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ABSTRACT

The Hayabusa2 mission from the Japan Aerospace Exploration Agency (JAXA) returned to
Earth samples of carbonaceous asteroid (162173) Ryugu. This mission offers a unique
opportunity to investigate in the laboratory samples from a C-type asteroid, without physical or
chemical alteration by the terrestrial atmosphere. Here, we report on an investigation of the
mineralogy and the organo-chemistry of Hayabusa2 samples using a combination of micro- and
nano- infrared spectroscopy. Particles investigated with conventional FTIR spectroscopy have
spectra dominated by phyllosilicate related absorption, as observed for samples of CI-
chondrites, selected ungrouped carbonaceous chondrites, and selected hydrated
micrometeorites. Ryugu samples show smaller sulfates related absorption than CI-chondrites.
Our samples that were only briefly exposed to the Earth atmosphere show absorptions related
to molecular water, revealing fast terrestrial contamination of the spectral signature at 3-um.
Overall, our FTIR data are in agreement with other work done on Ryugu samples, revealing a
low degree of mineralogical variability across Ryugu samples. AFM-IR mapping of the grains
show the presence of a micrometer-sized organic globule in one of our analyzed grains. The
AFM-IR spectra obtained on this globule is similar to IR spectra obtained on IOM suggesting
that it is constituted of refractory organic matter. This globule may host silicate in its interior,
with a different mineralogy than bulk Ryugu phyllosilicate. The shape, presence of peculiar
silicate, and the nature of organic constituting the globule point toward a pre-accretionary origin
of this globule and that at least part of Ryugu organics were inherited from the protosolar
nebulae or the interstellar media. Altogether, our results further the similarities of Ryugu
samples to CI-chondrites.

Keywords: Ryugu, Organic globule, Atomic Force Microscopy-Infrared spectroscopy (AFM-
IR), NanolR3s
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INTRODUCTION

In late 2020, samples of the dark asteroid Ryugu (Cb spectral type) were returned to Earth
after a >5 billions of kilometres trip made by the Hayabusa2 spacecraft, built by the Japan
Aerospace Exploration Agency (JAXA). Early investigations of the samples revealed that
Ryugu particles share many characteristics of chemically primitive but also highly aqueously
altered CI-group of carbonaceous chondrites (Yokoyama et al., 2022; T. Nakamura et al., 2022;
Noguchi et al., 2022; Yada et al., 2022). Therefore, the Hayabusa2 samples offer the unique
opportunity to investigate exceptionally fresh CI material. Hayabusa2 samples were protected
from interaction with the oxidizing terrestrial atmosphere from capsule recovery to curation
process, and they were also protected from thermal and mechanical modification during

atmospheric entry.

The relation to Cl-meteorites was drawn from chemical, mineralogical and isotopic
similarities (Yokoyama et al., 2022; T. Nakamura et al., 2022; Yada et al., 2022; Noguchi et
al., 2022; Naraoka et al. 2023, Yabuta et al. 2023, Dartois et al. 2023). CI chondrites show an
interplay of ingredients down to the sub-micrometer scale (Tomeoka and Buseck, 1988, Le
Guillou et al., 2014), which requires analytical techniques with sub micrometer spatial
resolution to separate their composition and understand their petrographic relations. Infrared
spectroscopy (IR) is an effective method and a non-destructive technique for molecular-atomic
scale vibrations of organic and inorganic compounds in extra-terrestrial materials (Kebukawa
et al., 2011; Orthous-Daunay et al., 2013; Beck et al., 2014; Phan et al., 2021). However,
conventional IR spectrometers use mirror-based optics to focus the beam on the sample and
thus the spatial resolution is limited by diffraction. This IR diffraction limitation can be
overcome by using AFM-IR (Atomic Force Microscopy-Infrared Spectroscopy), based on the
combination of infrared spectroscopy and atomic force microscopy to efficiently distinguish
spectral signatures of the different constituents (Dazzi & Prater, 2017; Mathurin et al., 2019).
This technique has been successfully applied to extra-terrestrial materials (Mathurin et al.,
2019;2022; Kebukawa et al., 2018; Yesiltas et al., 2021; Phan et al., 2022; Noguchi et al., 2022;
Yabuta et al., 2023; Dartois et al., 2023).

Here we report our work to understand the mineralogy and petrography of fine-grained
Ryugu samples as part of the Preliminary Examination Team (Noguchi et al., 2023) using
photothermal AFM-IR spectroscopy. Across our investigations we gained insights into the
mineralogy and chemistry of phyllosilicates, and we report on the discovery of a “large”

organic-dominated globule.
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MATERIALS AND METHODS

Fine-grained Ryugu C0105 samples

After their arrival on Earth in December 2020, the Ryugu samples were transported from
JAXA'’s Extraterrestrial Sample Curation Center in Sagamihara, Japan to the Mineralogy and
Petrography fine-grain (Sand) initial analysis team at Kyoto University (Noguchi et al., 2023).
Two grains of Ryugu from chamber C (C0105-003200401 and C0105-00380010), designated
C0105-0032 and -0038 in the following text, were then sent to University Grenoble Alpes for
Micro-FTIR, AFM-IR and SEM-EDS analyses.

Ryugu fragments were tightly pressed between two diamond windows (type Ila diamond,
3 mm diameter and 500 um thick), generating to thin and flat samples (1-5 pum thick, with a
typical area of 50 pm x 50 pm). One of the two windows was removed to avoid interference
and to minimize beam intensity loss during transmission mode measurements. This sample
preparation significantly reduced scattering artifacts and was well suited for conventional
micro-FTIR. These pressed samples were also used for AFM-IR measurements. Typically,
meteorite grains were prepared by crushing 10 — 20 um fragments between two diamond
windows, while the Ryugu samples were collected at around 1-5 um. Before AFM-IR analysis,
all samples were analysed using conventional micro-FTIR analysis, in order to select regions

of interests (ROI).

Methods
Micro-FTIR spectroscopy

The micro-infrared spectra were measured with a Bruker Hyperion 3000 infrared
microscope at the Institut de Planétologie et d’Astrophysique de Grenoble (IPAG, Grenoble,
France). Spectra were measured in transmission and obtained by putting the diamond window
in a custom-made environmental chamber, which expose the sample to secondary vacuum, and
elevated temperature if needed (up to 300°C). This procedure enables removal of molecular
water that can perturb the IR spectra in the 3-pm range (4000-3000 cm™!), and also around 1630

cm!. Spectra were obtained for areas that are typically 50 pm x 50 um.

Atomic force microscope based infrared spectroscopy (AFM-IR) measurements

AFM-IR analyses were performed on Ryugu samples after the micro-FTIR
measurements. IR images and absorption spectra were acquired using a nanoIR3s™ (Bruker)

located at IPAG. This system includes an atomic force microscope (AFM) probe, which can
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scan the sample to generate its topographical image as well as measuring IR absorption by
detecting photo-thermal expansion (Dazzi & Prater, 2017). Detailed descriptions of the
NanoIR3s™ (Bruker) were provided in previous publications (e.g., Phan et al., 2022, 2023)
together with measurement of reference materials. Briefly, the excitation laser source is a
Carmina laser (from APE company) that covers a part of the mid-IR range, from 2000 to 700
cm! with its OPO/DFG (Optical Parametric Oscillator and a Difference Frequency Generation)
architecture (APE GmbH, Germany), and infrared light in the 2700 — 4000 ¢cm™ wavenumber
range is supplied by an optical parametric oscillator, Firefly (FF) IR laser (M squared lasers
limited, Glasgow, UK). Both contact mode (CM) and tapping IR mode (TM) were used for
spectroscopy and imaging measurements. The reference signal (incoming laser intensity) is
recorded prior to image and/or spectra collection, and laser alignment optimization is performed

before signal acquisition at different wavelengths (or wavenumbers) in the scanned range.

AFM-IR images were obtained using the APE laser in TM with a laser power of 8.81-
25% of its maximum and a pulse rate at 340 -380 kHz. These analytical conditions were
optimized by choosing the lowest laser power that would provide good quality spectra without
affecting the sample integrity. It is well known that laser irradiation can alter the structure of
macromolecular organics (in particular using highly focused beam like in Raman spectroscopy)
and the analytical protocol we used has been constructed and validated in our earlier work on
meteorites and coals (Phan et al., 2022; 2023). The images were collected in the range of 2000-
700 cm™ at infrared wavenumbers of 1720 cm™!, 1600 cm™!, 1450 cm™ and 1000 cm!, which
correspond to the carbonyl (C=0) stretching, sp? aromatic (C=C), methylene (CH>) bending
and/or carbonate and/or NH4" bending mode, and silicate (Si-O) stretching, respectively.
Images were taken through each region of interest (ROI) from each section. In addition, AFM-
IR images in the range of 3800-2700 cm™!' were acquired using the Firefly laser in CM, which
can be resolved into discrete bands including the stretching of -OH (3600 — 3700 cm™),
asymmetric stretching of CHz (2960 cm!), asymmetric stretching of CH> (2930 cm™),
symmetric stretching of CH3 (2880 cm!) and symmetric stretching of CH» (2860 ¢cm™!) (Beck
et al., 2010; Dazzi & Prater, 2017; Jubb et al., 2019; Phan et al., 2022). To better visualize the
spatial distribution of different components, composite RGB color images were created by
superimposing three different absorption images using the Anasys software. Before overlaying
the images, each individual image was realigned to compensate for any small drifts between
AFM-IR image recordings. The scan speed of all maps was 0.1 Hz and the scan sizes were from

300 x 300 to 500 x 500 points depending the size of ROI.
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Local AFM-IR spectra were also obtained for two grains, C0105-0032 and C105-0038
pressed grains. For C0105-0032, the spectra were acquired in TM using the APE laser, while
for C0105-0038, the spectra were acquired in CM using both the APE in the range 2000-700
cm’! and the Firefly laser in the range 3800-2700 cm!. To avoid damaging the samples and
obtain high-quality spectra, the incident laser power was kept to 1.22-5.03% of its maximum
and the pulse rate was maintained at 240-300 kHz (Phan et al., 2022; 2023). The IR spectra
were optimized at a constant laser power level for each wavenumber, with the laser power
recorded with an IR sensitive photodetector. Each AFM-IR spectrum was obtained at selected
points with a wavenumber spacing of 4 cm™! and we have used co-averages of 3 spectra and 5
spectra for the APE and Firefly laser, respectively. For the spectral range of 2000 — 700 cm™, a
gold-coated semi-tap probe (PR-EX-TnIR-A-10, 75 + 15 kHz, 1-7 N/m) was used to avoid
artifact effects due to the silicon IR absorption and allow to work both CM and TM. For the
spectral range of 4000 — 2700 cm!, the images and spectra are acquired in CM with “pure
contact” model PR-EX-nIR2-1, a resonant frequency of 13 + 4 kHz and a spring constant of
0.07 - 0.4 Nm

Scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS) measurement

After AFM-IR analysis, the samples were coated with a thin gold (Au) film for
observation with a scanning electron microscope in secondary and backscattered electron
modes. A JEOL JSM-7000F scanning electron microscope (SEM) equipped with an energy
dispersive spectroscopy (EDS) (USA, Inc, Peabody, MA) was used at the Consortium des
Moyens Technologiques Communs (CMTC, University Grenoble Alpes, France). EDS maps
of carbon (C), oxygen (O), silicate (Si), aluminum (Al), iron (Fe), nickel (Ni) and sulfur (S)
were collected at the acceleration voltage of 10kV and the beam current of 30 nA. EDS spectra
were also collected to drive more details on the global composition of each section (Supporting

Information).

RESULTS
Grain C0105-0032

Using the tapping IR mode (TM), we studied the spatial distribution of organic and
mineral infrared signatures throughout the entire surface of the C0105-0032 and C0105-0038.
A5 um x5 um ROI of C0105-0032 was analyzed with a higher spatial resolution of 500 x 500
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points (e.g., spatial resolution imaging of ~ 10 nm) (Fig. 1A). AFM-IR images obtained at
different wavelengths show the distribution of different vibrational bonds: carbonyl (C=0) (in
red, at 1720 cm™!), aromatic (C=C) (in pink, at 1600 cm™), carbonate (CO3) or CH> bending
mode groups (in blue at 1450 cm™), sulfate (SO4) (in yellow, at 1100 cm™), and phyllosilicate
(Si-O) (in green, at 1000 cm™) (Fig. 1B-F). Figure 2B-C shows a color composite RGB map
(1720, 1600 and 1450 cm™ IR intensity) and individual absorption map at 1450, 1100 and 1000

cm’!, together with the locations where full spectra were collected in the 2000 — 700 cm™! range.

These maps enable to identify different domains (Fig. 1-2). Overall, the most widespread
absorption is the band at around 1000 cm’!, which can be attributed to Si-O stretching in
phyllosilicates (green area in Fig. 2B and 2C). This observation agrees with the fact that Ryugu
fine-grained samples mineralogy is dominated by phyllosilicates (Noguchi et al., this volume).
Isolated blue and violet (Fig. 2B and 2C) areas are also observed in the RGB maps, and are

interpreted to be micro to sub-pum sized carbonate grains.

Only a few areas are red in Fig 2A can be explained by pure organics. The map obtained
at 1720 cm’!, intended to probe the C=0 mode, shows a strong correlation to carbonates
signatures. Several areas appear yellow in Fig. 2C, meaning that they display particularly strong

signatures around 1100 cm™!, which may be interpreted by the presence of sulfate.

In order to gain further insights in the constituents of our Ryugu grains we collected an
array of more than 100 single-point AFM-IR spectra in the 2000 — 700 cm™! range (in tapping
IR mode), that can be compared to p-FTIR spectra of the grains as well as to reference spectra
of possible mineral components (e.g., saponite, dolomite, calcite) and the Orgueil CI chondrite
(Phan et al., in prep) (Fig. 2D). We averaged 90 spectra, exhibiting a similar signature (P spectra
in Fig. 2D) and compared them to 13 different spectra obtained at locations marked P1-P10 and
C1-C3. The average spectra (P) in the green region have a strong and narrow absorption at 1000
cm’!, similar to FTIR spectra observations, which are attributed to phyllosilicate (Si-O), and the
best spectral analogue to date is a saponite spectra (Beck et al., 2014), with possible contribution

from serpentine (Dartois et al., 2023).

The C2 and C3 spectra also display strong absorption at 1440 cm™! and 880 cm! band
attributed to carbonate (Fig. 2D). Carbonates were found in mm-sized grains (Nakamura et al.,
2023) and smaller isolated or aggregated grains (Yabuta et al., 2023; Dartois et al., 2023) of a
few to ~ 30 um size. Dolomite is the dominant carbonate in the Ryugu coarse samples (1-8 mm)

which were formed by aqueous alteration reactions at low temperature, high pH and water/rock
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ratios <l (Nakamura et al., 2023). Porous dolomite and magnetite that occur in some frothy

layer are thought have been modified by space weathering processes (Noguchi et al., 2023).

Interestingly, spectrum C1 in the redder location in Fig. 2B reveals faint but distinct
peaks at 1720 and 1600 cm'! attributed to C=0 and C=C present together with the strong peak
at 1000 cm™! implying the presence of organic matter associated with Mg-rich phyllosilicate
(Fig. 2D). A diffuse organic component within the phyllosilicate matrix may be present in the
grain, but in tapping IR mode, these faint organic signatures are generally absent from the AFM-
IR spectra (Fig. 2D-E) (Phan et al., 2022; 2023). In addition, spectra obtained at the P1- P10
that have different absorption at 1100 and 860 ¢cm™!, probably due to different types of sulfate
and/or silicate (Madejova et al., 2017) (Fig. 2E).

Grain C0105-0038

The grain of C0105-0038 (Fig. 3A) was fractured into several smaller grains, then crushed
between two diamond windows (Fig. 3B), and the micro-FTIR spectra measured are displayed
in Fig. 3C. The Ryugu bulk samples infrared transmission we obtained appear similar to those
measured for CI chondrites such as Orgueil or Ivuna (Nakamura et al., 2023; Yokoyama et al.,
2022). A band at 3690 cm™! is observed, corresponding to an -OH stretching mode in a Mg-rich
phyllosilicate. This band is weak in Fig. 3C since the pressed sample was particularly thin. In
the 3000 — 2800 cm™! range several bands are observed with peaks at 2952, 2925, 2873 and
2857 cm!. These peaks are attributed to the asymmetric and symmetric stretching modes of the
CHs, CH; and CH groups, related to complex interactions between overtones and fundamental
vibrations. Spectra obtained in all sections reveal the presence of a sharp feature at 1000 cm’!
that can be attributed to phyllosilicate. Unlike the other samples, grain 4 (G4) presents a strong
signature at 1440 and 880 cm'! that can be attributed to carbonate bending and in-plane mode,

respectively (Phan et al., 2022).

A 20 x 20 pm? area of grain 3 (G3) (red spectra in Fig. 3) was imaged in AFM-IR tapping
mode (Fig. 4). Different from C0105-0032 grain, this grain does not display a signature around
1100 cm!, meaning that sulfate is absent. Similarly, AFM-IR intensity was measured at 1720,
1450 and 1000 cm™!, corresponding to carbonyl (C=0), carbonate (CO3) and phyllosilicate (Si-
O) (Fig. 4C-E). These maps and the associated RGB composite map we produced (Fig. 4F)
show an intense signal at 1000 cm™! throughout the sample (green) that can be attributed to

phyllosilicate. This map also shows grains with strong AFM-IR intensity in all three
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wavelengths (bright green in the RGB composite), that are interpreted to be phases with high
refractive index (Fe-oxides, metal and sulfides) which was confirmed by SEM imaging and is
corroborated by other studies (Dartois et al., 2023). Several small grains appear in blue in this

map, and are interpreted to be small carbonate grains.

Interestingly, a small circular area in the right bottom corner of the map shows a strong
signature at 1720 cm™ (Fig. 4C and 4F) corresponding to C=0 in organic matter. An array of
50 spectra was collected in the green zone (Si-O array) and one spectrum (A1) was obtained on
the “red globule” in the RGB composite map (Fig. 4B and 4F). In addition to the organic
globule, organic signatures are present as a diffuse component within the phyllosilicate
(Average Si-O spectra), as evidenced from the presence of aromatic (C=C) band at 1600 cm"!
(Fig. 4G) and a small feature around 1720 cm!. In the average spectra of “green” areas, a broad
band around 1000 cm™! is present, similar to results obtained from grain C0105-0032, and
attributed to Si-O in phyllosilicates. Note that in the phyllosilicate-rich areas, the water bending
mode at 1630 cm™! can contribute to some extent to this spectral region. While Ryugu grains
analyzed following an air-shutoff procedure do not show strong evidence for molecular water
(Nakamura et al., 2023), our samples that were exposed to air probably experienced re-

hydration to some extent.

The A1 spectrum obtained on the red globule shows three distinct peaks at 1720, 1600
cm! and 1450 cm™ attributed to the C=0, C=C and CH; bending mode in organic matter (Fig.
4@G). This spectrum is reminiscent of infrared spectra obtained on insoluble organic matter
(Orthous-Daunay et al., 2013; Quirico et al., this volume), or organic particle found in Orgueil

(Phan et al., 2022) (Fig. 4G).

Comparison to u-FTIR spectra obtained on the same grain, reveals a good consistency
between local AFM-IR and conventional p-FTIR spectra (Fig. 4G). The p-FTIR spectra (in
black) can be well explained by a mixture of average AFM-IR phyllosilicate spectra, and
carbonates (to explain the 1450 cm™! slightly more elevated in the FTIR spectrum of the grain
than in the average AFM-IR spectrum of phyllosilicates) and the different probe depths of the

two techniques.

While no phyllosilicate signal was detected in the globule area, the AFM-IR spectra
reveal a broad absorption massif with a maximum around 1050 cm™ The fact that no signal
was detected in the AFM-IR map is related to the fact that AFM-IR maps are obtained in tapping
mode, more sensitive to the surface, while AFM-IR spectra are obtained in contact mode, that

probes a larger volume of sample. The different shape of the 1000-1050 cm! band between the
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organic globule and typical Ryugu phyllosilicate is related to the presence of a different type of

silicate (amorphous?) or contribution from organic vibration to this spectral region.

To further elucidate the mineralogy and structure of the organic matter in this area, we
collected AFM-IR maps of a 3 x 3 um? area (Fig. 5A) around the organic globule at wavelengths
similar to those used for the larger area (1720, 1600, 1450, and 1000 cm™!' shown in Fig. 5B-E).
As can be seen in Fig. 5F, this region shows a significant contribution from the Si-O stretching
of the phyllosilicates in the 1000 cm™ map, but these contributions are absent in the central
organic-rich area. Conversely, the central part corresponding to the organic globule shows a
strong 1720 cm™! absorption related to C=0. The region also shows infrared absorptions at 1600
cm!, 1450 cm! as shown in Fig. 5C-D, which are spatially correlated and can be attributed to
aromatic (C=C) or/and water molecules, and aliphatic organic compounds, respectively. In
addition, the IR maps also show areas with strong and correlated intensity at 1600 cm™, 1450
cm!, and 1000 ¢cm™!, which may reveal the presence of high refractive index Fe-bearing
minerals such as Fe sulfide and Fe-Ni sulfides (Dartois et al., 2023), as shown in the Fe, Ni, S,
and BSE EDS images obtained after the AFM-IR measurement (Fig. S-1 and S-2).

The micro-globule apparent in the 1720 cm™!' absorption image, is circular, and has a
diameter of ~ 1 um (Fig. 5F). This globule was further investigated with full AFM-IR spectra
(Fig. 6) at the locations indicated in the AFM composite images (Fig. 6A-B). The first spectrum
at the central globule location (A1) reveals two distinct peaks and shows a higher aromatic peak
intensity (C=C) at 1600 cm™ and less carbonyl (C=0) at 1720 ¢m™! than in the bulk organic
particles we analyzed in Orgueil (Fig. 6C) (Phan et al., 2022). The weak peak at 1450 cm’! is
attributed to the CH bending mode, carbonate or NH4" bending mode, which are all in this
spectral area. Although the sample IR images show no signal at 1000 cm™! (Fig. 5E), the contact
IR spectrum reveals a prominent peak at 1050 cm™! that has moved from the phyllosilicate
position at 1000 cm™! (Fig. 4G and Fig. 6C-D), following results obtained in our first
investigations of the globule.

A series of spectra were collected in the globule from the center outward (labeled A1-A8
and B1-B8) in positions shown in the AFM and RGB images (Fig. 6 A-B) to better understand
the variation of the organic and silicate structure inside and outside the organic globule. The
spectra obtained are consistent with the presence of macromolecular organics as part of the
globule. As can be seen, the CH, and CH3 bending modes (1450 and 1380 cm™!) or the broad
congested band ~1250 cm™ (C-O, C-C, OH, etc.) appear in all spectra within the globule (e.g.,
A1-A6 and B1-B4) and are consistent with observation of IOM in chondrites using
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conventional p-FTIR spectroscopy (Kebukawa et al., 2011; Orthous-Daunay et al., 2013). In
these spectra we also confirm the presence of the broad absorption massif with a maximum
around 1050 cm!. Looking at the relative intensity of the C=0 and C=C modes, the organic
structure appears to be increasingly less aromatic while the silicate peak shape becomes thinner

from the center outward (Fig. 6C-D).
DISCUSSION
Infrared mineralogy and comparison with other extra-terrestrial materials

The silicate mineralogy of Ryugu fine-grained samples is dominating by a mixture of
“coarse”- and “fine”- grained phyllosilicates, with chemical compositions intermediate between
saponite and serpentine (Noguchi et al., this volume). The presence of saponite and serpentine
domains was confirmed by High-Resolution bright field TEM (Noguchi et al., this volume).
Serpentine and saponite are expected to have different mid-infrared spectra in the 10-pm range
where Si-O stretching occurs, at least in the case of well-crystallized serpentines (Beck et al.,
2014, Dartois et al., 2023). Interestingly, the serpentine-rich CM chondrites like ALH 83100
have infrared spectra in the 10-um range clearly distinct from CI-chondrites (Fig. 7), meaning
that even low-crystallinity serpentines, generally dominate the mineralogical composition in
CM chondrites, can be distinguished from saponite; accordingly, a band is more in line with
serpentine measurement. Based on IR, the mineralogy of our Ryugu “sands” seem related to

saponite, rather than serpentine or a mixture of both.

Ryugu samples from the IOM and stone team were investigated with similar techniques
by Dartois et al. (2023). In their work, the spectral range covered is similar to that in our study,
(slightly broader in Dartois et al. (2023) as it goes down to 100 cm™). A difference between
these two works is that, in our case, FTIR measurements were done in a custom-made
environmental cell enabling exposure of the sample to vacuum and gentle heating (80°C). This
procedure enables to remove weakly bonded water molecules. Overall, the FTIR spectra we
obtained on fine-grained samples from the sand-team are highly similar to those obtained by
Dartois et al. (2023), and the AFM-IR images and spectra obtained in both works are in
agreement. Therefore, the combination of our work and Dartois et al. (2023) reveals a certain

homogeneity of Ryugu mineralogy over a range of grain sizes.

Spectra of CI chondrites show a shoulder around 1200 cm™ that can be related to the
presence of sulfates, and this shoulder is absent from Ryugu samples. At least a fraction of

sulfates minerals in CI chondrites are interpreted to be of terrestrial origin (Gounelle &
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Zolensky, 2001, 2014; Nakamura et al., 2023; Viennet et al., 2023) and samples from Ryugu
are fresher in that sense. Still, we observed that one of the samples studied shows signature of
small sulfate grains (<1 pm) than can be interpreted as products from the fast terrestrial
oxidation of iron sulfides. The signatures of carbonates at 880 and 1450 cm™! present in the
spectra of the ungrouped carbonaceous chondrites Tarda and Tagish Lake (Fig. 7), are absent
in the spectra of the Ryugu grain shown in Figure 7, but carbonates were identified with AFM-

IR and in other grains with pu-FTIR analyses.

Overall, from an infrared point of view, the clay mineralogy of Ryugu is similar to other
CI chondrites, some lithologies of Tagish Lake, and some other samples belonging to the
magnetite- and "O-rich group of carbonaceous chondrites (Fig. 7, Hewins et al., 2021). It is
interesting to note that these meteorites, in addition to having some commonalities from a
chemical point of view, also present some similarities in the clay mineralogy. We also present
in Figure 7, a typical spectrum obtained on a fine-grained hydrated micrometeorite from
(Battandier et al., 2018). We can observe in this graph that hydrated micrometeorites are similar
to Ryugu samples and CI chondrites, and clearly distinct from CM chondrites (Fig. 7). The
similarities between Ryugu, CI chondrites, hydrated IDPs and micrometeorites are also

discussed in Noguchi et al. (this issue).

An organic micro-globule

While organic globules had been observed in different types of meteorites (e.g. Claus
and Nagy, 1961; Alexander et al., 2017), the discovery of an organic globule analyzed in situ
(without liquid or acid extraction) and on a fresh meteorite fall (Tagish Lake) provided clear
and non-ambiguous evidence for an extra-terrestrial origin of at least some of the globules
(Nakamura et al, 2002). While these structures are often referred to as “nano”-globules, their
size range goes up to more than a micrometer in diameter (140-1700 nm in Nakamura et al.,
2002; 150 nm to 1150 nm in De Gregorio et al., 2013). We will refer here to the term globule
to describe a spherical organic grain (>100 nm), that may contain a mineral grain in its interior
(and in that case it is equivalent to a spherical coating). The globules can be solid or hollow,
and may present some layering in their interior (Vollmer et al., 2020a). They are made of H, O
and N bearing organic carbon and can be host to isotopic enrichment for C, N or H, but not
systematically and variably (Nakamura-Messenger et al., 2006; De Gregorio et al., 2013;
Vollmer et al., 2020b). For example, some nanoglobules from ALH 77307, Murchison and

Orgueil were not isotopically enriched (De Gregorio et al., 2013). They were also found to have
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different organo-chemistry, with some globules enriched in aromatic moieties, while others
having a composition more similar to insoluble organic matter (IOM) (De Gregorio et al.,
2013). In the case of Ryugu sample, a carbon nano-globule was observed by Ito et al. (2022),
which was hosting a silicate phase in its interior. Hollow and solid nanoglobules have also been
observed in IOM samples extracted from Ryugu grains, and showing both aromatic-rich and

IOM compositions (Yabuta et al., 2023).
Physical properties of this “lentil” globule

The AFM-IR probe configuration in our measurements is not able to distinguish
whether the globule we observed is solid or hollow (Fig. 5F). We note, however, that based on
the combined 3D view of AFM topography and RGB composite maps, the globule is not flat
or spherical but “lentil” shaped (Fig. 5F). The AFM topographical image shows its apparent
diameter is around 1-um, while the physical height of the shape protruding from Ryugu
phyllosilicates matrix is only around 100 nm. This “lentil” shape could be related to sample
preparation, but we would rather expect a flat surface in that case. This shape may represent the
original structure of the globule, but most of it is buried in the surrounding matrix. An
alternative possibility is that the globule was hollow, with a spherical shape and collapsed at

some point.

After our investigations on the globule in the 7-13 pm range with the APE laser source,
we attempted to characterize its aliphatic linkage using the Firefly laser source (2.5-4 pm). For
hardware reason, chemical mapping using this laser source was only possible using AFM
contact mode, and not tapping mode like for the APE source. This mapping led to the disruption
of the globule and the organics that were constituting the globule were somehow spread over
the surface (See SI, Fig. S-3 and S-4). We also note that the areas for which APE spectra were
collected (in contact mode) are visible in the AFM-IR map obtained after spectral
measurements (Fig. 5B). The three small pits are due to the indentation of the globule by the
AFM-tip. This attests that the globule is somehow weak in physical nature.

The nature of organic matter in fine-grained samples and in the globule

Organic compounds were investigated by several techniques in Ryugu samples and
revealed a direct link between macromolecular organic matter in C-type asteroids and that in
primitive carbonaceous chondrites. Basically, four main chemical forms of carbon have been

observed in Ryugu grains as diffuse, highly aromatic, aromatic and IOM-like organic matter.
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Particles and globules tend to show more highly carbonyl and aromatic compositions, while
diffuse organics more dispersed throughout the sample resemble IOM-like organic matter
(Yabuta et al., 2023, Rhonda et al., this volume). In the present study, both organic globule and
diffuse organics in fine-grained Ryugu were observed by AFM-IR measurements. The spectral
range covered by the APE laser can in principle be used to obtain information on the aromaticity
of the organic compounds, provided that the contribution of carbonates to the 1450 cm™ feature
(CH, group) is negligible. In that case, the ratio of the 1450 and 1650 cm™! (aromatic C=C) band
can be used as a semi-quantitative tracer of aromaticity. Nevertheless, molecular water in the
phyllosilicate may lead to a spectral superposition between the organic C=C and C=0O bands
and the water bending mode around 1630 cm™!, which can be removed by heating the sample
in vacuum with conventional p-FTIR (Beck et al., 2010; Orthous-Daunay et al., 2013) but

cannot be removed with our AFM-IR setup.

In the case of two C0105 grains, diffuse organics seem to be present based on the AFM-
IR maps but the spectral range where the doublet of bands at 1720 and 1600 cm™ occurs
(attributed to C=0 and C=C) is perturbated by the water bending mode. The intensity ratio of
C=0 and C=C is significantly lower than that of Ryugu IOM from p-FTIR spectra (Quirico et
al., this volume) (Fig. 8), suggesting a contribution of water to the C=C position near 1600 cm"
or that diffuse organics are less carbonylated than IOM. Peak fitting by Dartois et al. (2023)
to disentangle between molecular water and C=C signatures seems to show that at least some

grains have a contribution from aromatic-rich organics in this spectral range.

Aliphatic organics are present in Ryugu fine-grained samples as evidenced by the modes
around 3.4-3.4 um seen in our conventional u-FTIR spectra, which cannot be due to globules
given their rarity, and which has been observed through STEM-EELS-EDS (Yabuta et al.,
2023). This diffuse aliphatic organic fraction is similar to that of Orgueil (Guillou & Brearley,
2014; Phan et al., 2022). It has been suggested that some of these compounds may be hosted
within the interlayer space of phyllosilicates (Viennet et al., 2023). The comparison between
spectra of intact Ryugu grains and IOM show that the CH»/CHj3 ratio, determined from the ratio
of the antisymmetric stretching modes of the CH> and CH3 chemical groups is higher for intact
grains compared to IOM (Dartois et al., 2023; Quirico et al., this volume) (Fig. S-4). This
supports the view that diffuse organic matter is a mix between IOM and soluble organic

molecules that are lost during the chemical extraction of IOM.

The AFM-IR spectra obtained on the globule are presented in Figure 6, while some

structural parameters (C=0/C=CC and CHapend/C=C) derived from these spectra are shown in
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Figure 8A-B. At first glance, the spectra obtained on the globule are reminiscent of
measurements obtained on IOM samples (Quirico et al., this volume). A difference is the
presence of a broad absorption at 1050 cm! that we attribute to silicates under or inside the
globule (see discussion below). Some spectral variations were found inside the globule, with
an increase of the C=0/ C=C and CH2pend/C=C from the center to the exterior (Fig. 8) of the
globule. Overall these parameters are in line with values obtained for Ryugu’s IOM (Fig. 8),

revealing that the organic chemistry of the globule is similar to IOM.

The IOM PET team analyzed in detail the organo-chemistry of refractory organics from
Ryugu samples, as well as their isotopic composition (Yabuta et al., 2023). Organic globules
were found and investigated by several techniques revealing the presence of both IOM-like and
aromatic globules, with grain size ranging typically 50-500 nm up to 2000 nm in diameter. The
globule we investigated here is therefore amongst the largest ones found in Ryugu so far. Both
IOM-like and aromatic globules were found in Yabuta et al. (2023), while the only globule we
detected is IOM-like. However, aromatic globules may be more difficult to detect with AFM-

IR due to the interference with molecular water, and the lack of 1720 cm™! peak.

Silicates inside the globule?

The organic globule identified by Ito et al. (2022) in Ryugu samples revealed the
presence of a silicate particle in its interior. A carbon globule with a silicate core was also
observed in the CR2 chondrite NWA 801 (Hashiguchi et al., 2013) and in Renazzo-type CR
chondrites GRA 95229 (Vollmer et al., 2020a). In our case, while the AFM-IR maps obtained
in tapping mode revealed the absence of signal in the Si-O region in the globule, contact mode
spectra showed the presence of a broad band around 1050 cm™!, probably due to silicate
signature for AFM-IR spectra obtained within the globule. Contact mode AFM-IR spectra may
probe a larger volume around several micrometers under the surface (Mathurin et al., 2022),
and may be picking signals from below or inside the globule. Given the diameter of the globule
and the spatial resolution of contact mode IR spectra (Phan et al., 2022), it is unlikely that this
silicate signature comes from the phyllosilicates on the side of the globule. It can also be noted
that this silicate signature is distinct from typical phyllosilicates signatures obtained from
Ryugu samples, with a broader shape and maxima of absorption around 1050 cm!. The spectra
obtained on the globule also show a feature around 800 cm™, not seen in other spectra obtained
on Ryugu. This band could be related to Si-O-Si bending in SiO», or to Fe**-OH in a
phyllosilicate (Madejova et al., 2017). The fact that this silicate signature is particular, and was
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found only associated to the globule may suggest that this phase may be located inside the
globule. However, this argument remains circumstantial at best without excavation and direct

observation of the grain interior.

Possible formation mechanisms

We typically surveyed an area of more than 2500 um? fine-grained Ryugu samples with
AFM-IR, while the surface of the nanoglobule is of less than 1 pm?. Therefore, carbon-rich
globules are rare and the amount of C present in the form of globules is likely insufficient to be
the dominant reservoir of carbon in Ryugu samples, since the bulk organic C content is of about
3 wt.% (Yokoyama et al., 2022). Several possible formation mechanisms and formation
environments have been proposed for the carbon-rich globules encountered in carbonaceous
chondrites. They were summarized in the thorough investigation by De Gregorio et al. (2013).
The possible formation environments includes pre-solar, solar nebula or asteroidal. If pre-solar,
these globules may be inherited directly from the diffuse interstellar medium (DISM), where
carbonaceous compounds could form a shell surrounding an ice-silicate core (Greenberg et al.,
1995). In the solar nebula scenario, carbon globules may be the leftover of gas-phase or solid-
state chemistry in the solar parent molecular cloud or the protosolar nebula. Globular-shape
carbon-rich particle have been produced experimentally by two-step UV-irradiation of ice-
mixture (Piani et al., 2017) or warm plasma chemistry (Bekaert et al., 2018). However, the
capability of such mechanism to reproduce the peculiar structure of IOM remains to be assessed
(Quirico et al., 2020). A last formation environment that has been proposed for carbon-rich
globules is on the parent planetesimal, where their formation would be triggered by the presence
of liquid water on these objects. In the study of Cody et al. (2011), micrometer-sized globule
with morphologies reminiscent of meteorite observations were produced from the liquid-phase
polymerization of formaldehyde. Another possibility is that the presence of liquid water on the
asteroid could have induced mobilization of a diffuse organic fraction, and led to their
condensation locally. In that sense, the organic-globule would form as coatings surrounding a

pre-existing grain such as discussed by (Vollmer et al., 2020a).

In our study, only one globule was observed, but for the first time we were able to extract
the IR spectra of a single globule, in situ. Our observation reveals strong similarities with
insoluble organic matter, and that this globule in not particularly enriched in aromatic moieties.
This IOM-like chemistry is consistent with analyses on IOM extracted from the CI Orgueil by

De Gregorio et al. (2013), for which no aromatic globule was found unlike CR chondrites for
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instance. In our work, we observed some chemical variability within the globule based on the
C=0/C=C ratio, where the outer part of the globule appears enriched in C=0. This may record

the history of the globule synthesis, or its chemical modification upon hydrothermal alteration.

The fact that the globule seems to be associated to a silicate phase distinct from the typical
phyllosilicates from Ryugu, as observed in Ito et al. (2022) and our study, suggests that the
globule was not produced on the asteroid; in the parent body mechanisms suggested in the
above paragraph, none would lead to preferential formation of the globule around a specific
type of silicates. One possibility is that the migration and coalescence of organic-compounds
occurred at the very beginning of the aqueous alteration process, and the presence of the coating
protected the silicate from conversion to phyllosilicates. While parent-body formation cannot
be strictly excluded, our preferred explanation is a pre-accretionary origin, but the exact
environment and synthesis mechanism remain elusive. The oxygen isotope of the silicates
associated to the carbon globule in the CR2 chondrite NWA 801 were measured by Hashiguchi
etal. (2013). Their results showed that oxygen isotopes in the silicate are similar to solar system
material, suggesting then a solar system origin for the globule. Similar work done on Hayabusa2

samples may help understand the formation environment of the carbon globules from Ryugu.

CONCLUSION

Here, we report on an infrared spectroscopy study of fine-grained particles from the
Ryugu asteroid, as part of the Hayabusa2 PET “sand” team. Infrared absorption properties were
obtained on grains at the 100 pm x100 pm scale using conventional FTIR, and at the sub-um

scale using photo-thermal AFM-IR.

This works confirms that the mineralogy of Ryugu fine-grained material is dominated
by phyllosilicates. These phyllosilicates are Mg-rich and have infrared properties similar to
saponite, based on the 10-um silicate absorption feature. They are clearly distinct from CM
chondrites, and similar to observations on other CI chondrites or selected ungrouped
carbonaceous chondrites, as well as to some hydrated micrometeorites. The sulfate signature
seen in CI chondrites are absent from our FTIR spectra of Ryugu samples. We also observe
carbonate ion signatures in the transmission FTIR spectra, and these ions are expected to be

present in a dolomite crystallographic structure.

Further investigations of the Ryugu “sands” mineralogy and organic compounds was

performed using AFM-IR, enabling to probe the sub-um scale. We observe little variability of
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the Si-O stretching, showing a relative homogeneity of the phyllosilicate from an IR perspective
at that scale. We observe the presence of small carbonate grains (100-500 nm) finely mixed with
the phyllosilicate. In one of the studied areas, small particles associated to a band at 1100 cm’!
are present and interpreted to be terrestrial sulphate forming at the expense of S-bearing

opaques.

Analysis of organic signatures reveals the presence of a diffuse organic component, from
the presence of CH-modes, and we observe a single carbon-rich globule from AFM-IR mapping.
This globule is roughly 1-um in diameter and AFM-IR spectra obtained revealed the presence
of C=0 and C=C, and CHz-bend, in a similar way to IOM extracted from Ryugu samples. From
our study, carbon globule is rare in Ryugu and likely represent only a fraction of the carbon
budget in Ryugu; but detection biases may be present and inherent to our technique and sample
preparation protocol. This globule seems to be associated to silicate whose nature is different
from the typical Ryugu phyllosilicate. The presence of IOM like globules in Orgueil was
observed by De Gregorio et al. (2013) after acid-leaching. Our in-situ AFM-IR analysis reveal
the existence of such globule in a Cl-related object. A pre-accretion scenario is favored for the
formation of this globule, but the exact formation environment, and mechanisms, remain

elusive.
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926  um?); Chemical images of the absorption band at (B) C=0 at 1720 cm’!, (C) C=C and/or water
927  at 1600 cm!, (D) Carbonate and/or CH, bending mode at 1450 cm™, (E) SO4 and/or wing of
928  Si-Oat 1100 cm™ and (F) Si-O at 1000 ¢cm™!
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Figure 2. C0105-0032. (A) Topographic image (AFM) with the single-point AFM-IR spectral
positions surrounding the 5 x 5 pm? image (labeled C1: red point, C2, C3: blue point, P1-P10);
(B) A composite image at 1720, 1000 and 1450 cm™!, (C) A composite image at 1450, 1000 and
1100 cm™!; (D) Comparison between the single-point AFM-IR spectra in carbonate-rich regions
and the average p-FTIR spectrum of same Ryugu grain, AFM-IR spectra of carbonate
references (dolomite, calcite) and NH4-Syn-1 (Ammonium-mica-montmorillonite); the AFM-
IR spectra of Orgueil with high sulfate; (E) Comparison between AFM-IR spectra of
phyllosilicate-rich regions, AFM-IR spectra of saponite and Orgueil with lower sulfate.
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Figure 3. C0105-0038. pu-FTIR spectra of Ryugu sample in different grains. (A) Back scattered
electron (BSE) image showing the melted splash due to the space weathering (Noguchi et al.,
2023). (B) Visible image of different fractured grains after crushing between two diamond
windows (G1 — G5) for pu-FTIR analyze showing the location of the AFM-IR map (red square).
(C) Different p-FTIR spectra corresponding to G1 — G5 grains in the visible image (B) in
comparison to p-FTIR spectrum of Orgueil (CI chondrite).
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Figure 4. C0105-0038 (20x 20 pm?). (A) SEM image showing the region of AFM-IR
measurements using the APE laser in the 2000 — 700 cm™! range. (B) Topographical image of
the 20 x 20 um? area. AFM-IR images collected at different absorption band at (C) C=0 at
1720 cm! (in red); (D) Carbonate and/or CH, bend mode at 1450 cm™! (in blue); (E) Si-O at
1000 cm! (in green) and (F) Composite RGB image in tapping mode of the three map: 1720,
1000 and 1450 cm’!, respectively with a small organic globule are visible in red square
surrounded by a dominant phyllosilicate in green; (G) Comparison between AFM-IR single
point spectra in the locations shown in (B) and (F), the p-FTIR spectrum of Ryugu G3 grain,
IOM Ryugu A106-06 (Quirico et al., this volume), IOM Orgueil (Orthous-Daunay et al., 2013)
and the AFM-IR spectra of organic particles in Orgueil (Phan et al., 2022).
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Figure 5. C0105-0038 (3 x 3 pm?). (A) Topographical image (AFM) showing some small spots
damaged due to the physical contact of the AFM tip; Absorption images of the bands (B) C=0
at 1720 cm™; (C) C=C and water at 1600 cm™'; (D) CO3*/ CH: bending mode at 1450 cm’!; (E)
Si-O at 1000 cm™'; (F) Composite 3D view of the RGB image derived from the three maps:
1720, 1000 and 1450 cm!, respectively, showing the “lentil” shape of the globule.
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Figure 6. C0105-0038-G3. (A) AFM and (B) Composite 2D view of the RGB image derived
from three AFM-IR images at 1720 cm™!, 1450 cm™ and 1000 cm™!, respectively with the
location of the single point AFM-IR spectra; (C) AFM-IR spectra performed in selected
positions indicated in images (A)-(B) images (labeled B1-BS8); (D) the AFM-IR spectra
performed in selected positions shown on the (A)-(B) images (labeled A1-A8) from the centre
to exterior of the organic globule, in comparison with mixture of saponite and carbonate,
serpentine and amorphous silicate (anhydrous silicate) (Potapov et al., 2020) and AFM-IR
spectrum of amorphous silicate in carbonaceous chondrite EET 92042 (Phan et al., 2022); (E)
The subtracted spectrum between the organic globule (Al spectrum) and the average Si-O
spectrum, in comparison with u-FTIR spectrum of IOM A106-06 (Quirico et al., this volume).
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981  Figure 7. Comparison of the MIR spectra of Ryugu grain C0105-0038 to CI chondrites (Orgueil
982  and Ivuna from Beck et al., 2014), ungrouped carbonaceous chondrites (Tarda and Tagish Lake
983  from Gilmour et al., 2019), a CM chondrite and reference mineral phases (Beck et al., 2014).
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Figure 8. C0105-0038. The AFM-IR ratio images showing (A) the T1720/11600 and (B) T1450/T1600
ratio of interest region (3x3 pum?) for C0105-0038. Comparison of the peak intensity ratio of
(C) C=0 and C=C bands at 1720 and 1600 cm™!, respectively and (D) CH: bending mode and
C=C bands at 1450 and 1600 cm™" respectively, including: Histogram of the I1720/Ti600 ratio
extracted from (A), Histogram of the I14s50/11600 extracted from (B), the contact AFM-IR spectra
of the organic globule in “bulk” Ryugu in C0105-0038, the AFM-IR spectra of the organic
particle in Orgueil (Phan et al., 2022); the u-FTIR spectra of IOM-like Ryugu from Quirico et
al. (this volume) in yellow bar, and the p-FTIR spectra of various IOMs in carbonaceous
chondrites (Quirico et al., 2018).
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