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This paper is focused on the characterization of the thermal history of C-type asteroid Ryugu through the
structure of the polyaromatic carbonaceous matter in the returned samples determined by Raman spectroscopy.
Both intact particles and extracted Insoluble Organic Matter (IOM) from the two sampling sites on Ryugu have
been characterized. The main conclusions are that (i) there is no structural difference of the polyaromatic
component probed by Raman spectroscopy between the two sampling sites, (ii) in a manner similar to type 1 and

2 chondrites, the characterized Ryugu particles did not experience significant long-duration thermal meta-
morphism related to the radioactive decay of elements such as 26A1; (iii) some structural variability is never-
theless observed within our particle set. It can be interpreted as some particles having experienced some short-
duration and weak heating (R3 in the scale defined by Quirico et al. 2018 and TII or lower according to the scale

defined by Nakamura, 2005).

1. Introduction

C-complex asteroids are the dominating population in the asteroid
belt, representing ~60% of its mass (DeMeo and Carry, 2014, 2013).
They are typically linked to primitive, volatile-rich carbonaceous
chondrites (e.g., DeMeo et al., 2015). These small bodies and all the
derived cosmomaterials (meteorites, potentially some dust as Inter-
planetary Dust Particles and micro-meteorites) are thus key-objects to
investigate the formation and evolution of the Solar System. Neverthe-
less, as primitive as they are, all of these small bodies have experienced
some processing since their formation. These processes may have
modified their surface (space weathering), but also the composition of
the whole body through geological post-accretion processes (thermal
and shock metamorphism, and aqueous alteration). It is thus indis-
pensable to identify each of the experienced processes to understand the
induced modifications and avoiding the risk of mis- or over-interpreting
some properties of primitive bodies and cosmomaterials.

Ryugu, a C-type asteroid, has been visited by the JAXA’s Hayabusa2
spacecraft. During more than a year, remote (e.g., Watanabe et al.,
2019) and in situ (e.g., Ho et al., 2021) characterizations were under-
taken, two touchdowns at different sites (e.g., Tsuda et al., 2020) and an
impact experiment (Arakawa et al., 2020) were performed. In December
2020, after the sample recovery capsule was cautiously opened, 5.42 g of
samples collected at the surface of Ryugu were discovered (Yada et al.,
2022). Starting in June 2021 and for a period of one year, several teams

Table 1
Hayabusa2-samples list.

sample name raw I0M

aggregate A0106-4

aggregate A0106-6

aggregate A0106-23, 24, 25 () &
A0106_IOM residue

aggregate A0108-6

aggregate A0108-10 &
aggregate A0108-18

aggregate A0108-61

Chamber A

aggregate C0109-5 &
aggregate C0109-9
- *
Chamber C aggregate C0109-12
individual particle CO057-6 &
individual particle C0002 *

C0107_IOM residue

IOM stands for Insoluble Organic Matter, either chemically extracted by H.
Yabuta (PI of PET IOM) or in IPAG (*, see Section 2.1 for explanations). (%)
the three individual particles moved during their trip between Japan and
France. The identification of the exact particle that we characterized was thus
not possible.

(so called “Phase2 curation teams” and “Hayabusa2 Initial Analysis
Team” (IAT)) had the opportunity to work on these samples. In partic-
ular, the Hayabusa2 IAT consisting of six specialized sub-teams were
dedicated to achieve the scientific objectives of Hayabusa2 through the
high-precision analyses of the asteroid samples. In particular, the Initial
Analysis Organic Macromolecule team (PI: H. Yabuta) performed
comprehensive analysis to unveil the elemental, isotopic, and functional
group compositions, structures and morphologies of macromolecular
organic matter from the Ryugu samples (Yabuta et al., 2023). The degree
of structural order of the polyaromatic carbonaceous matter present in
extraterrestrial samples is a tracer of the thermal history they experi-
enced (e.g., primitive chondrites: e.g., Bonal et al., 2016, 2006; Buse-
mann et al., 2007; Quirico et al., 2018; micrometeorites: Battandier
etal., 2018; Dobrica et al., 2011). To characterize Ryugu thermal history
(long vs. short thermal heating and its extent), we thus performed
Raman characterization of several samples returned by the Hayabusa2
mission and compared the spectral parameters with those of reference
chondrites.

2. Samples and methods
2.1. Samples

In the curation facility, individual particles (typical size of the parti-
cles is 1-2 mm) were picked out from the whole Hayabusa2 sample set
and the remaining sample mass was separated in several sets of aggregate
samples (~10 mg each) made of numerous small particles (see for
example, guidebook for proposers on the website of Announcement of
Opportunity for Ryugu samples and Ryugu Sample Database System). In
the present work, whole particles from Chamber A aggregates collected
upon the first touchdown and Chamber C aggregates collected upon the
second touchdown and also fragments of individual particles from
Chamber C were characterized. The sample numbers are all listed in
Table 1. In addition to samples dedicated to the Organic Macromolecule
team, we had the opportunity to work on the individual particle C0002
from Stone team (PI. T. Nakamura), which was from Chamber C and the
third largest grain among all the returned sample.

In addition to intact samples, Insoluble Organic Matter (IOM)
chemically extracted from several aggregates and individual particles
were also characterized. Indeed, IOM was extracted from (i) individual
fragments of Ryugu particles in IPAG (Grenoble, France) (see Quirico
et al., 2022 and corresponding paper Quirico et al., accepted for details
on the chemical protocol) and, (ii) from the bulk aggregates A0106 and
C0107 in Hiroshima University by H. Yabuta (sample names described
with the extension (HY) in the text).

In addition to Ryugu samples, a series of primitive chondrites
(Table 2) were characterized and analyzed in the exact same experi-
mental and analytical conditions as for Ryugu samples. Although these
chondrites had been analyzed in previous work (e.g. Quirico et al.,
2018), they were again characterized here to ease and fully legitimate a
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Table 2
Primitive chondrites measured for spectral comparison.

Chondrite Classification

Types 1 and 2 chondrites ALH 84033 CM2
AMH 84044 CM2
Cold Bokkeveld CM2
EET 83355 C2-Ung
EET 87522 CM2
EET 96029 CM2
LEW 87022 CM2
MAC 88100 CM2
MET 01070 CM1
Murchison CM2
Nogoya CM2
Orgueil CI1
PCA 91008 CM2-an
PCA 02012 CM2
QUE 93005 CM2-an
WIS 91600 CM-an

Type 3 chondrites Bishunpur LL3
Chainpur LL3
EET 90628 L3
Krymka LL3
QUE 97008 L3
St Mary’s County LL3
Hallingeberg L3

ALH stands for Allan Hills, EET for Elephant Moraine, LEW for Lewis Cliff, MAC
for MacAlpine Hills, MET for Meteorite Hills, PCA for Pecora Escarpment, QUE
for Queen Alexandra Range and WIS for Wisconsin Range.

Nole- A0105:6. 200

Fig. 1. Optical image of a preparation for Raman characterization of the Ryugu
intact particle A0108-6. Several fragments were manually picked up and
pressed between two glass slides.

subsequent comparison of their spectral parameters (see Section 3.1 for
justification). Chondrites were prepared in a similar manner as Hay-
abusa2 samples. Matrix fragments (typical apparent diameter around
30 pm) were carefully selected manually according to colour and texture
under a binocular microscope. The selected matrix grains were pressed
between two glass slides that were also used as substrates for the Raman
analysis, once separated.

2.2. Raman spectral acquisition

Over the time period dedicated to the characterization of some
Ryugu samples within the Organic Macromolecule team, the Raman
micro-spectrometer originally used (LabRAM HR800) and described in
(Bonal et al., 2022) and Yabuta et al. (2023) has stopped working. It was
then renewed in the middle of the time period dedicated to initial
analysis. New measurements on the same Ryugu particles and additional
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ones were thus performed with another Raman spectrometer (LabRAM
HR800 Evolution) for the present work. This is the reason why the
average parameters reported here are slightly different from those in
previous publications (Bonal et al. (2022) and Yabuta et al. (2023)). This
difference is discussed in Section 3.1.

The Raman spectra were acquired with a 532 nm laser. Because some
Raman bands related to carbonaceous matter are dispersive, data for
Ryugu samples and meteorites (used as references for comparison of
spectral parameters) have been acquired and analyzed along a given set
of parameters. Raman measurements were performed at the Ecole
Normale Supérieure de Lyon (Laboratoire de Géologie de Lyon—Terre,
Planetes, Environnement) using a LabRAM HR800 Evolution Raman
spectrometer (Horiba) equipped with a 600 g/mm grating centered at
1400 cm™! giving access to the spectral region 500-2200 cm ', The
laser was focused through a 100x objective to obtain a < 2 pm spot size.
The power on the sample was 0.3 mW. Each acquisition comprised six
integrations of 15 s that were averaged to make the final spectrum. One
to three spectra were acquired per fragment and typically ten fragments
of each particle of a given aggregate or individual particle were prepared
(Fig. 1). The samples were either pressed on diamonds (for allowing
subsequent infrared and/or NanoSIMS measurements) or on microscope
glass slides.

2.3. Raman spectral analysis

The Raman spectra acquired on Ryugu samples considered in the
present work systematically exhibit the so-called D- and G-bands related
to the presence of polyaromatic carbonaceous matter. A linear baseline
correction of the spectra between 1000 and 1700 cm™! was systemati-
cally subtracted. The G- and D-bands were fitted with a
Breit-Wigner-Fano and a Lorentzian profiles, respectively. The position
(0), maximum intensity, peak intensity (I) and full width at half
maximum (FWHM) of the D- and G-bands were determined for each
spectrum. For every sample, the mean value and 1 ¢-standard deviation
of each of these parameters were calculated.

3. Results
3.1. Particularities of Raman characterization of carbonaceous material

Raman spectroscopy is a technique that is relatively easy and fast to
implement for characterization of a large set of samples. However, as it
has been underlined in several papers, Raman spectroscopy on carbo-
naceous material presents several particularities that users have to be
aware of. First, chondritic carbonaceous matter is opaque: it is charac-
terized by a high extinction coefficient of the visible light. Therefore, the
Raman scattering originates only from a thin surface layer of the sample:
several tens to one hundred nm of the carbonaceous material (Lespade
etal., 1984). This leads to a high sensitivity of the carbonaceous material
to laser-induced heating. It is thus required to use low laser power on the
surface of the sample to avoid artificially induced modification of the
structural order of the carbonaceous matter, leading to a potential
misinterpretation of its thermal history. Complicating this picture, even
in the lack of thermal damages, the superficial region of the sample can
be heated, leading to spectra with significant differences with those
collected at room temperature and drift of the spectral parameters.
Reproducibility of the instrument parameters and of the sample prepa-
ration procedure are then key to collect reliable Raman data.

Second, the D band is dispersive: its intensity and position vary with
the energy of the incident photons. For visible excitation wavelengths,
the position of the D band varies with the incident energy at a rate of 50

m~! eVl (Matthews et al., 1999; Pocsik et al., 1998). Although not
dispersive in graphite, the G band is dispersive in disordered carbona-
ceous material, in which the dispersion is proportional to the degree of
order (Ferrari and Robertson, 2000). The dispersion of the Raman bands
relative to the excitation wavelengths of the incident laser prevents the
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Fig. 2. Comparison of the numerical values of distinct average spectral parameters computed from Raman spectra acquired with two distinct instruments (so-called
LabRAM and LabRAM HR Evolution) (see Section 2.2 for explanations) on a series of type 3 chondrites (in grey) and type 2 chondrites (in green). The dotted line
figures the linear regression (y = ax + b). The absolute values of the spectral parameters obtained with the two instruments on the same samples are thus different but
consistent. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

definition of an absolute scale of Raman spectral parameters for chon-
drites. In other words, the numerical comparison of spectral parameters
obtained for a sample with those obtained in other experimental con-
ditions may be misleading, even if only G-band spectral parameters are
considered. For a comparison to be meaningful, the Raman spectra have
to be acquired in the same experimental conditions and the spectral
parameters through a given analytical procedure. Nevertheless, various
sets of spectral parameters obtained on similar samples with different
Raman systems are consistent. Indeed, as mentioned earlier, two Raman
spectrometers have been used in the timeframe of the present work:
spectral parameters obtained on bulk matrix fragments of a series of

chondrites with the so-called “LabRAM HR800” and “LabRAM HR800
Evolution” Raman micro-spectrometers are well correlated (Fig. 2,
Table Al). The absolute values of the spectral parameters are different
between Yabuta et al. (2023) and the present work but consistent:
indeed, the interpretation in terms of relative metamorphic grade of this
series of chondrites is independent from the considered Raman dataset.

3.2. Spectral analysis

In previous work, the baseline correction was led between 700 and
2000 cm ™! (e.g., Bonal et al., 2016) or 800 and 2000 em™! (e.g., Quirico
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Fig. 3. Comparison of average Raman spectra of (a) individual intact Ryugu particles and of matrix fragments of types 1 and 2 chondrites (unheated in green and
heated in magenta and blue) and (b) insoluble organic matter extracted from Ryugu samples and chondrites. Most of the IOMs were chemically extracted from
individual fragments of intact Ryugu particles at IPAG (plain line), at the exception of two IOM (dotted lines) extracted by H. Yabuta. The number of individual
spectra is indicated between parenthesis. “R1” (in green), “R3” (in magenta), and “R2” (in blue) designate unheated, moderately heated and heated type 2 chondrites,
respectively (see Section 4.2. for explanation and Quirico et al., 2018). (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)
<
<

Table 3
Hayabusa2 intact particles and extracted IOM considered in the present work and their respective spectral parameters.
Sample name sample type n FWHM)p (cm™1) In/Ig FWHMg (ecm™ 1) wop (em™1) wg (ecm™1)
Chamber A aggregate A0106—4 intact part. 39 162.6 = 5.8 0.74 = 0.04 87.8 £5.2 1357.5 £ 4.3 15949 £ 1.3
aggregate A0106-6 intact part. 30 162.0 + 7.2 0.69 + 0.05 91.9 £6.2 1359.7 £ 7.1 1592.4 + 2.2
aggregate A0106-23, 24, 25 intact part. 40 160.7 + 5.5 0.75 £+ 0.03 89.1 £5.2 1356.4 £ 5.9 1594.2 £ 1.5
IOM 25 171.1 +£ 4.5 0.69 + 0.03 91.5 + 3.0 1357.6 £ 2.3 1589.6 + 2.0
aggregate A0108-6 intact part. 30 161.5 £+ 8.9 0.74 £ 0.04 90.2+7.1 1358.9 + 4.8 1594.4 £ 2.0
aggregate A0108-10 intact part. 23 174.9 + 9.8 0.70 £+ 0.05 98.2 £5.1 1363.9 £ 7.2 1587.9 £+ 3.2
IOM 20 174.0 £+ 3.0 0.69 + 0.01 92.7 + 2.2 1356.6 + 1.9 1587.0 £ 0.9
aggregate A0108-18 intact part. 33 1643+ 7.6 0.75 £ 0.02 89.9 + 4.7 1359.7 £ 4.8 1595.0 £ 1.4
aggregate A0108-61 intact part. 33 162.4 + 8.1 0.70 £+ 0.04 95.0 + 8.2 1363.3 +£ 8.3 1592.1 +£ 2.7
A0106_I0OM residue IOM* 41 162.6 + 11.1 0.61 £+ 0.06 96.3 + 6.6 1353.5 + 3.7 1586.8 + 3.7
Chamber C aggregate C0109-5 intact part. 30 162.7 £ 7.0 0.73 = 0.02 89.6 + 5.3 1355.8 + 3.7 1593.0 £ 2.9
aggregate C0109-9 intact part. 28 168.4 + 6.88 0.68 £+ 0.08 100.5 + 8.1 1360.1 + 4.0 1589.8 +£ 3.9
aggregate C0109-12 intact part. 25 159.6 + 6.5 0.72 + 0.04 83.3+7.4 1359.0 + 6.6 1595.7 + 2.1
IOM 25 173.7 £ 3.3 0.71 £ 0.01 92.9 + 3.0 1359.4 +£ 29 1589.1 £ 1.5
individual particle C0057-6 intact part. 35 165.8 + 8.7 0.77 £ 0.04 89.3+7.4 1358.7 £ 8.2 1593.7 £ 2.1
IOM 25 170.3 + 2.4 0.71 £+ 0.02 91.6 +£ 2.3 1356.2 £ 1.6 1588.8 + 2.1
individual particle C0002 intact part. 30 161.8 + 8.9 0.66 + 0.04 88.7 £ 12.4 1361.6 £+ 7.9 1594.2 £ 4.1
IOM 30 173.4 + 4.4 0.71 £ 0.03 92.8 £3.1 1357.0 £ 2.4 1587.6 £ 2.0
C0107_IOM residue IOM* 38 174.7 + 4.9 0.69 £+ 0.02 92.7 + 4.0 1356.1 +£ 2.5 1587.6 £ 2.1

Spectral parameters (FWHM)p, Ip/Ig, FWHMg, op, ©g) obtained through the reduction of “n” spectra — Sample type is either intact particle (intact part.) or Insoluble
Organic Matter (IOM) either chemically extracted by H. Yabuta (PI of PET IOM) or * in Grenoble (see text for explanations).

et al., 2018). These spectral ranges were first tested on the Raman
dataset obtained on Ryugu samples, but, a high rate of unsuccessful
spectral fitting was resulting. The procedure was thus modified with a
baseline correction performed between 1000 and 1700 cm™?, leading to
a successful fitting of each spectrum. The D- and G-bands on the spectra
acquired on Ryugu samples are superimposed to a fluorescence back-
ground that tends to be, on average, of higher intensity than for type 2
chondrites (Fig. 3a). It is of the same range of order as for Orgueil
(Fig. 3a), but the G-band on Orgueil spectra is better defined than on
Ryugu samples. Moreover, with such a high fluorescence background,
the edge filter of the instrument (532 nm RazorEdge® ultra steep long-
pass edge filter, provided by the manufacturer Semrock and designed to
be used as an ultra-wide and low-ripple passband edge filter for Raman
spectroscopy) induces ripples on the measured spectra (Casadio et al.,
2017; Alleon et al., 2021). This artifact induces a high-frequency sinu-
soidal signal, whose frequency decreases with increasing wavenumber.
In this case, a weak Raman signal superimposed over an intrinsically
high luminescence is difficult to identify without appropriate data pro-
cessing for background subtraction. Altogether, these observations (high
fluorescence, instrumentally-linked undulatory variation of the in-
tensity, G-band less defined than in Orgueil) might explain why the
Raman spectra acquired on the Ryugu samples were difficult to fit. The
Raman spectra of chondrites considered as references for comparison of
spectral parameters were subsequently mathematically adjusted along
the exact same procedure as the Ryugu samples.

3.3. Raman spectra and spectral parameters of the Ryugu samples

Average Raman spectra obtained on fragments of individual particles
and aggregates from Chamber A and Chamber C Ryugu samples (Bonal
and Montagnac, 2021) are available online in the GhoSST/SSHADE
spectral database.

The Raman spectra acquired on several fragments of each allocated
Ryugu sample (Table 1) exhibit the so-called D- and G-band reflecting
the systematic presence of polyaromatic carbonaceous matter. The

Raman signature are superimposed on a high fluorescence background
(Fig. 3). The origin of fluorescence in natural and complex samples can
be multiple and related either to minerals or to organics. Nevertheless,
based on dedicated fluorescence spectra measured on raw chondritic
matrix and extracted chondritic IOM, it was previously suggested that
for the type of samples we consider, fluorescence signal is induced by
organic matter (Quirico et al., 2005). Still, some specific work to
disentangle the respective contribution of poorly ordered carbonaceous
matter and of small individual organic molecules referred to as “soluble
organic matter” would be required. This is partly discussed in Komatsu
et al. (2022) and Komatsu et al. (under revision).

Raman spectral parameters (average and standard deviations)
computed from individual spectra acquired on Ryugu particles (intact
particles and chemically extracted IOM) are reported in Table 3. Pa-
rameters obtained from reference chondrites are in supplementary ma-
terial (Table A2).

4. Discussion

Chondritic samples (either collected on Earth as meteorites for
example or in situ on a given asteroid) are primitive, but not pristine.
They have been modified to variable extents by several processes on
their original parent body(ies). In particular, thermal heating might
have occurred on a relatively long timescale through radioactive decay
of short-lived radionuclides such as 2°Al or on a much shorter timescale
through the passage of a shock wave (see e.g. review by Huss et al.
(2006)). In particular, effects of radioactive decay are visible in chon-
drites of petrologic type 3 and above. Type 1 and 2 chondrites basically
escaped this long-term heating. Nevertheless, based on the study of 39
CM and C2-ungrouped chondrites, Quirico et al. (2018) showed that
>35% of the samples had experienced some heating, most likely short-
duration heating triggered by impacts. Quirico et al. (2018) proposed a
carbon-based classification of heated C2 chondrites (identified as “R2”
and “R3” samples as opposed to “R1” indicating unheated samples, see
Section 4.2. for explanation), consistent with the classification
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Fig. 4. Spectral parameters of Raman bands of carbonaceous materials ((a, d) FWHMjp, vs. Ip/Ig, (b, d) og vs. wp, (¢, f) FWHMg vs. ©¢) in the Ryugu intact particles (in
black) as compared to reference chondrites (CI Orgueil in yellow, type 2 CM chondrites in green on Figs. a, b, ¢ and in green, magenta and blue on Figs. d, e, f and
type 3 chondrites in grey). The three colors for type 2 chondrites (“R1” in green, “R3” in magenta, and “R2” in blue) reflect variable extents of short-duration heating
(see Section 4.2. for explanation and Quirico et al., 2018). Averages (symbols) and standard deviations (bars) are plotted for each sample. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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developed by Nakamura (2005) based on mineralogical tracers.

The objectives here are (i) to understand whether or not the pri-
mordial planetesimal, from which Ryugu formed, accreted early enough
or was large enough to have trapped sufficient radioactive elements
leading to long-term metamorphism, and (ii) to unveil whether shock
heating induced by potential impacts experienced by Ryugu might have
been recorded in the samples collected by Hayabusa2.

4.1. Ryugu samples escaped significant long-term radioactive thermal
metamorphism

The structural order of the polyaromatic carbonaceous matter pre-
sent in primitive chondrites reflects the thermal history experienced by
the whole rock (e.g., Bonal et al., 2016; Quirico et al., 2018). In
particular, it is relatively straightforward to distinguish type 2 from type
3 chondrites based on a combination of Raman spectral parameters
(Fig. 4a-c): on the graph FWHM]p, vs. Ip/Ig (Fig. 4a), there is a small
overlap between the least metamorphosed type 3 chondrites and types 1
and 2 chondrites, but in the graphs FWHMg vs. g (Fig. 4b) and og vs. op
(Fig. 4c), types 1 and 2 chondrites are clearly plotting apart from type 3
chondrites.

The spectral parameters of the Ryugu intact particles are all plotting
together in the area defined by types 1 and 2 chondrites. In particular, in
the graphs FWHMg vs. og (Fig. 4b) and wg vs. op (Fig. 4c), spectral
parameters from Hayabusa2 samples are clearly plotted in an area
distinct from type 3 chondrites. This shows that the Ryugu particles
considered in the present work and in Yabuta et al. (2023) escaped
significant long-term radioactive heating. This is consistent with Raman
measurements led by Nakamura E. et al. (2022), who showed that their
Ryugu particles had spectral parameters comparable to Orgueil,
Murchison and Murray (CM2).

4.2. Structural variability among the Ryugu intact samples

Fragments of 12 intact Ryugu particles were characterized by Raman
spectroscopy (Table 3). Their respective average spectral parameters are
all plotted among type 2 chondrites (see 4.1 part). There is no obvious
systematic structural difference between Chamber A and Chamber C
particles (Fig. 4a-c). A Student’s t-test was previously used (Bonal et al.,
2022) to evaluate the null hypothesis that the means of the spectral
parameters from the particles characterized at that time — A0108 (-6,
10, 18) and C0109 (-5, 9, 12) — were equal. It was concluded that the
polyaromatic structure of organic materials in the intact samples from
A0108 and C0109 aggregates appeared to be slightly different (Bonal
et al., 2022). However, since then (i) a better understanding of what are
aggregates and (ii) higher statistics of measurements (by almost a factor
2) lead us to consider different null hypothesis to be evaluated through
Student’s t-test. As mentioned earlier, in the curation facility, individual
particles (1-2 mm as typical dimensions) were picked out and the
remaining mass was separated in several sets of aggregate samples.
Aggregate samples consist of fine grains (mostly smaller than 1 mm) that
were mixed within the sample chamber and were put together “artifi-
cially” on Earth as they were not necessarily present as aggregates on the
surface of Ryugu before the touchdowns and collections. As such, there
is no specific reason to consider that particles A0108-6, 10, 18 and 61
are representative of the bulk A0108 aggregate (and the same obser-
vation can be done for particles C0109-5, 9 and 12 and aggregate
C0109). It seems more meaningful not to assume the particles of a given
aggregates to have the same characteristics. On the other hand, the
samples stored in Chamber A and Chamber C have been collected over
two touchdowns in different places (Tsuda et al., 2020). Considering
them separately and comparing their various characteristics — such as
the structure of the polyaromatic carbonaceous matter — appears to be
much more legitimate. We have thus tested the null hypothesis that the
means of the spectral parameters from Chamber A and Chamber C are
equal: the result of the test indicates that the mean value of FWHM)p, Ip/
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Ig, FWHMg, oG and op from all the Chamber A and Chamber C particles
considered in the present work cannot be considered as distinct. We thus
conclude that among the particles considered in the present work and in
Yabuta et al. (2023) and collected from the surface (Chamber A) and
surface and sub-surface (Chamber C) asteroid regolith, there is no sys-
tematic difference in the structural order of their polyaromatic carbo-
naceous matter. This is in contrast with Nakamura E. et al. (2022) who
revealed differences in Raman parameters between Chamber A and
Chamber C samples and interpreted them as indicative of a higher
exposure to solar irradiation of the surface (vs. sub-surface).

Among type 2 chondrites, structural variability of the polyaromatic
carbonaceous matter has been previously revealed and interpreted as
reflecting short-duration heating most likely related to impacts (Quirico
et al., 2018). In particular, three subgroups (R1, R2 and R3) were
defined. R1 designates the structural order of most of the type 2 chon-
drites that are basically unheated (e.g., Murchison, Nogoya...). R3s
exhibit some slight structural modifications in comparison to R1s and
have most likely been moderately heated (e.g., WIS 91600, Cold Bok-
keveld...). Lastly, R2s exhibit some substantial structural modifications
in comparison to R1s: they have been heated (e.g., PCA 02012, PCA
91008). On the graph FWHM], vs. Ip/Ig (Figs. 4a and d), R2s are easily
identified as they are plotting off the main trend with higher Ip/Ig and
R3s are characterized by larger FWHMp, than R1s. On FWHMg vs. og
(Figs. 4c and f), R3s and R2s are again slightly off the R1s with lower wg
and higher FWHMg, respectively. Moreover, wp tend to be at higher
wavenumbers for R2s and R3s than for Rls (Figs. 4b-e). In terms of
average spectra, the fluorescence background of R3s is not signi-
ficatively different from R1s, but the G-band is narrower and the spectral
valley between the D- and G-bands is deeper than on Rls spectra
(Fig. 3a). The fluorescence background of R2s is significantly lower than
in R1ls and R3s (Fig. 3a). In a manner similar to type 2 chondrites, CI
chondrites basically escaped significant heating. Under the hypothesis of
a similar kinetics, structural order of the polyaromatic carbonaceous
matter is sensitive to the peak temperature (e.g., Bonal et al., 2016). The
temperature experienced by types 1 and 2 chondrites is not firmly
established with estimations from 20 to 150 °C for CIs and from 0 to
80 °C for CMs (see review by Brearley, 2006). These overlapping ranges
of temperatures are consistent with the absence of distinction between
Orgueil and type 2 chondrites based on the structural order of their
polyaromatic carbonaceous matter (Fig. 4d-f). Still, average Raman
spectra of Orgueil is significantly more fluorescent than those of type 2
chondrites (Fig. 3a). To be noted, the acquisition of Raman spectra of
Ivuna fragments has been attempted with the experimental conditions
similar to all the other samples but was unsuccessful: the intensity of the
fluorescence background was systematically higher than for Orgueil and
led to the saturation of the instrument detector.

The majority of the Ryugu intact particles considered in the present
work overlaps with unheated (R1) type 2 chondrites. Only A0108-10
and C0109-9 are plotted slightly apart R1s and towards R3s. Their
average Raman spectra exhibit a fluorescence background (i) lower than
the other Ryugu particles, but (ii) similar or higher than R1 type 2
chondrites (Fig. 3a). The easiest way to interpret the small structural
variability observed among the Ryugu samples studied in the present
work is to consider some very moderate heating experienced by the
particle C0109-9 and particle A0108-10. This is consistent with the
relatively high CH,/CHjs ratio of the IOM of A0108-10 as estimated from
infrared spectra (Quirico et al., 2022 and corresponding paper Quirico
et al., accepted). In addition, mineralogical and textural signatures of
impact-driven heating in Ryugu grains as revealed by Noguchi et al.
(2023) (in ~7% of analyzed samples) support the plausible presence of
heated material within Ryugu’s regolith. On the other hand, the IOM
from C0109-9 is not characterized by a higher CHy/CHgs ratio. This
apparent discrepancy might simply reflect a very moderate heating that
did not lead to structural and chemical modifications homogeneously
throughout the considered particle (i.e., the fragments used for chemical
extraction being different from the one characterized by Raman
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Fig. 5. Spectral parameters of Raman bands ((a) FWHM]p, vs. Ip/Ig, (b) wg vs.
®p, (¢) FWHMg vs. 0g) obtained on IOM chemically extracted from Hayabusa2
particles (in black) and reference chondrites (type 1 CI Orgueil in yellow and
type 2 CM chondrites (R1) in green). For comparison, corresponding data for
intact particles and matrix fragments are reported and shaded in grey. Most of
the IOM were chemically extracted at IPAG, except two of them that were
extracted by H. Yabuta (HY on the graph). Averages (symbols) and standard
deviations (bars) are plotted for each sample. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of
Ehis article.)

spectroscopy).

Very moderate heating appears to be the easiest way to explain the
organic structural variability revealed by the present Raman measure-
ments. Nevertheless, the possibility of distinct organic precursors might
not be actually totally ruled out: (i) Ryugu’s regolith could indeed have
been bombarded by micrometeorites; and (ii) the brecciated nature of
some coarse samples has recently been revealed (Nakamura T. et al.,
2023). However, investigating such a possibility requires a combined
characterization of organics and mineralogy in a considered petro-
graphic context. This approach was not possible in the timeframe of the
Hayabusa 2 initial Analysis. Moreover, the similarity of organic pre-
cursors among primitive chondrites is usually hypothesized and appears
as the simplest and most appropriate approach so far (e.g., Alexander
et al., 2017).

4.3. IOM

Raman spectra acquired on the chemically extracted IOM also sys-
tematically exhibit, unsurprisingly, the D- and G-bands related to the
presence of polyaromatic carbonaceous matter (Fig. 3b). The intensity of
the fluorescence background is noticeably lower (Fig. 3a) than on the
spectra obtained on intact matrix fragments and intact Ryugu particles
(Fig. 3b), with the exception of the IOM extracted on bulk aggregates
A0106 (HY) and C0107 (HY) (Fig. 3b). On the graph FWHMp, vs. Ip/Ig
(Fig. 5a), AO106 (HY) appears to be slightly off the area defined by the
other IOMs (from the Ryugu samples and type 2 chondrites). However,
taking into account the standard deviation of each other spectral
parameter (Fig. 5b-c), there is no systematic difference between IOMs
A0106 (HY) and C0107 (HY) and the others. The derived spectral pa-
rameters are shifted in comparison to parameters obtained on intact
matrix fragments and Ryugu intact particles (Fig. 5). These differences
could be related to the absence of the so-called soluble organic matter,
but a different sensitivity to the incident laser could also play a role.
Understanding precisely the influence of the extraction on spectral dif-
ference between IOM and intact samples would need a dedicated
investigation (e.g., Kebukawa et al., 2019), that is behind the scope of
the present paper. Nevertheless, one notes that the spectral parameters
relative to Ryugu particles are superimposed with those of types 1 and 2
chondrites. This is consistent with the fact that these Ryugu particles
escaped significant heating (see part 4.1). No IOM of slightly heated type
2 chondrites (R2, R3, see part 4.2) has been obtained and characterized
in the timeframe of the initial analysis. As such, a precise character-
ization of the short-duration thermal history potentially experienced by
Ryugu is not possible based on IOM. However, the IOM extracted from
particle A0108-10 does not appear to be characterized by spectral pa-
rameters distinguishable from the other particles or reference chondrites
(Fig. 5). This again shows that if A0108-10 indeed experienced some
heating to explain the spectral parameters of the intact particles, it was
very moderate.

5. Conclusion
The main conclusions based on the interpretation of the Raman

spectral data acquired on a series of 11 Ryugu intact particles and 8
extracted IOM are the following:
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- There is no structural difference of the polyaromatic component
probed by Raman spectroscopy between Chamber A and Chamber C
particles

- In a manner similar to type 1 and 2 chondrites, the characterized

Ryugu particles did not experience significant long-duration thermal

metamorphism related to the radioactive decay of elements such as

26 Al

Some structural variability is nevertheless observed within our par-

ticle set. It may be interpreted as some particles having experienced

some short-duration and weak heating (R3 in the scale defined by

Quirico et al., 2018 and TII or lower according to the scale defined by

Nakamura, 2005), in a manner similar to primitive carbonaceous

chondrites.

Raman spectroscopy provides the maturation grade of the poly-
aromatic carbonaceous matter, and finally its degree of heating as a
result of the time-temperature history. Three types of heating processes
can be considered: collisional, solar, and radiogenic. The latter one is not
compatible with the structural order of the polyaromatic carbonaceous
matter observed in the considered Hayabusa2 samples. The surface of
Ryugu has been subjected to high temperature (e.g., Kitazato et al.,
2021) that could induced some structural modification of the carbona-
ceous matter. But still we do favor a collisional origin for the observed
structural heterogeneity as it is compatible with the idea that “Ryugu is
the product of more than one generation of parent body disruption“as
proposed by Morota et al. (2020). This is also consistent with sparse
zolenskyite identified in some Ryugu particles (Tomioka et al., 2023) —
this high-pressure phase of daubreelite being formed at a few giga-
pascals (Ma and Rubin, 2022). Some rare evidences of shock
(compression axis, sets of fractures) have also been recently reported by
Nakamura E. et al. (2022) and Nakamura T. et al. (2023) in one out of
seventeen particles. The main conclusions that Ryugu escaped signifi-
cant long-duration thermal metamorphism and exhibits only a few ev-
idences of shocks at high pressure and/or high temperature are
consistent with the mineralogy (i.e., fine-grained materials of phyllosi-
licate minerals) of the Ryugu samples (e.g., Nakamura E. et al., 2022;
Nakamura T. et al., 2023; Yokoyama et al., 2022). This is also consistent,
for example, with (i) the chemical, isotopic, and morphological di-
versities of macromolecular organic matter interpreted as recording
various degrees of parent body aqueous alteration (Yabuta et al., 2023),
(ii) the molecular diversity revealed in SOM (Naraoka et al., 2023), (iii)
the elemental and isotopic compositions of IOM (Remusat et al., 2022),
(iv) the abundance and variety of presolar grains (Barosch et al., 2022),
(v) planetary noble gas concentrations equivalent to or even higher than
CI chondrites (Okazaki et al., 2022). Lastly, this is consistent with the
similarity established between Ryugu samples and CI chondrites
(Yokoyama et al., 2022).
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