after the infrared absorption of the
material. However, in the case of the mIRage® microscope, ther-
mal expansion is detected using a 532 nm green laser instead
of an AFM tip (for more details, see Zhang et al. 2016). In the
setup used here, the illuminating laser is an OPO laser cover-
ing the spectral range from 2700 cm™' to 4000 cm™' and with
a spectral resolution of around 8 cm™'. The probe laser was a
visible laser at 532 nm with the power set at 0.22%, acquired
at a pulse rate of 100 kHz. The acquisition was made with a step
size of 0.4 pm on a 27 x 27 grid (10.4 um square grid), averaging
two individual spectra for each recorded position. All the mea-
surements were performed with a 40x objective (Schwarzschild,
NA =0.78).

3. Results
3.1. Ryugu ‘whole-rock’ sample

In Yabuta et al. (2023), we reported the analysis of Ryugu C
whole-rock samples using AFM-IR in contact mode. It was then
possible to highlight the heterogeneous distribution of organic
matter in Ryugu samples. Some of the organic matter appeared
rather homogeneously distributed in the phyllosilicate matrix,
and individual particles were identified. To complete these first
measurements, this present study focuses on analyses of whole-
rock Ryugu samples from chamber A and IOM samples from
chambers A and C. Figures 1 and 2 display the measurements
performed on particle A0108-19 whole-rock. Figure 1a shows a
large topographic image of the sample, while Figs. 1b through le
were acquired on a zoomed-in region located at the top right of
Fig. 1a (white box). Figure 1b displays the projected topographic
image with a superimposed composite RGB image obtained by
combining the IR maps obtained at different absorption bands:
C=0 at 1720 cm™! (in red); C=C at 1600 cm™! (in green); and
the CHy bonds (in blue), obtained subtracting the 1520 cm™!
IR map (which contains no specific absorption) from the 1460
cm~! map (CHy absorption) in order to take into account the
continuum absorption. These three IR maps are shown individ-
ually in Figs. lc through le. The RGB image (Fig. 1b) gives
an insight into the organic matter distribution in the sample and
also reveals the fine scale intrinsic heterogeneity of the organic
matter. The main organic component appears in the form of a dif-
fuse organic phase intimately mixed with the silicate component
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of Ryugu. This diffuse organic matter exhibits variations where
the proportion of C=0, CHy, and C=C differ from one area to
another, as seen in the RGB maps encoding the different func-
tional group variations in Fig. 2a and in Fig. 1b, where the RGB
map is superimposed on the 3D topographic map of the sample.
These variations can also be seen in the spectral profiles pre-
sented in Fig. 2b. The intensity of the CHy deformation modes
is always positive throughout the map (Fig. le), showing that
CHy modes contribute over the whole sample, with several small
regions showing enhanced CHy contributions. These results are
in good agreement with the ones previously obtained for the
Ryugu chamber C sample (Yabuta et al. 2023). In addition, a sec-
ond organic matter component appeared in the sample studied as
specific CHy-rich hotspots (bright spot toward the top right of
Fig. 1le). This bright hotspot in CHy can also be clearly seen in
the 3D image (Fig. 1b). The small spots visible in the same image
appear less intense and could either be less enriched in CHy
or buried into the grain, thus contributing less to the AFM-IR
signal.

This inclusion with a strong CHy signal has a morphology
resembling that of nanoglobules observed in other types of prim-
itive meteorites (e.g., Garvie et al. 2008; Nakamura-Messenger
et al. 2006; De Gregorio et al. 2013), in Stardust’s sam-
ples from the comet 81P (Wild2) (De Gregorio et al. 2010,
2011), in IDPs and micrometeorites (Messenger et al. 2008;
Maurette et al. 1995), and in other Ryugu samples (Daly et al.
2022; Yabuta et al. 2023; Stroud et al. 2022). Hereafter, the
organic nanoparticles identified in this study are referred to
as “nanoglobule-like” particles. Figure 2 represents a detailed
analysis of the nanoglobule-like particle identified in Fig. le.
Figure 2a displays a zoom-in of the RGB image on that partic-
ular feature; the nanoglobule-like particle is clearly visible close
to the center of the analyzed area. It is surrounded by hetero-
geneous diffuse organic matter, as shown by different shades
of red (C=0), green (C=C), and blue (CHy). A line of spectra
measured across the particle is shown as a white line. Figure 2b
displays the variFation of the C=0O/C=C (noted as 1700/1600)
and CHy/C=C (1460/1600) along the line profile. The location
of the spectra (S; to S;3) presented in Fig. 2c is recalled on the
left axis. Figure 2c displays typical AFM-IR spectra obtained
along the line crossing the nanoglobule-like particle, with two
typical spectra outside of the particle (S| and S3, average spectra
over the locations of the blue dots), and on the nanoglobule-like
particle (S,, average spectra over the location of the red dot).
Spectra S; and S3 correspond to matrix spectra. They exhibit a
clear spectral contribution of phyllosilicates, the main mineral
component, which has a strong band around and below 1100
cm™!, and of the diffuse organic matter. This diffuse organic
matter is characterized by the presence of the second most
intense band, which is the C=C signature at 1600 cm~'. The
signature related to CHy (1460 cm™!) is weak but present. Small
signatures were found at 1260 cm~! and 1150 cm™!, as already
seen in some previous IR measurements of Ryugu samples
(Yabuta et al. 2023; Dartois et al. 2023). The spectrum S, (in
red in Fig. 2c), recorded at the position of the nanoglobule-like
particle, substantially differs from its neighboring spectra S;
and S3. The intense band below 1100 cm™! related to phyl-
losilicates is strongly reduced, confirming the ability of the
AFM-IR technique to analyze small organic matter hetero-
geneities included in a complex matrix consisting of a mixture
of organic matter and minerals. The S, spectrum revealed that,
compared to the C=C feature, both the C=0 and CHy related
features are significantly more intense in the nanoglobule-like
particle than in the diffuse organic matter spectra S; and S;.
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Fig. 1. AFM-IR maps of Ryugu A0108-19 whole-rock sample. (a) General large-scale topographic map of the grain. (b) Composite RGB maps
(C=0 inred, C=C in green, CHy in blue) superimposed on the 3D topographic representation of the sample. (c-¢) Individual maps in C=O (in red,
at 1720 cm™"), C=C (in green, at 1600 cm™'), CHy (in blue, peaked at 1460 cm™') used to build the composite RGB image. The CHy deformation
modes’ map results from the subtraction of the 1520 cm™! signal from the 1460 cm™' signal, in order to suppress the contribution of other vibrational

modes’ absorption at 1460 cm™ (see text for details).

These C=0 and CHy enhancements compared to C=C in the
nanoglobule-like particle are illustrated in the profiles shown
in Fig. 2b.

The spectrum labelled “Nanoglobule-like” in Fig. 2c (red
dot-dashed line) was obtained by subtracting the contribution
of the background matrix from spectrum S,. This was achieved
by subtracting from spectrum S, an average matrix spectrum as
represented by S; and S;, which was scaled to match the sili-
cate signal of spectrum S,. This spectrum shows a main C=0
signature peaking around 1700 cm™!, with a lower C=C than
in the matrix and enhanced CHy contributions with methylene
and methyl deformation modes at ~1460 and ~1370 cm™!. For
the sake of comparison, a matrix spectrum corresponding to the
thickness of the analyzed nanoglobule-like particle is presented
as a dot-dashed blue line labelled “Matrix” in Fig. 2c. This spec-
trum is the average of S; and S3 spectra, with a phyllosilicate
signal normalized to that of the raw S, spectrum. The band inten-
sity ratios between the “Nanoglobule-like” and “Matrix” signals
are about four to five for the C=0 and CHy bands, and about two
to three for the C=C band.
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3.2. Insoluble organic matter analysis

Figures 3 to 8 display the AFM-IR studies on Ryugu IOM sam-
ples A0106-I0OM residue_3 and CO107-IOM residue_16-A and
-B. The presentation of the results follows the same layout as
Figs. 1 and 2, with the first figures (Figs. 3, 5, and 7) display-
ing large topographic images of each sample on the diamond
window with the region of interest (ROI) highlighted by a white
box (top left) and the 3D topographic image with the superim-
posed RGB image (top right) made from individual IR maps
of the ROI (bottom of figure) showing the repartition of C=0
(in red, 1720 cm™"), C=C (in green, 1600 cm™!), and CHy (in
blue), which was obtained by subtraction of the 1500 cm™'
or 1520 cm™' IR map (no specific absorption) from the 1460
cm~! (CHy absorption) map. Each ROI was chosen because of
the presence of nanoglobule-like features both in topography
and IR absorption maps. The additional figures for each sam-
ple (Figs. 4, 6, and 8) display a detailed study of the ROI with
AFM-IR full span spectra along a line profile crossing the differ-
ent identified nanoglobule-like structures. Two nanoglobule-like
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Fig. 2. Ryugu sample A0108-19 whole-rock, zoom-in on a region including the nanoglobule-like organic particle identified in situ in Fig. 1.
(a) RGB image of the region including the organic nanoparticle (C=0 at 1720 cm™! in red, C=C at 1600 cm™' in green, CHy 1460 cm™' minus
1520 cm™! in blue). The white line shows the location of individual AFM-IR spectra taken across the nanoglobule-like feature. The colored dots
(S to S3) correspond to average spectra taken on each side (S; and S; in blue) and on the nanoglobule-like feature (S, in red). (b) Intensity ratios
of frequencies corresponding to CHx/C=C (1460 cm~!/1600 cm~") and C=0/C=C (1700 cm~'/1600 cm™") along the white line shown in (a). The
location of the S; to S3 spectra is recalled on the left axis. (c) Average spectra on each side (blue, S;, and S3) and on the nanoglobule-like feature
(red, Sy). The red dot-dashed line spectrum labelled “Nanoglobule-like” was obtained by scaling the average of S; and S3 spectra to the same
silicate band contribution, as in the S2 spectra, and by subtracting this scaled spectrum from S,. The resulting “Nanoglobule-like” spectrum is
thus freed from the matrix contribution underneath the globule. The nanoglobule-like spectrum shows an elevated CHy signal (intense methyl and
methylene deformation modes at ~1460 cm™' and ~1370 cm™') as well as a high carbonyl contribution around 1700 cm™'. The blue dot-dashed
line spectrum labelled “Matrix” corresponds to the expected contribution from the matrix for a probe depth equivalent to the nanoglobule-like
spectrum.

A198, page 5 of 14



Mathurin, J., et al.: A&A, 684, A198 (2024)

Fig. 3. AFM-IR maps of the Ryugu IOM A0106-I0M residue_3 sample. (a) General large-scale topographic map of the grain. (b) Composite RGB
maps (C=0 in red, C=C in green, CHy in blue) superimposed onto the 3D topographic representation of the sample. (c—e) Individual maps in
C=0 (in red, at 1720 cm™!), C=C (in green, at 1600 cm™!), CHy (in blue, peaked at 1460 cm™!) used to build the composite RGB image. The CHy
deformation modes’ map results from the subtraction of the 1520 cm™' signal from the 1460 cm™' signal, in order to suppress the contribution of

other vibrational modes’ absorption at 1460 cm™' (see text for details).

structures are clearly visible from Ryugu sample A0106-I0M
residue_3 (Fig. 3). Spectra extracted from a line profile in the
upper-right nanoglobule-like particle displays enhanced C=0
and CHy relative absorption compared to that of C=C bonds
(Fig. 4). Figures 5 and 7 display the studies of the two IOM
samples from chamber C (C017-I0M residue_16-A and -B). The
shapes of the nanoglobule-like particles from sample CO0107-
IOM residue_16-A (Figs. 5 and 6) consist of a double rounded
structure with one larger structure with a diameter of 2-3 um,
which could contain several small nanoglobule-like particles,
adjacent to a small structure with a diameter of about 1 um. The
two spectra extracted from the line on the larger structure (S,
and S3 in Figs. 6d-f) exhibit strong and well-defined features at
1720 cm™! and 1460 cm™', indicating that the contribution of
both C=0 and CHy relative to that of C=C is much stronger in
the nanoglobule-like particle than in the rest of the IOM (see
Figs. 6d-f). The results obtained here are in rather good agree-
ment with those for the whole-rock analysis, but careful analysis
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of the spectra obtained on the IOM nanoglobule-like particles
showed a significant absorption band at 1680 cm™' that is less
visible in the whole-rock nanoglobule-like particle spectra. The
intensity of this band varies among the nanoglobule-like parti-
cles, and it is larger in sample A0106-IOM residue_3 (spectrum
S, in Fig. 4) than in C0107-I0M residue_16-A (spectra S, and
S5 in Fig. 6) and CO107-I0M residue_16-B (spectra S, to S4 in
Fig. 8). The feature centered at 1680 cm™ is associated with a
C=0 signature and more specifically favors the presence of car-
boxylic acid over ketone and/or esters (for characteristic band
positions, see, e.g., Bellamy 1975a,b,c).

To complete the AFM-IR analysis, the sample CO0107-
IOM residue_16-A was studied with an O-PTIR technique
(Figs. 6a—). Compared to AFM-IR, the expected lateral reso-
lution achievable here is one to two orders of magnitude lower,
but it allows for the analysis of an area slightly greater than that
studied with classical AFM-IR. Furthermore, with the system
used here, the spectral range from 2700 cm™! to 4000 cm™!
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Fig. 4. AFM-IR characterization of the Ryugu IOM A0106-IOM
residue_3, zoom-in on the organic nanoparticles identified in situ in
Fig. 3. (a) RGB image of the region including the organic nanoparticles
(C=0 at 1720 cm™" in red, C=C at 1600 cm™! in green, CHx 1460 cm™!
minus 1520 cm™) in blue. The white line shows the location of individ-
ual AFM-IR spectra taken across one organic nanoparticle. The colored
dots (S; to S3) correspond to the average spectra taken on each side (S,
and S; in blue) and on the organic nanoparticle (S, in red). (b) Inten-
sity ratios of frequencies corresponding to CHx/C=C (1460/1600) and
C=0/C=C (1700/1600) along the white line shown in (a). The location
of the S; to S3 spectra is recalled on the left axis. (c) Average AFM-IR
spectra on each side (blue, S; and S;) and on the organic nanoparticle
(red, S,).

is complementary to that of the AFM-IR analysis used in
this study. Figure 6b shows the optical image of the sample
C0107-I0M residue_16-A. This optical image was compared
with the topographic AFM image in order to colocalize the
acquisitions from the two techniques. Figure 6a represents a
projected IR map extracted from a hyper-spectral acquisition
(step size 500 nm) by integrating the CHy stretching mode
IR absorption band. On this map, it is clearly possible to
recognize the round shape of the nanoglobule-like particle
cluster previously observed in AFM-IR (Figs. 5 and 6d-f).
Comparison between the spectra obtained in the cluster and
in the matrix (Fig. 6¢) showed a higher absorption in the CHy
region as well as a very broad OH stretching mode absorption
showing an asymmetric spectroscopic profile extending up to
3500 cm™!, which is compatible with the presence of alcohol
and the carboxylic acid -OH functional group seen in organic
residues (Mufioz Caro & Schutte 2003; Modica et al. 2012;
Zhu et al. 2020). In combination with the measured 1680 cm™!
carbonyl contribution, the presence of carboxylic acid is likely.
The nanoglobule-like particle observed in the second IOM
sample from chamber C (C0107-I0OM residue_16-B) is slightly

more elongated in shape (see Fig. 7b). The three AFM-IR point
spectra measured along this nanoglobule-like particle (S,, Si
and Sy, Fig. 8c) are very similar to the ones from the previous
nanoglobule-like particles from chambers A and C. Again, the
relative contribution of both C=0 and CHy lines are stronger in
the nanoglobule-like particle compared to the surrounding mate-
rial (Fig. 8, spectra S| and Ss), where the contribution of C=C
dominates.

From a general point of view, the relative intensities of C=0,
C=C, and CHy in the two IOM samples from chamber C are
similar to those observed in the IOM sample from chamber A.
A detailed study reported for the three IOM samples (Figs. 4, 6,
and 8) confirmed that the average spectra of the nanoglobule-like
areas (spectra S, in Fig. 4; S, and Sj in Fig. 6; and S,, Ss, and
S4 in Fig. 8) exhibit a stronger C=0 and CHy signal than the
surrounding diffuse organic matter (spectra S; and S; in Fig. 4;
S| and S4 in Fig. 6; and S| and S5 in Fig. 8).

4. Discussion

4.1. Diffuse organics in Ryugu whole-rock and insoluble
organic matter samples

The diffuse organic matter of Ryugu shows a significant polyaro-
matic composition with the predominance of a C=C signature
and lower contributions of C=0 and CHy, as seen in Figs. 2, 4, 6,
and 8. This signature is compatible with the observation of
Yabuta et al. (2023) that the diffuse organic matter of Ryugu
is comparable to IOM extracted from carbonaceous chondrites,
although STXM-XANES analyses also identified a molecular
carbonate signature in the diffuse Ryugu organic matter. The
latter component is no longer present after the IOM extraction
process. The AFM-IR spectral signatures of this diffuse organic
matter in Ryugu is qualitatively similar in the whole-rock sam-
ples and in the extracted IOM (see spectra in Figs. 2, 4, and 6),
but relative abundances vary. Based on a comparison between
the composite RGB figures obtained from the whole-rock Ryugu
chamber A sample (Fig. 9a) and from Ryugu chambers A and
C IOM samples (Figs. 9b-d), it appears that the contribution of
CHy (in blue) relative to C=C (in red) is higher in the whole-
rock sample than in the IOM samples. We also observed this in
the spectra in the whole-rock sample (S; and S; in Fig. 2) and
in the IOM (e.g., S; and Ss in Fig. 8, where the CHy signature
is the lowest). By comparison, the CHy signal in the spectra
from the IOM nanoglobule-like particles remained equivalent
to what was observed in the whole-rock spectra, showing that
the CHy were not degraded during the IOM production process.
However, the increase of the C=0 absorption band at 1680 cm™!
in the IOM compared to the whole-rock samples may indicate
a change in the chemical composition of the nanoglobule-like
particle that could result from the acid etching that was applied
to the samples to recover the IOM. As a consequence, the main
hypothesis to explain the decrease of the CHy signal in the IOM
sample is that this signature is associated with labile organic
species that are removed during the procedure of acid etching
of Ryugu samples in order to extract the IOM. This result is
in agreement with Kebukawa et al. (2019), who also observed
that aliphatic-rich organics were missing in the IOM obtained
after demineralization of carbonaceous chondrites. Looking at
the distribution of the diffuse organic matter in the whole-rock
sample, the CHy signature of these labile molecules seems
intimately linked to the phyllosilicates. Viennet et al. (2023)
have suggested that organics are contained in the interlayer space
of Ryugu smectites, whereas the interlayer space of Orgueil
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Fig. 5. AFM-IR maps of the Ryugu IOM C0107-I0M residue_16-A sample. (a) General large-scale topographic map of the grain. (b) Composite
RGB C=0, C=C, CHx map superimposed on the 3D topographic representation of the sample. (c-¢) Individual C=0 (in red, at 1720 cm™"), C=C
(in green, at 1600 cm™"), CHy (in blue, peaked at 1460 cm™") images used to build the composite RGB image. The CHy deformation modes’ map
results from the subtraction of the 1500 cm™! signal from the 1460 cm™' signal, in order to suppress the contribution of other vibrational modes’

absorption at 1460 cm™' (see text for details).

only contains water. The presence of these organic molecules,
possibly rich in N-H, could be responsible for the signatures
around 3.1 pum (3.06 and 3.24 um, or 3270 and 3090 cm™')
observed on raw samples by Pilorget et al. (2022); Yada et al.
(2022) and in IOM samples by Kebukawa et al. (2023b). Future
IR nanospectroscopy of Ryugu samples with a larger analytical
wavelength range would be required to assess whether the labile
component observed here is rich in N-H.

4.2. Nanoglobule(-like) particles in whole-rock and insoluble
organic matter Ryugu samples

4.21. In situ infrared spectra of an individual nanoglobule-like
particle in a whole-rock Ryugu sample

The AFM-IR technique allows for the analysis of nanoglobule-
like particles in situ in the silicate matrix without the chemical
extraction needed to obtain the IOM. The IR signature of an
individual Ryugu nanoglobule-like particle can be obtained in
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this study from the whole-rock measurements after considering
the probing depth of the AFM-IR technique, and it would
represent the first IR measurement of a nanoglobule(-like)
particle. The lateral resolution of AFM-IR in the experimental
condition used in this study is around 50 nm, but the depth
of integration can reach a few micrometers, depending on the
analytical conditions and on the material analyzed. In this work,
it means that the obtained signal in the spectra is integrated from
the whole thickness of the sample, as the sample’s thickness
varies from around 500 nm (IOM samples) to 1 pm (whole-rock
sample). The penetration depth is related to the propagation
of the photothermal signal, which is detected by the AFM tip
and depends on different factors that are related to both the
experimental conditions (such as the repetition rate of the laser)
and the nature of the sample as it depends on the thermal and
mechanical properties of its different components. Studies that
have focused on the evaluation of the sample’s probing depth
have always used polymeric model samples (Quaroni 2020;
Mathurin et al. 2022). The samples studied here are a mixture
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Fig. 6. Ryugu IOM sample C0107-I0M residue_16-A. Zoom-in on a region including the organic nanoparticle assemblage identified in situ in
Fig. 5. These organic nanoparticles were both analyzed with the O-PTIR technique using a mIRage® and with AFM-IR. (a) Projected IR map
integrating the CHy stretching mode absorption band over the 3050-2750 cm™' range from the mIRage® analysis (lateral resolution of 500 nm).
(b) Large-scale topographic map of the grain and the location of the analyses by O-PTIR (red box corresponding to the map in (a)) and AFM-IR
(white box corresponding to the maps shown in (d). (c) Spectra from the hyperspectral mapping over the organic nanoparticle region using O-PTIR.
Individual spectra on the organic nanoparticles (in red) show a higher absorption in the CHy region (average spectra in bold curve). The blue spectra
are from the neighboring areas and show lower CHy absorption (average spectrum in bold blue curve). (d) RGB image of the region including the
nanoglobule (C=0 at 1720 cm™" in red, C=C at 1600 cm™" in green, CHy 1460 cm™' minus 1520 cm™! in blue). The white line shows the location of
individual AFM-IR spectra taken across the nanoglobule assemblage. The colored dots (S; to S4) correspond to average spectra taken on each side
(S; and S, in blue) and on the organic nanoparticles (S, and S in red). (e) Intensity ratios of frequencies corresponding to CHy/C=C (1460/1600)
and C=0/C=C (1700/1600) along the white line shown in (d). The location of the S, to S, spectra is recalled on the left axis. (f) Average AFM-IR

spectra on each side (blue, S; and S4) and on the organic nanoparticles (red, S, and S3).

of inorganic phases (dominated by phyllosilicates) and organic
phases, with different mechanical and thermal properties, which
makes it impossible to model the complete behavior of the bulk
sample. However, it is still possible to obtain an approximate
probing depth value using the experimental results. By focusing
on the nanoglobule-like particle identified in the Ryugu sample
A0108-19 whole-rock (Figs. 1 and 2), it appears that the intensity
of the phyllosilicate band around 1000 cm™' is significantly
lower in the spectra taken from the nanoglobule-like particle
by more than a factor of two (Fig. 2c). The nanoglobule-like
particle lateral size is on the order of 500 nm, as shown in the
AFM-IR maps and in the spectral profile, showing the CHy (at
1460 cm™") to silicate intensity ratio in the whole-rock sample
(Fig. 2b). From the AFM probing in contact mode, it is possible
to gain insight on the mechanical properties of the samples.
The analyses of the nanoglobule-like particle in the Ryugu
sample A0108-19 whole-rock do not show large deviations of
the nanoglobule’s mechanical properties compared to that of
the surrounding matrix. This was also observed for the other
nanoglobule-like particles in this study, suggesting either that
these particles are not hollow or that they contain a mineral
core, similar to what was observed by Hashiguchi et al. (2013).

The analysis of the obtained AFM-IR signal also gives an
insight on the structure of the nanoglobule. In AFM-IR analysis,
the observed signal is integrated along the thickness, and as
a consequence, the signal of a shell of a core-shell structure
appears as a circle around the core, as seen in Mathurin et al.
(2018). In the case of the nanoglobule-like particle analyzed in
this work, the signal appears homogeneously distributed, which
is not compatible with a hollow particle or a mineral-bearing
nanogblobule. Assuming a spherical shape of the nanoglobule-
like particle, we derived that the probing depth is on the order
of twice the size of the particle, that is, about 1um. This
becomes an upper limit of the probing depth if there is a silicate
core in the nanoglobule-like particle that can contribute to the
silicate band around 1000 cm™'. As a consequence, the spectra
obtained from the nanoglobule-like particle correspond to a
mixture of the real particle’s signature and the matrix beneath
it (diffuse organic matter and phyllosilicate). If we assume that
the diffuse organic matter signal is directly proportional to that
of the phyllosilicate, it is possible to retrieve the signature of the
nanoglobule-like particle by subtracting the surrounding organic
matter-diffuse signature from that of the nanoglobule-like
particle, after normalization of the spectra to the height of
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Fig. 7. AFM-IR maps of the Ryugu IOM sample C0107-IOM residue_16-B. (a) General large-scale topographic map of the grain. (b) Composite
RGB C=0, C=C, CHyx map superimposed on the 3D topographic representation of the sample. (c—e) Individual C=0 (in red, at 1720 cm™'), C=C
(in green, at 1600 cm™!), CHy (in blue, peaked at 1460 cm™') images used to build the composite RGB image. The CHy deformation modes’ map

results from the subtraction of the 1520 cm™'

absorption at 1460 cm™! (see text for details).

the phyllosilicate band. The result of this subtraction is
given in Fig. 2c (spectrum S, “Nanoglobule-like,” red dot-
dashed line). This proposed nanoglobule-like IR signature
shows a polyaromatic composition but contains less C=C
and is significantly enriched in C=0O and CHy compared
to the diffuse organic matter component and the IOM of
Ryugu. A more precise analysis of the C=0O signature in the
nanoglobule-like particle revealed two sub-bands, with one
centered around 1680 cm~! and the other centered around
1720 cm™', which may indicate the presence of carboxylic acid
and ketone chemical functions in the nanoglobule-like particle,
respectively.

4.2.2. Spectroscopic signatures of nanoglobules and
nanoglobule-like particles in Ryugu

Nanoglobules were identified, both solid and hollow, isolated
and in clusters, with diameters typically less than 400 nm. A
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signal from the 1460 cm™

signal in order to suppress the contribution of other vibrational modes’

few individual organic nanoparticles exhibited diameters as large
as 2 pum. In STXM-XANES analyses of Ryugu FIB sections,
Yabuta et al. (2023) reported the presence of [OM-like nanoglob-
ules and identified highly aromatic nanoglobules as well as
aromatic nanoglobules that show a composition with a large and
narrow C=C peak, little or no C=0, and a peak due to C—C and
carboxyl O=C-OH functions at 288-289 eV. Daly et al. (2022)
reported that the outer surface of a nanoglobule in Ryugu sam-
ples contains phyllosilicate crystals that are growing into their
surfaces. Mappings by EELS has shown that nanoglobules are
layered, with each layer showing a different amount of carbon.
The inner layers contain less carbon and oxygen than the outer
layers. Nitrogen is sometimes detected inside a nanoglobule.
The nanoglobule-like particles in Ruygu from this AFM-IR
study show large C=0 and CHy signatures associated with
a smaller aromatic carbon (C=C) contribution than in the
surrounding matrix. The composition of the nanoglobule-
like particles identified in this study are very rich in CHy,
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Fig. 8. Ryugu IOM sample C0107-IOM residue_16-B. Zoom-in on the
organic nanoparticles identified in situ in Fig. 7. (a) RGB image of
the region including the organic nanoparticles (C=0 at 1720 cm™! in
red, C=C at 1600 cm™! in green, CHy 1460 cm™' minus 1520 cm™! in
blue). The white line shows the location of individual AFM-IR spec-
tra taken across the organic nanoparticles. The colored dots (S; to Ss)
correspond to average spectra taken on each side (S; and Ss in blue)
and on the organic nanoparticles (S, to Sy in red). (b) Intensity ratios
of frequencies corresponding to CHy/C=C (1460/1600) and C=0/C=C
(1700/1600) along the white line shown in (a). The location of the S;
to Ss spectra is recalled on the left axis. (c) Average AFM-IR spec-
tra on each side (blue, S; and Ss) and on the organic nanoparticle
(red, S; to Sy).

which are functional groups that are not usually interpreted in
STXM-XANES spectra, as their signatures are not easily seen
unless they are very abundant. The CHy enrichment observed in
the nanoglobule-like particles’ composition by AFM-IR is not
biased by the analytical technique since the IR illumination of
the sample does not have an effect on the organic matter compo-
sition. Nuevo et al. (2011), in contrast, observed a transformation
of aliphatic carbon into aromatic carbon in the produced
organic residues due to interaction with the X-ray beam during
STXM-XANES analyses for dwell times larger than 1-2 ms.
This highlights the advantage of analyzing samples by AFM-IR
with a well-controlled laser power density, although meteoritic
organics did not show evidence of irradiation damage during
STXM-XANES analyses (De Gregorio et al. 2013). We did not
identify IOM-like or “highly aromatic” organic nanoparticles
in our Ryugu samples. This could result from a statistical bias,
as an IOM-like globule was identified by Phan et al. (2023) in
another Ryugu sample. The observed lack of highly aromatic
nanoglobule-like particles in our Ryugu samples is however
compatible with the decrease of the abundance of this type of

nanoglobule with increasing aqueous alteration in carbonaceous
chondrites, as seen in De Gregorio et al. (2013). Moreover,
although only three organic nanoparticle aggregates were found
in our IOM sampling, they all show the same characteristic
spectral signatures (Figs. 4c, 6¢, 8c). These signatures bear
similarities with those of the nanoglobule-like particle in the
whole-rock sample, except for a slightly stronger C=0O and a
weaker C=C absorption (Fig. 2c). This could be an effect of the
acid etching to recover the IOM, stressing the importance of
measuring the compositions in situ without chemical treatments.

From a morphological point of view, some changes were also
observed between the nanoglobule-like particles from the whole-
rock and IOM samples we studied. In the whole-rock sample, the
nanoglobule-like particle appears isolated in the silicate matrix,
with an average diameter of around 500 nm. In IOM samples,
especially in the case of chamber C samples, it is possible to
distinguish several nanoglobule-like particles that appear to have
aggregated as assemblages of a few microns in size (see Fig. 9).
This may imply that during the IOM production process of our
samples, a physicochemical phenomenon occurred that led to the
concentration of the different nanoglobule-like particles from the
whole-rock samples into assemblages. Consequently, a few of
the advantages of direct analysis of whole-rock samples using the
AFM-IR technique is the possibility to analyze nanoglobule-like
particles in an isolated state as well as keeping the information
on the mineralogical surroundings and chemical context.

4.3. Ryugu nanoglobule-like particles compared to their
meteoritic counterparts

Nanoglobules were first identified in Orgueil and Ivuna and pro-
posed as indigenous microfossils (Claus & Nagy 1961). They
were then rediscovered by Nakamura et al. (2002) and Garvie
& Buseck (2006), who dismissed the idea of these structures
being of biogenic origin. Nanoglobules are present in primitive
meteorites (e.g., De Gregorio et al. 2013), in Stardust’s samples
returned from the comet 81P (Wild2) (De Gregorio et al. 2010),
in micrometeorites (Maurette et al. 1995), UCAMMs (Bradley &
Ishii 2017; Yabuta et al. 2017), and in chondritic anhydrous IDPs
and micrometeorites (Messenger et al. 2008; Bradley et al. 2022;
Noguchi et al. 2022).

In meteorites, nanoglobules typically range in size from less
than 200 nm to an upper limit of about 1 to 2 um (e.g., Nakamura
et al. 2002; Garvie & Buseck 2004; Floss & Stadermann 2009;
Herd et al. 2011; De Gregorio et al. 2013; Changela 2015) They
can occur as isolated structures in the matrix or in clusters (e.g.,
Garvie et al. 2008). The average size of the nanoglobules tends
to increase with the level of aqueous alteration of the meteorites
(De Gregorio et al. 2013), suggesting that all nanoglobules may
be sensitive to aqueous alteration.

Microspectroscopy techniques, mainly EELS and STXM-
XANES, have been used to measure the composition of
nanoglobules found in primitive meteorites and Stardust’s sam-
ples (e.g., De Gregorio et al. 2010, 2013). Two main chemical
compositions of nanoglobules have been defined. Firstly, the
main population is “IOM-like” and contains aromatic C=C,
carbonyl, and carboxylic functional groups (a subpopulation
contains clear >N enrichments compared to IOM). The sec-
ond composition comprises highly aromatic nanoglobules with
high a proportion of C=C and very low or no aromatic ketone
(C=0) signatures. Most of these nanoglobules are hollow and
show °N enrichments, compared to IOM and to the main
population of IOM-like nanoglobules that are not "N rich.
In De Gregorio et al. (2013), the fraction of highly aromatic
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Fig. 9. Overview of the composite RGB images of the carbonaceous inclusions (organic nanoparticles) in Ryugu samples: (a) A0108-19 whole-
rock; (b) A0106-I0OM residue_3; (c and d) CO107-I0OM residue_16-A and -B. In red, C=0 (1720 cm™"); in green, C=C (1600 cm™"); in blue, CHy
(peaked at 1460 cm™"). The CHy deformation modes’ map results from the subtraction of the 1520 cm™ signal from the 1460 cm™! signal, in order
to suppress the contribution of other vibrational modes’ absorption at 1460 cm™" (see text for details).

nanoglobules seemed to decrease when parent body aqueous
alteration increased (no nanoglobule of this kind was found
in Orgueil), but Herd et al. (2011) found the opposite trend
when studying several lithologies of Tagish lake with increasing
degrees of hydrothermal alteration.

The compositions of nanoglobule-like particles in Ryugu
from this AFM-IR study appear to be similar in surface (cham-
ber A) and subsurface (chamber C) sampling, indicating their
ubiquitous presence within in-depth Ryugu material. In the
Ryugu nanoglobule-like particles identified in this study, the
substructure of the C=0 peak around 1700 cm™' as well as
the band observed around 3500 cm™' by the mIRage® instru-
ment are compatible with a significant abundance of carboxylic
(R-COOH) functional group in the nanoglobule-like particles.
This composition is marginally in agreement with the aromatic
nanoglobule family but with less aromatic C=C than in the
STXM-XANES analyses of Ryugu nanoglobules in Yabuta et al.
(2023).

Formation mechanisms proposed for the nanoglobules
mainly include (1) a pre-accretionary scenario by UV (or ion
irradiation) processing of organic-rich ices around minerals (or
plain ices) with diverse evolutionary processes on the parent
body (e.g., Nakamura-Messenger et al. 2006; Dworkin et al.
2001; Hashiguchi et al. 2013) or (2) a parent body formation
by chemical reactions during aqueous alteration on the par-
ent body, possibly by a reaction between formaldehyde and
glycoaldehyde undergoing formose reaction (Cody et al. 2011;
Kebukawa et al. 2013). In meteorites, nanoglobules are usually
D and PN rich (e.g., De Gregorio et al. 2013), suggesting for-
mation in a cold environment, either in the protosolar cloud or
in the external regions of the protoplanetary disk, before incor-
poration in the parent body. Hashiguchi et al. (2013) observed
nanoglobules containing minerals, but these minerals did not
show O isotopic anomalies, suggesting that they are not of pre-
solar origin. The authors therefore favored the formation of the
nanoglobules in the protoplanetary disk. Mufioz Caro & Schutte
(2003) and Nuevo et al. (2011) experimentally simulated the
physical conditions present in dense clouds prior to the protostel-
lar collapse, which are also relevant conditions for the densest
phases of the protoplanetary disk, and the accretion and pho-
toprocessing of ices on grain surfaces. Among the different
compositions of ice analogues investigated, some spectra of the
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Fig. 10. Comparison of AFM-IR and O-PTIR (mIRage®) spectra of
nanoglobule-like inclusions from this study with IR spectra of some
macromolecular residues from Mufioz Caro & Schutte (2003), obtained
after irradiation of interstellar ice analogues and annealing to room tem-
perature. These irradiation experiments simulate the physical conditions
in dense clouds and the accretion and photoprocessing of ices on grain
surfaces.

macromolecular residue remaining after the irradiation process
and containing the refractory products of the photo and thermal
processing presented infrared characteristics similar to that of the
nanoglobule-like particles analyzed in this study (Fig. 10). The
composition of the nanoglobule-like particles enriched in C=0
and CHy, as measured in this study, are compatible with a for-
mation by ion or UV irradiation, as shown in these experiments.

4.4. Conclusions

We used infrared nanospectroscopy (AFM-IR and O-PTIR) to
characterize the infrared signatures of organic matter in Ryugu
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samples returned by the Hayabusa2 mission. The AFM-IR
technique overcomes the diffraction limit of conventional IR
microscopy, with spectroscopic maps and spectra that can be
recorded with a lateral resolution of about 50 nm. Two main
organic phases were found in the Ryugu samples: a diffuse
organic component intimately mixed with the mineral matrix
and nanoglobule-like organic particles. Complementary to our
work reported in Yabuta et al. (2023), this article reports a
detailed analysis of several nanoglobule-like particles identified
in both whole-rock and IOM samples from the surface (cham-
ber A) and sub-surface (chamber C) of Ryugu. We identify
these nanoglobule-like particles with the nanoglobules found in
primitive meteorites, micrometeorites, IDPs, and 81P (Wild2)
samples. In Ryugu samples, nanoglobules are one of the two
most abundant organic microstructures (Daly et al. 2022; Yabuta
et al. 2023; Stroud et al. 2022). In this study, we found that some
of the Ryugu nanoglobules are agglomerated in the IOM after
chemical extraction.

This work provides the first individual IR spectral signatures
of several nanoglobule-like particles from the Ryugu carbona-
ceous asteroid, and it shows that they have an IR signature
significantly different from that of the main diffuse organic
matter in Ryugu. The key characteristic of all nanoglobule-like
particles observed in both whole-rock and IOM extracts is being
substantially enriched in both carbonyl (C=0) and CHy and hav-
ing a lower abundance of aromatic carbon (C=C) compared to
the main diffuse organic component. The nanoglobule-like parti-
cle IR signatures appear to be similar in surface (chamber A) and
sub-surface (chamber C) sampling, indicating their ubiquitous
presence within in-depth Ryugu material. The IR signatures of
the nanoglobule-like particles are fairly similar in the whole-rock
and IOM samples, with some changes in the C=O speciation,
possibly due to the IOM extraction procedure. The IR signature
of the nanoglobule-like particles is compatible with UV or ion
irradiation of ices in the outer regions of the protoplanetary disk
or in the protosolar cloud.

This study also provides insight for future AFM-IR analyses.
To retrieve only the IR signature of nanoglobule-like particles,
we showed that it is necessary to control the probing depth so
that it is smaller than the thickness of the nanoglobule-like parti-
cles. This may be achieved by changing the AFM-IR setup used
for the measurement, for instance, by performing the experiment
in tapping mode instead of contact mode and using the surface-
sensitive mode currently in development (Mathurin et al. 2022).
Working on a thinner sample preparation (such as FIB sections,
as proposed by Phan et al. 2022) could also be a possibility.
Further constraints on the formation process of the nanoglobule-
like particles can be placed by coupling these AFM-IR analyses
with the measurement of their isotopic compositions using the
NanoSIMS technique at the same spatial resolution (e.g., Rojas
et al. 2020; Kebukawa et al. 2023b).
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