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Abstract—We report a Fourier transform infrared analysis of functional groups in insoluble
organic matter (IOM) extracted from a series of 100-500 pm Ryugu grains collected during
the two touchdowns of February 22 and July 11, 2019. IOM extracted from most of the
samples is very similar to IOM in primitive CI, CM, and CR chondrites, and shows that the
extent of thermal metamorphism in Ryugu regolith was, at best, very limited. One sample
displays chemical signatures consistent with a very mild heating, likely due to asteroidal
collision impacts. We also report a lower carbonyl abundance in Ryugu IOM samples
compared to primitive chondrites, which could reflect the accretion of a less oxygenated
precursor by Ryugu. The possible effects of hydrothermal alteration and terrestrial
weathering are also discussed. Last, no firm conclusions could be drawn on the origin of the
soluble outlier phases, observed along with IOM in this study and in the preliminary
analysis of Ryugu samples. However, it is clear that the HF/HCI residues presented in this
publication are a mix between IOM and the nitrogen-rich outlier phase.

INTRODUCTION

Between June 2018 and November 2019, the C-
type asteroid Ryugu has been surveyed by the Hayabusa 2
spacecraft, operated by the Japan Aerospace Exploration
Agency (JAXA). Extensive remote sensing characterizations
have been achieved, both from the spacecraft and the
Mobile Asteroid Surface Scout (MASCOT) lander,
providing a plethora of unprecedented information about
surface and subsurface morphology and composition
(Kitazato et al, 2019; Sugita et al, 2019; Watanabe
et al., 2019). Touchdowns at two different sites were
achieved on February 22 and July 11, 2019, leading to the
collection of 5.42 g of highly valuable surface material
(Yada et al., 2022). These samples were brought back to
Earth on December 2020 and were analyzed during 1 year
by the Hayabusa? initial analysis team (IAT), consisting of
six specialized subteams.

Ryugu samples are a unique opportunity for
enlightening on the link between meteorites and
asteroids, as their parent body is clearly identified and
they have escaped contamination and oxidation from
the terrestrial environment, at odds with most of
chondrites collected on Earth. Note that Okazaki et al.
(2022) reported the presence of 70 Pa of air in the
sample container, meaning that the samples were
exposed to ~35Pa of air during ~30h. This
corresponds to an O, partial pressure of 7 x 10~* bar,
which is not enough to oxidize insoluble organic
matter (IOM; ~months are required to oxidize IOM
under air in the laboratory) and to oxidize minerals,

for example, very reactive sulfides (see Nakamura
et al., 2022 for a thorough discussion).

Analyses published so far have revealed a material
sharing strong similarities with CI  chondrites
(Nakamura et al., 2022; Yokoyama et al., 2023), with
limited extents of hydrothermal alteration and space
weathering (Noguchi et al., 2023; Yokoyama
et al., 2023). The bulk carbon abundance in the samples
lies between 3 and 6.8 wt% (Ito et al., 2022; Naraoka
et al., 2023; Okazaki et al, 2022; Yokoyama
et al., 2023), about one-third of which is detected in the
form of both IOM and soluble organic matter (SOM;
Yokoyama et al., 2023). Yabuta et al. (2023) presented
extensive analyses of organics in bulk grains and two
IOM samples, extracted from materials collected during
the two touchdowns. They show that Ryugu samples
share  similarities  with  primitive  carbonaceous
chondrites, in terms of organic composition and
morphology, but also differences that are not yet fully
understood. In particular, HF/HCI acid extractions led
to residues different from IOM extracted from primitive
chondrites, especially a higher CH,/CH; ratio.
Kebukawa et al. (2023) have further discussed the
interpretation of infrared spectra of IOM and reported
the spectra of a yellowish translucent phase that was
collected along with IOM after extraction. This phase,
named outlier carbonaceous phases, is nitrogen-rich and
very different from polyaromatic IOM usually extracted
from chondrites. Infrared organic features have also
been reported by Dartois et al. (2023) in intact Ryugu
particles, as carbonyl, aromatic C=C, and aliphatic
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groups with a higher CH,/CHj; than generally measured
in IOM from CI chondrites.

In this study, we report an infrared analysis of
functional groups of IOM samples extracted from a series
of submillimeter grains from A and C collectors,
corresponding to the two touchdowns of February 22
and July 11, 2019, respectively. We question the chemical
composition variations across and within the samples, the
link toward CI chondrites, and the implications about
the past presence of thermal processes in Ryugu regolith.
Such thermal events have been evidenced with a
significant prevalence in C1 an C2 chondrites and may
have been triggered by impacts (e.g., Nakamura, 2005;
Quirico et al.,, 2018; Tonui et al.,, 2014). We also
discuss the possible effects of oxidation triggered by
hydrothermal alteration and terrestrial weathering. Last,
we compare our data and results with those reported in
Yabuta et al. (2023) and Kebukawa et al. (2023), and
focus on the composition of outlier carbonaceous phases
that were also recovered in some of our own extractions.

SAMPLES AND EXPERIMENTAL PROCEDURES

Samples are submillimeter grains separated from the
individual grain C0057-6 (0.9 mg) and particles from
the three aggregates A0106 (38.4 mg), A0108 (3.5 mg),
and C0109 (3.7 mg; Table 1). Here, individual grain refers
to an intact Ryugu particle, and aggregate refers to a
collection of small millimeter-sized grains that were
gathered after being picked up in the curation center at
JAXA. Aggregates are then made of intact grains which
were not spatially associated in the regolith.

Eleven IOM samples were extracted by acid etching
following the protocol of Durand and Nicaise (1980),
adapted to submillimeter samples (Orthous-Daunay
et al., 2010; Quirico et al., 2018; Table 1). The
experimental setup includes a PTFE HPLC filter holder
with a PTFE filter (pore size 0.2 pm; Figure 1). In order
to prevent any leaking of reagents, the sample holder was
tightly maintained between two metallic parts with six
screws. Fluids were circulated through Viton and PTFE
wires with a peristaltic pump (Ismatec®; flow rate of
94 uL min~'). All operations were run under an inert
atmosphere (argon). The grains were transferred onto a
PTFE filter, beforehand wet with ethanol to prevent grain
loss due to static electricity. Microhandling was operated
with a tungsten needle under a binocular microscope, in
an ISO2 clean room equipped with an ISO4
laminar hood.

The chemical protocol comprised the following
stages (Figure 2). (1) Ultrapure water (Milli-Q water,
18.2 MQ) and CH;OH:CH;Cl (2/1 v/v) leaching
sequences were applied to extract soluble organic
molecules (hereafter SOM). (2) HClI 6N was used to

TABLE 1. Samples investigated.

Grain size FT-IR- FT-IR-

Sample (pm) residue bulk Icn, /Ich,
A0108-6,10 ~100 y y
A0108-18 — n y
A0106-4 ~500 y X
A0106-6 ~500 y X
A0106- ~500 y

23,2425
A0108-61 ~500 y
A0108-60 ~500 y X
C0057-6 ~500 y X
C0109-5 ~500 Opaque
C0109-9 ~500 y X
C0109-12 ~500 Scattering vy
Orgueil 100-1000 y X

Note: A0106-23,24,25 was a set of three particles on the same glass
slide, which were mixed during transportation and could not
distinguished. A0108-6,10 consists of two particles that could not be
distinguished after manipulation. Scattering: IR light scattering
prevents from collecting spectra of good quality. Opaque: the IR
beam did not pass through the sample.

remove carbonates, sulfides (pyrrhotite and pentlandite),
and other minerals, as one step of 2 h, followed by
ultrapure water rinsing and a second step overnight. (3) A
similar sequence with HF (48%):HC1 (37%) (2/1 v/v) was
run, followed by a short HCl 6N sequence (2 h), to
remove any cations that might subsequently react with
F~ to form insoluble fluorides. (4) The sample was rinsed
again with ultrapure water and CH;OH:CH;CI (2/1 v/v),
for removing encaged free molecules. (5) After having
purged the remaining reagents, the sample holder
was dismounted and the filter was dried. We observed
that individual grains deposited on the filter were not
fragmented and looked like platelets. This resulted from
the subtraction of mineral from the initial grains and the
collapse of insoluble organic material.

A0108-6 and A0108-10 were extracted from bulk
grains of ~100 pm across, leading to very tiny IOM
grains. After crushing IOM samples between two
diamond windows, these windows were separated and
analyzed separately. We observed dark and red-brown
translucent regions. Infrared spectra could be collected
from the later, while the dark region was fully opaque to
infrared radiations. Other IOM samples were obtained
from larger grains (~500 pm across) and thicker samples
were obtained after crushing them between diamond
windows. C0109-5 was found totally opaque to infrared
radiations and was characterized by scanning electron
microscopy (FEG-SEM Carl ZEISS NVISION 40, CEA/
CMTC Université Grenoble Alpes; Figure 3). Images
reveal a high abundance of Fe-Ni sulfides over a range of
scale from several tens of nm to several micrometers
(including subhedral crystals).
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bR

Reagents

Ar

FIGURE 1. Schematic of the experimental setup used to extract IOM residues from submillimeter grains. (a) A PTFE filter
holder was maintained between two stainless steel parts tightly pressed with six screws. Reagents were circulated with a
peristaltic pump under an inert atmosphere (Argon). (b) The PTFE filter loaded with an ~500 pm sample before extraction.

(Color figure can be viewed at wileyonlinelibrary.com)

Infrared spectra were collected with a Bruker
Hyperion 3000 infrared microscope equipped with a
MCT detector cooled with liquid nitrogen. The infrared
beam was focused with a 15x objective, and the typical
size of the spot onto the sample was between 50 x 50 and
100 x 100 pm?>. The spectral resolution was 4 cm~! and
the spectral range was 4000-650 cm™'. IOM samples
were picked off and transferred on a 3 X 0.5 mm
synthetic type Ila diamond window, and then crushed
using another window in a homemade press (Battandier
et al., 2018). Both windows were then transferred into an
environmental cell maintained under secondary vacuum
(~107° mbar) and gentle heating (~80°C) to remove
adsorbed atmospheric molecular water. The spectra were
processed with the Igor Pro 8.04 software (Wavemetrics
Inc.). Baseline corrections were processed with spline
functions. All spectra were normalized by setting the
absorbance of the peak of the 1600 cm ™' band to 1.

We also collected measurements on the two IOM
samples obtained from A0106 and C0107 aggregates by
Yabuta et al. (2023) (hereafter, Y23-A0106-I0M and
Y23-C0107-I0M). They were extracted following the
HF/HCI protocol with a device optimized to samples of
1-10 mg. The main differences with the protocol of our
study are a longer time of the samples in the acid
solutions, and the need of different steps of centrifugation
and supernatant removal. Finally, spectra were also

collected on intact particles (particles A0108-6, -10, and
-18).

AFM-IR measurements were collected using a
nanolR3s™ (Bruker) at IPAG (Grenoble, France). An
atomic force microscope (AFM) tip is used to scan the
sample and to generate topographic images, as well as
measuring IR absorption by detecting the photothermal
expansion triggered by a tunable laser. Detailed
descriptions of the NanoIR3s™ (Bruker) have been
provided in previous publications (e.g., Phan et al., 2022,
2023). Basically, the nanolR3s™ is equipped with two
tunable pulsed lasers providing infrared light in the 700-
2000 cm ™' region, supplied by an OPO/DFG (optical
parametric oscillator and a difference frequency
generation) architecture (APE, GmbH, Germany). The
tapping (TM) and contact mode (CM) were used for
punctual and imaging spectroscopy, respectively. The
laser background was collected prior to collecting images
and/or spectra and the laser alignment optimization was
performed prior to signal acquisition at different
frequencies within the scanned frequency range.

AFM-IR images were recorded using the tapping IR
mode with a laser power of 8.81%-40%, and a pulse rate
of at 340-370 kHz to avoid physical damage of the probe
on the sample surface (Phan et al., 2022, 2023). AFM-IR
images through the region of interest (ROI) were
collected from each section at infrared wave number of
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? Ultrapure water—2 h

[ J

HCI 6N [2 h]

HCI 6N [overnight]

HF/HCI=2:1 [2 h]

HF/HCI=2:1 [overnight]

HCI 6N [2 h]

¢
]

Residue (IOM + insoluble minerals)

FIGURE 2. The different steps of the HF/HCI digestion
protocol. The full sequence lasts ~4 days. (Color figure can be
viewed at wileyonlinelibrary.com)

€109-510M-
MAG: 1000x ~ HV; ik

FIGURE 3. Backscattered electrons image of the acid residue
extracted from CO0109-5. Bright inclusions are Ni-rich Fe-
sulfides that cover a range of size from tens of nanometer to
several micrometers. This residue was fully opaque to visible
and infrared radiations.

1720, 1600, 1450, 1150, and  1050-1000 cm '
corresponding to carbonyl (C = O) stretching, sp”
aromatic (C = C), carbonate (CO3) and (CH,) bending
mode, sulfate and silicate (Si-O) stretching mode,
respectively. The composite RGB color images were

generated through combining three different absorption
images using the Anasys software to emphasize the
spatial distribution of different chemical groups or
minerals. Before overlying them, realignment was done to
compensate for any small drifts between each AFM-IR
image recording. The scan speed of all maps was 0.1 Hz
and the scan sizes ranged 300 x 300 to 500 x 500 points,
depending on the size of the ROI.

Local AFM-IR spectra were collected in contact
mode after collection of AFM-IR image in tapping mode.
In fact, local spectra were also performed in tapping
mode but the signal to noise ratio was not of the same
quality as in contact mode. Therefore, we only describe
below contact AFM-IR spectra. The incident laser
powers were set to 1.22%-5.03%, with a pulse rate of
240-300 kHz to avoid damaging samples, while
obtaining good quality spectra. The IR spectra were
optimized at a constant laser power level for each wave
number, with the laser power detected by an IR sensitive
photodetector. Each AFM-IR spectrum was obtained at
selected points with a wave number spacing of 4 cm™'
and we have used co-averages of three spectra. The AFM
probe is the gold-coated semi-tap probe (PR-EX-TnIR-
A-10, 75 4+ 15kHz, 1-7 N m_l), which can avoid
artifact effects due to the silicon IR absorption and allow
to work both in contact and tapping AFM-IR modes.

RESULTS
Residues Resembling Chondritic IOM

Infrared spectra of IOM samples are displayed in
Figures 4 and 5. The IOM samples extracted from
500 pm Ryugu grains look similar to those from type 1
and 2 chondrites, and in particular Orgueil, Ivuna, and
Alais (Kebukawa et al., 2011; Orthous-Daunay
et al., 2013; Quirico et al., 2018). A broadband with peaks
at 2856, 2873, 2923, 2950 cm ! is observed in the range
2800-3000 cm~'. It is controlled by the symmetric and
antisymmetric stretching modes of the CH, CH,,
and CH; groups, with complex interactions with
overtones from fundamental vibrations. Theoretical
studies and low-temperature measurements reveal up to
eight different vibration modes (MacPhail et al., 1984).
Usually, in practice, the above-mentioned peaks are
assigned to symmetric and antisymmetric stretching
modes of CH, and CHj;, and a component at
~2900 cm~' due to the contribution of a Fermi
resonance and/or of C-H groups is usually introduced in
the fit models (Dartois et al., 2005; Orthous-Daunay
et al., 2013). The broadband at 3660 cm~' can be
assigned either to residual atmospheric moisture trapped
in closed porosity, or to hydroxyl groups as alcohol or
carboxylic groups in the macromolecular structure. This
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FIGURE 4. IOM baseline-corrected spectra of various aggregates and intact grains. (Color figure can be viewed at

wileyonlinelibrary.com)

band may be difficult to observe if interference fringes
modulate the baseline of the spectra. Note that the weak
intensity of this feature supports the low abundance of
these groups. The bands at ~1590 and ~1700 cm ™" are
assigned to the C = C stretching mode of polyaromatic
units and to the stretching vibration mode of the
carbonyl C = O group (Table 2; Chen et al., 2012;
Painter et al., 1981; Petersen et al., 2008). The bands at
~1450, 1430, and 1380 cm™! are assigned to CH, and
CH; deformation modes, as scissoring for CH,, and
symmetric and antisymmetric bending modes for CHj;
(Lin-Vien et al., 1991). The broad feature extending from
1500 to 800 cm ™' is highly congested, and no functional
group can be unambiguously identified (Painter
et al., 1981). Several weak bands at 1020 cm ™' and below
are not clearly identified, and could be due to out of plane
C-H bending in aromatics, wagging, twisting, and
rocking modes in methyl and methylene groups.

Three spectral parameters were calculated for each
spectrum:

1. Is—cn,/las—cn,, as the ratio of the peak intensity of
the 2950 and 2923 cm ™' components of the aliphatic

band, corresponding to the antisymmetric stretching
modes of the CH, and CHj3 groups. A linear local
baseline was applied in the range 2700-3050 cm ™.

2. Ic—o/Ic—c as the peak intensity of the carbonyl band
at 1700 cm~! as the intensity of the C=C band is
normalized to 1 in all spectra.

3. The integrated absorbance of the aliphatic band, as:

3040
Aali = / abs(v)dﬂ
2700

where v is the wave number, and abs the absorbance.

The spectra collected from Ryugu particles can then
be semiquantitatively compared to the spectra of the
three CI historical chondrites Alais, Ivuna, and Orgueil,
and to IOM from other primitive chondrites that were
analyzed in previous publications (Orthous-Daunay
et al., 2013; Quirico et al., 2018; Figure 6).

We also attempted the full quantification of IOM
spectra through spectral decomposition, using published
band strengths (Dartois et al., 2004, 2013; Orthous-
Daunay et al., 2013; Phan et al., 2021). It turned out that
the spectral decomposition in the range 2000-950 cm ™!
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TABLE 2. Band positions and assignment in the spectra of IOM samples.

OH/H,O  CHj-as CH,-as CHj;-s CH,-s C=0 C=C

Samples (em™") (em™h (em™h (cm™ (em™h (em™h (em™h CH; and CH»-d (cm™)
A0106-23-24- 3360 + 20 2950 £4 2921 +4 2867 £ 1 2852 +£2 1714 +8 1589 +2 1458 +3 1431 +3 1383 £ 2

25
C0109-9 3360 £ 20 2952 +2 2927+ 1 — — 1704 +4 1593 £2 1456 +3 1433 £3 1383 +2
A0108-60 (1) 3360 £ 20 2952 +£2 2923 £2 — — 1710 £2 1587 +2 1462 +3 1433 £3 1383 + 2
A0108-60 (2) 3360 £20 2953 +1 2927 £2 — 1707 £3 1595+ 2 1452 +3 — 1377 + 2
A0106-6 3360 £ 20 2958 +2 29254+ 2 2871 +£2 2852+ 2 1700 £ 8 1581 +4 1456 1433 1381
A0106-4 3360 £ 20 2952 +4 2923 +4 2871 £4 2854 +4 1701 £ 6 1585 + 3 1460 1433 1383
A0108-61 3360 £ 20 2953 +£1 2927 +1 2867 +£1 2853+ 1 1701 +8 1589 +£2 1454 1433 1383
C0057-6 3360 +£ 20 2952 +£2 2925 4+ 2 2867 +£2 2852+ 2 1701 +£8 1595 +£2 1452 1433 1377
Outlier IOM 3248 +£5 2957 £ 1 2922 +2 — 2850 £2 1703 £ 6 — — — —
A0108-6,10 3360 + 20 — 2921 +£2 — 2850 £2 1707 £ 6 1608 £ 5 — — —

Abbreviations: as, asymmetric stretching; d, deformation modes, that is, scissoring for CH,, symmetric and asymmetric bending for CHs; s,
symmetric stretching; —, lacking or position determination impossible.

has no unique solution. Different fit models lead to a good
fit (in terms of X? minimization). Due to the spectral
congestion, the exact number of spectral components
cannot be determined accurately. For instance, for the
same spectrum of Orgueil IOM, a very good fit led to
integrated absorbances of the C = C and C = O band of
131 and 57 cm ™2, respectively, against 106 and 86 cm ™2
obtained by fitting with different initial parameters. These
differences of ~30% for each band result in a factor of 2

when calculating the N¢ — o/N¢ = ¢. This uncertainty is
very high, and we did not pursue this quantification. As
mentioned before, no spectra could be collected from the
IOM of particle C0109-5. The spectra of C0109-12 looked
significantly disturbed by scattering, and we preferred to
put aside these data.

The values of semiquantitative  parameters
Ias—CHz/Ias—CHga IC:O/IC:C, and A,; are displayed in
Figure 6. A0106-4, A0106-6, A0108-60, A0108-61, C0057-6,
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FIGURE 6. Three spectral parameters displayed for various IOM samples. (a) C=0 band intensity is the ratio of the peak
intensities of the C = O and C = C bands, at ~1700 and 1600 cm~', respectively; (b) CH, + CH3 + CH represents the
integrated absorbance of the aliphatic band in the range 2800-3000 cm !, calculated in spectra with the C = C band peak set to
1; (¢) Icn,/Icn, is the ratio of the peak intensities of the antisymmetric stretching modes of the CH; and CH, functional groups.
The green rectangle depicts the range of variations of these parameters in the case of type 1 and 2 carbonaceous chondrites
(Quirico et al., 2018). (Color figure can be viewed at wileyonlinelibrary.com)

and C0109-9 show integrated absorbances of the aliphatic
band and Icp,/Icn, ratios comparable with values
measured for IOM extracted from unheated CI, CM, and
CR chondrites (Figure 6b,c). Within each sample, the
parameters display significant variations, which are not

correlated one with each other. The C = O abundance
(Figure 6a) displays significant variations within each
sample, and, interestingly, part of the values is below the
lower limit of unheated chondrites, including CIs. A0106-
23,24,25 departs from other sample because its Icp, /Icn,
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lies in the range of heated chondrites. The integrated
absorbance of the aliphatic band fits that of unheated
chondrite.

Non-IOM Residues

The residues of A0108-6,10 consisted of dark opaque
grains (no infrared spectra could be collected) and
translucent orange-brownish grains aside (Z, and Z,
zone, respectively, in Figure 8a). The spectra of these
outlier carbonaceous phase residues look quite different
from chondritic IOM: We interpret them as not being
composed of typical chondritic IOM (Figure 7). For the
first spectrum collected (top spectrum in Figure 7),
the aliphatic band points to a high CH, abundance versus
CH;. We also observe a broad and intense asymmetric
band peaking at 3244 cm™!, which does not fit with
adsorbed water. This band may be due to molecular
water or hydroxyl trapped in some insoluble minerals.
The C = C band also seems broader, but we cannot
exclude a contribution of the bending mode of molecular
water, if present. The second spectrum (just below the
previous one in Figure 7) shows a faint aliphatic band
with a high CH, asymmetric stretch and a shift of C=C
bands from 1590 to 1614 cm™".

AFM-IR Measurements on A0108-6,10

As pointed in Non-IOM Residues Section, micro-
FT-IR spectra were collected on translucent regions of
A0108-6,10 (non-IOM residue), but no spectra could be
obtained for the dark regions, probably because of the
presence of abundant opaque insoluble sulfides.
Consequently, AFM-IR measurements were performed
on two regions of A0108-6,10: (1) Z;, a thin (700-
800 nm) yellowish translucent area; (2) Z,, a thicker dark
area (1000-1400 nm; Figure 8a).

Spectra of Z; collected in contact mode show a
C=0 band at 1712 ecm ' and a C=C band centered at
~1610 cm~! (Figure 8b.,c). The C=C band does not
display a well-defined peak, rather a plateau, and its
intensity is lower than that of the C=0 band. We also
observe the CH, and CH; bands at 1455 and
1379 cm ™', respectively, and a broad congested feature
with a maximum at ~1200 cm™', which is observed in
spectra of IOM extracted from Ryugu grains and
primitive chondrites (Figure 8c). The intensity of this
broad feature, however, varies from sample to sample,
and overall, AFM-IR spectra are not strictly similar to
spectra collected with conventional micro-FT-IR, that
show a lower intensity carbonyl C=0O band, a C=C
band with a well-defined peak, and a weaker, narrower
broad congested band, centered around 1300 cm ™'
(Figure 7).

The IR images at 1720, 1600, and 1450 cm™!,
corresponding to the C=0, C=C, and CH, bending mode
and/or carbonate, were collected in the Z; area of
10 x 10 pm? (Figure 9b-d). The RGB composite map
(Figure 9e) was obtained from these three images. Some
particles display a strong absorption at 1450 cm ™'
(Figure 9d,e), which is attributed to carbonate residues. The
presence of carbonates is confirmed in spectra collected in
contact mode (Figure 8c). We calculated the C=0/C=C
ratio map from the two images collected at 1720 and
1600 cm ™' (Figure 9f) and obtained a histogram of the
distribution of the Ic—_o/lc—c parameter (Figure 9g).
The Ic—o/lc—c ratio shows an asymmetric distribution
with average and median values of 1.68 and 1.56,
respectively. Spatial heterogeneity does not account for
those differences between macro-FT-IR and AFM-IR
spectra. Measurements on IOM extracted from the CR2
(EET 92042) and Orgueil chondrites, under similar
instrumental conditions, also show a higher carbonyl band
(Phan et al., 2022). Therefore, an instrumental effect is
suspected here. Besides these organic features, carbonates
and sulfates have also been identified. While sulfates could
be due to oxidized insoluble sulfides, the presence of
carbonates is intriguing as this species is not expected to
survive the harsh acid treatment. A possible explanation is
that it was encapsulated in organic matter, and then
protected against hydrochloric acid. Entanglement at the
nanometer scale of diffuse organic matter with calcite is
reported in Ryugu particles, and it may account for
subsequent encapsulation of carbonate grains during the
HF/HCI protocol (Yabuta et al., 2023).

AFM-IR measurements on the Z, zone show the
localized presence of sulfates (Z,-1) (Figure 10). This
opaque zone (Z,-I) (to visible and infrared radiations) is
rich in insoluble sulfides, which presumably got partially
oxidized by terrestrial atmosphere. We observed that the
ratio of C=0/C=C in Z,-11 is significantly higher than in
Z,-11I. A broad feature between 1400 and 1800 cm ™"
confirms the presence of C=C and C=0 bonds in Z,-III
but the spectral congestion is here higher than in spectra
of zone Z; (non-IOM residue), and higher than in micro-
FT-IR spectra of Ryugu IOM, which are fairly similar to
those of chondritic IOM. In addition, the congested
spectral range between 1400 and 1000 cm™' is also
significantly different from the micro-FT-IR spectra of
Ryugu IOM. It is then difficult to draw a firm conclusion
about the nature of IOM in this sample. The spectral
differences can be due to (1) actual spatial variation in
IOM composition at the nanometer scale, or (2)
instrumental effects, resulting in perturbations in the
baseline. Even in samples containing few minerals like
immature coals, strong variabilities in the baseline are
observed and their source has not been yet identified
(Phan et al., 2023).
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FIGURE 7. IOM baseline-corrected spectra of outlier phases recovered from A0108-6 and A0108-10 aggregates, displayed with
the spectra of IOM samples extracted from C0057 and Alais. The figure also displays the spectra of the A0106 and C0107
residues from Yabuta et al. (2023), and N-rich outlier phases recovered from these residues, reported in Kebukawa et al. (2023).

(Color figure can be viewed at wileyonlinelibrary.com)

Overall, AFM-IR measurements confirm the
differences between the non-IOM residue in zone Z; and
Ryugu IOM. In zone Z,, the spectra of the darker
and thicker residue show the C=0 and C=C band, but the
spectra do not match those of Ryugu IOM. It is difficult to
get firm conclusions, regarding possible artifacts due to
sample topography, porosity, and heterogeneity.

Bulk Grains from A0108 and C0109 Aggregates

IR spectra were measured on intact bulk particles from
A0108-6, A0108-10, A0108-18, and CO0109-12 aggregates
(Figure 11). They are systematically dominated by the Si-O
and OH stretching modes of Mg-rich phyllosilicates at 1010
and 3687 cm™'. These features are remarkably consistent
with those of Orgueil, and the SiO band is substantially
different from that in CM chondrites, whose matrix is
dominated by serpentines and proto-serpentines. This
is consistent with the fact that Orgueil and Ryugu grains are
dominated by Mg-rich serpentine and saponite (Nakamura
et al., 2022; Tomeoka & Buseck, 1988). The narrow peak at
3687 cm ™! is accompanied by a shoulder due to, possibly,
reminiscent molecular water in the interfoliar space of the
saponite or closed porosity, or oxyhydroxide minerals. Note
that Ryugu samples’ dehydration in the environmental cell

was very rapid (5-10 min), and that most of water was
released at room temperature. This supports a high level of
open porosity. A grouplet of three weak features at 1260,
1290, and 1306 cm ™" is also present, which is also observed
in CI chondrites—but not in CM and CR chondrites. The
nature of these bands is not elucidated.

Several bands due to organic species are clearly
observed on the spectra acquired on bulk Ryugu samples:
(1) the aliphatic band with peaks at 2956, 2925, 2869, and
2854 cm ™!, along with the CH, and CH; deformation
modes at 1455 and 1380 cm™' (in some spectra, the v,
vibration mode of carbonates contributes to the 1455 cm ™
band); (2) a signature at ~1620 cm™ ", assigned to the C=C
stretching mode, with a possible contribution of the bending
mode of molecular water; (3) a band in the range 1697—
1689 cm™!, assigned to the C=O group. The peak
intensities of these features are variable. In particular, the
intensity of the C=0 band is much higher than the C=C
band in several spectra, which does not match infrared
spectra of IOM (Figures 4 and 5), thereby showing the
contribution of soluble organic molecules.

The integrated absorbance of the aliphatic band and
the ratio of the peak intensities of the asymmetric
stretching modes of the CH, and CH; groups were
computed (Figure 12). The aliphatic abundance displays
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FIGURE 8. (a) Optical image showing the zones Z1 (translucent) and Z2 (dark/opaque). (b) AFM topographic image of zone
Z1 and contact mode AFM-IR spectra (c) collected at locations pointed out by colored circles. Carbonates and sulfates are
identified. Spectral variations are observed in the spectra of organic material, as the relative intensity of the C=0 and C=C
bands, and intensity of the broad feature centered around 1200 cm™". (Color figure can be viewed at wileyonlinelibrary.com)

a range of values that encompasses Orgueil and the
MET01070, DOM 8003, and Tarda CM chondrites, and
reach to higher values in the case of A0108-6 and A0108-
10. In contrast, the CH,/CHj ratio determined in raw
matrix grains is higher than in IOM extracted from
unheated CI, CM, and CR chondrites which is consistent
with the calculation from Dartois et al. (2023).
Altogether, this supports the view that the spectra of
Ryugu bulk grains reflect both the insoluble and soluble
organic components.

DISCUSSION
IOM Samples and Post-Accretional Processes
We first remind the main conclusions from the

Results section:

o Infrared spectra of IOM samples extracted from Ryugu
grains match those of IOM extracted from unheated
type 1 and 2 chondrites, except the spectrum of the

IOM of A0108-23,24,25. Their aliphatic abundance
and CH,/CHj; ratio display variations within the range
of variations of unheated CI/CM/CR chondrites
(Quirico et al., 2018). We note, however, significant
variations of these parameters within and across
samples.

The C=0/C=C ratio (carbonyl abundance) in IOM
of C0057-9, A0106-4, A0106-6, A0108-60, A0108-61,
and A0106-23-24-25 displays lower values than those
in unheated chondrites (Figure 6a). Not all oxygen is
present in carbonyl groups in chondritic IOM, and
ether and alcohol groups are major functional groups
(Cody & Alexander, 2005). Nevertheless, this low
C=0 abundance in some particles of Ryugu IOM is
consistent with the O/C ratio estimated by
NanoSIMS (0.12 and 0.04 for chambers A and C,
respectively), and by STEM-EDS analyses (0.1 for
both chambers A and C; Yabuta et al., 2023), which
are both lower than O/C in Orgueil and Ivuna IOM
samples, as 0.18 £ 0.02 and 0.158, respectively
(Alexander et al., 2007).
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FIGURE 9. AFM-IR measurements in zone Z;. (a) AFM topographic image. Absorption image at (b) 1720 cm™!, (c)

1600 cm™", (d) 1450 em™!, (¢) composite RGB image built from tapping mode images collected at 1720, 1600, and 1450 cm™",
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(f) intensity ratio map between 1720 and 1600 cm™'. Carbonates are present after the acid extraction indicated by the dashed
line area, (g) histogram of Ic_o/lc—c measured from images collected at 1720 and 1600 cm ™' in tapping mode in (f). (Color

figure can be viewed at wileyonlinelibrary.com)

e A0106-23,24,25 is in contrast different than other
samples as it displays a CH,/CHj; ratio consistent
with a mild heating stage, but the C=0 band has a
similar intensity than that in other samples.

e No systematic difference is observed between
chambers A and C.

It is well established that thermal metamorphism
(whatever of short or long duration) leads to
decarbonylation of terrestrial and extraterrestrial IOM
(Kebukawa et al., 2011; Orthous-Daunay et al., 2013;
Vanderbroucke & Largeau, 2007). Even some type 1 and
2 chondrites have experienced heating on their parent
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FIGURE 10. AFM-IR measurements in zone Z2. (a) AFM topographic image. (b) Composite RGB image built from tapping

mode images collected at 1000, 1600, and 1720 cm”!

. The colored circles point to contact mode spectra presented in (c—e).

Sulfates are present as presumably oxidation byproducts of native sulfides in atmosphere. AFM-IR spectra of organic material
display the C=0 and C=C bands, but show significant differences with Ryugu IOM spectra collected by micro-FT-IR. Artifacts
due to sample preparation may account for these differences. (Color figure can be viewed at wileyonlinelibrary.com)

body, making the old classification of Van Schmus and
Wood (1967) obsolete because thermal metamorphism
and hydrothermal alteration are independent processes
(Nakamura, 2005; Quirico et al, 2018; Tonui
et al., 2014). Bonal et al. (2024) searched for evidence of
parent body heating through the characterization of the
sp” structure of IOM by Raman spectroscopy (aggregates
A0106-4; A0106-6; A0106-23,24,25; A0108-6; A0108-10;
A0108-61; C0109-5; C0109-9; C0109-12; and individual
particle C0057-6). Measurements were collected on each
intact particle and on a few extracted IOM from A0106-
23,24,25; A0108-10; C0109-12; and C0057-6. The results
show that most samples correspond to unheated material,
that is, which was not thermally processed on the parent
body, in agreement with the temperature estimate of
37 4+ 10°C derived from oxygen isotopes (Yokoyama
et al.,, 2023). C0109-9 and AO0108-10 display Raman
parameters out of the trend of unheated chondrites, but
infrared spectra do not point to thermal stress in the case
of C0109-9 (no infrared data are available for A0108-10).
This discrepancy could be due to the fact that Raman and

infrared analysis are not co-located, and that this grain
may have some structural heterogeneity. This explanation
could also hold for the sample A0106-23,24,25, rated as
unheated by the Raman analysis and slightly heated by
infrared data. An alternate explanation is that IOM could
have been compositionally modified by short duration
heating without detectable structural evolution. This case
was observed once by Quirico et al. (2018) in the case of
the CM2 MIL 07700 (one occurrence out of 40 samples).
The IOM of this chondrite is structurally similar to an
unheated chondrite, but has been thermally processed
according to its chemical composition.

Cratering and heating due to micrometeorite impacts
could account for some heterogeneous heating at the
micrometric scale (Noguchi et al., 2023). Impact features,
as layers and melt splashes, are observed for ~6% of
analyzed Ryugu particles. Smooth layers, the most
abundance impact feature, are very thin (<100 nm) and
cannot account for a significant chemical change in a
500 pm particle. Evidence of melting is vesicles and
immiscible separation of rounded (once molten) sulfides
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FIGURE 11. Infrared spectra of grains picked up from A0108-10 and A0108-18 aggregates, compared to Orgueil grains and an
IOM sample. Spectra were not baseline-corrected. Note that the SiO band is saturated for the sample A0108-10 grain 1. We
observe a very good match between Ryugu and Orgueil bulk grains. The organic features in the spectra of raw grains point to
the presence of a significant soluble organic matter phase, which is more abundance in Ryugu grains compared to Orgueil.

(Color figure can be viewed at wileyonlinelibrary.com)

(Noguchi et al., 2023). This shows that hypervelocity
impacts trigger a significant heating in exposed particles.
Still, these features are localized at the surface of the
particles and do not reach the interior of large 500 pm
grains, and micrometeorite impacts appear as a limited
source of heating. In conclusion, A0106-23-24-25 has
possibly experienced a very moderate short-duration
heating, but other samples have not. Therefore, the lower
carbonyl abundance in Ryugu IOM cannot be explained
by short duration heating on the parent body.
Hydrothermal alteration on the parent body is an
oxidative process, and it possibly results in the formation
of carbonyl groups. Our data point to the following trend
in carbonyl abundance: Ryugu < Alais < Ivuna ~
Orgueil. Interestingly, EndreB and Bischoff (1996)
propose an increasing degree of aqueous alteration as
Alais < Ivuna < Orgueil, based on the composition of
carbonates. Suga et al. (2022) report a heterocyclic sulfur
abundance in Ryugu IOM closer to that in CMs than in
CI falls. This form of organic sulfur is found to increase
with the extent of aqueous alteration (Orthous-Daunay
et al., 2010), which supports a lower degree of aqueous
alteration for Ryugu samples. However, the carbonyl
abundance in primitive CMs and CRs is higher than in
Ryugu samples and lies within the range of CIs, though

they have experienced a lower degree of hydrothermal
alteration (in particular the primitive CR2 chondrites). In
addition, most of IOM extracted from CM and CR
primitive chondrites show an O/C elemental ratio of their
IOM consistent with those of CI chondrites (Alexander
et al., 2007). Therefore, there is no clear relation between
carbonyl abundance and degree of aqueous alteration.
Oxidation through terrestrial weathering has been
reported as a source of alteration of IOM in primitive
chondrites, in particular for desert finds (Alexander
et al., 2007). The formation of carbonyl groups in IOM
from exposition of moisture and atmospheric oxygen
is in fact not consistent with the presence of a low
carbonyl abundance in type 2 chondrites that have
experienced a very mild degree of heating. In that case,
the polyaromatic structure and composition of IOM
experienced very limited chemical modifications and we
expect a similar sensitivity to oxidation than an immature
IOM extracted from an unheated chondrite. In addition,
it is well known in organic geochemistry that kerogens
are stabilized when trapped in their host rock, while they
are very reactive once extracted and require stringent
storage conditions (Vandenbroucke & Largeau, 2007).
We also argue that CI falls Alais, Orgueil, and Ivuna fell,
respectively, on 1806, 1864, and 1938, and no link is
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observed between IOM composition and residence time
on Earth (Orthous-Daunay et al., 2010, 2013).

Finally, the most plausible explanation is that Ryugu
accreted less oxygenated organic precursors than
primitive chondrites, including CI falls.

Comparison with Other IOM, Outlier Carbonaceous
Phases

IOM extracted from micrometer-sized Ryugu
particles in this study displays significant differences
compared to IOM samples Y23-A0106-I0M and Y23-
C0107-I0M of Yabuta et al. (2023), but look similar to

the IOM extracted from the large particle C0002
presented in Kebukawa et al. (2023) (Figure 8). 13.08,
10.73, and 3 mg of Ryugu samples were used for
producing Y23-A0106-I0M, Y23-C0107-I0M, and
C0002 IOM samples, respectively. In contrast, each grain
in our study corresponds to around 100 pg (assuming a
spherical particle with a 500 pm diameter and 2 g cm >
density). In this respect, Y23-C0107-IOM and Y23-
A0106-I0M would appear more representative of the
whole Ryugu material. However, the similarity of C0002
IOM with IOM samples extracted in this study supports
that Ryugu IOM is similar to that of primitive unheated
chondrites.

85U80|7 SUOWWIOD aA a1 8|qeo!(dde a3 Aq pausenob are ssjolie YO ‘SN JO Se|n. 10} ArIqiT8UIUO A8]IM UO (SUORIPUCD-PUe-SWLR/W0Y" A3 1M AfeIq1[BU1UO//:SANY) SUORIPUOD pUe SWie 1 8ys 89S " [7202/80/ST] Uo Akeiqiauliuo A1 ‘1114 8%eds preppoo eseN Aq 260t Sdew/TTTT 0T/I0p/u0d A8 |imAreiq pul|uo//sdny woiy pepeojumod ‘g *v20z ‘00TSSHET


https://www.wileyonlinelibrary.com

1922 E. Quirico et al.

Kebukawa et al. (2023) report the spectra of an N-
rich outlier carbonaceous phase, which fairly matches
with some simple aliphatic amides (e.g., hexanamide).
Several of the features of this phase are present in the
spectra of Y23-A0106-I0M and Y23-C0107-I0M, that
is, the amine stretching modes at 3188 and 3355 em™ L,
and the 1665 cm~' mode (Figure 7). In addition, their
higher CH,/CHj3 can be accounted for by a contribution
of the aliphatic bands of the outlier carbonaceous phase.
Finally, Y23-A0106-I0M and Y23-C0107-IOM appear
to be a mixture of IOM and this outlier nitrogen-rich
soluble phase.

A main question that arises is the origin of the N-rich
outlier phase. SOM in Ryugu samples is very similar to
that in Murchison, and consists of a very complex
mixtures of CHONS molecules, with ~20,000 chemical
formulae identified (Naraoka et al., 2023). The abundant
small molecules detected so far are formic and acetic
acids, amino acids, nitrogenated bases, amines, and
aromatic hydrocarbons (Naraoka et al., 2023; Oba
et al., 2023; Parker et al., 2023).

In the extractions achieved in this study, outlier
phases have been observed for two grains only, and their
spectra are consistent with a low nitrogen abundance (no
amine, cyanide, or amide bands) and a mixture of several
molecules (Figure 7). Two explanations can be then
proposed. The first would argue that the N-rich outlier
phase has a special affinity to minerals, for instance
saponite (Viennet et al., 2023), and could have been
preferentially preserved during SOM extraction by hot
water. It would have been released during the HF/HCI
sequence due to silicates hydrolysis, and finally mixed up
with IOM. The second explanation would argue that this
phase is a contamination during the hot water extraction.
However, the SOM analyses conducted in the PET SOM
did not report a high abundance of this compound
(Naraoka et al., 2023).

IOM Features in the Spectra of Intact Grains?

Regarding the spectra collected on intact grains
(Figure 11), the infrared spectra of grains A0108-6,
A0108-10, AO0108-18, and C0109-12 display organic
features as: CH, and CHj stretching (2956, 2925, 2869,
2854 cm™ "), bending and deformation modes (1455 and
1380 cm™ ), carbonyl (~1700 cm ™), and C=C stretching
modes (~1600 cm™'). These features cannot be assigned
to the sole IOM. The peak ratio of the antisymmetric
stretching modes of CH, and CHj3; is higher than that of
IOM (Figures 11 and 12), consistently with the results
of Dartois et al. (2023). The aromatic C=C band is also
weaker, and the broad congested band in the range 800—
1500 cm™' does not appear. Most likely, SOM
significantly contributes to the spectra of raw grains, and

extracting the actual of IOM is not

straightforward.

signatures

CONCLUSION

In this study, we chemically extracted IOM from a
series of submillimeter Ryugu samples by means of acid
leaching in a dedicated experimental device. The residues
were analyzed by infrared microscopy. The main
conclusions are the following:

1. IOM extracted from most of the samples look very
similar to IOM extracted from unheated CI, CM,
and CR chondrites.

2. The extent of heating in Ryugu regolith appears very
limited: Only one sample displays chemical signatures
consistent with a very mild heating.

3. Infrared measurements show overall a lower
carbonyl abundance in Ryugu IOM samples, which
appears consistent with the lower O/C elemental ratio
determined by NanoSIMS and STEM-EDS analyses
reported in Yabuta et al. (2023).

4. This lower carbonyl abundance is not easily
explained by a lower extent of hydrothermal
alteration on the parent body, nor by carbonyl
formation in primitive chondrites by oxidation due to
terrestrial weathering. The accretion of carbonyl-
poor precursors by Ryugu is a plausible explanation.

5. The spectra of raw grains display signatures of
organic materials due to both the IOM and SOM
components, whose respective contributions are very
hard to disentangle. Their very strong similarities
with the spectra of the CI chondrites Alais, Ivuna,
and Orgueil reinforce the view that Ryugu samples
are genetically related to this class of chondrites.

6. Some of our IOM extractions led to outlier
carbonaceous phases, but with different (N-poor)
compositions to that reported in Kebukawa
et al. (2023).

7. The residues presented in Yabuta et al. (2023) are in
fact not pure IOM, but include a contribution from
the nitrogen-rich outlier carbonaceous phase.
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