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Abstract–We present here an investigation of Ryugu particles recovered by the Hayabusa2
space mission and their extracted carbonaceous acid residues using Raman spectroscopy.
Raman parameters of Ryugu intact grains and their acid residues are characterized by broad
D (defect induced) and G (graphite) band widths, indicating the presence of polyaromatic
carbonaceous matter with low thermal maturity. Raman spectra of Ryugu particles and CI
(type 1) chondrites exhibit stronger laser-induced fluorescence backgrounds compared to
Type 2 and Type 3 carbonaceous chondrites. The high fluorescence signatures and wide
bandwidths of the D and G bands of Ryugu intact grains are similar to the Raman spectra
observed in CI chondrites, reflecting the low structural order of their aromatic carbonaceous
matter, and strengthening the link between Ryugu particles and CI chondrites. The high
fluorescence background intensity of the Ryugu particles is due to multiple causes, but it is
likely that the relative abundance of geometry-bearing macromolecular organic matter in
total organic carbon contents makes a large contribution to the fluorescence intensities.
Locally observed high fluorescence in the acid-extracted residues of Ryugu is due to
nitrogen-bearing outlier phase. The high fluorescence signature is one consequence of the low
degree of thermal maturity of the organic matter and supports evidence that the Ryugu
particles have escaped significant parent body thermal metamorphism.

INTRODUCTION

Water-rich, hydrous asteroids are a diverse group of
asteroids that experienced a range of aqueous alteration
and thermal metamorphism. Primitive nebular materials
in the early solar system were modified by secondary
aqueous alteration and thermal metamorphism
during/after planetesimal accretion (e.g., Alexander
et al., 2017; Brearley, 2006). Thus, the hydrous asteroids
record valuable information about the cosmochemical
and geological evolution of small asteroids. The
Hayabusa2 space mission investigated the surface of the
C-type asteroid (162173) Ryugu for more than a year
after rendezvousing with the asteroid in 2018 (Tsuda
et al., 2020; Watanabe et al., 2019). Remote sensing
observations of the surface showed that Ryugu was
formed from an undifferentiated aqueously altered
asteroid that may have experienced subsequent heating
(Kitazato et al., 2019; Sugita et al., 2019). In December
2020, a total of about 5.4 g of material from the Ryugu
surface was returned to Earth by Hayabusa2 (e.g.,
Tachibana et al., 2022). Ryugu is the fifth extraterrestrial
body to be sampled by spacecraft, following previous
sample return missions including Apollo, Luna, and
Chang’e-5 samples from the Moon, GENESIS solar wind
particles from the Sun, Stardust cometary dust from

Comet Wild 2, and Hayabusa samples from the
near-Earth S-type asteroid Itokawa. Samples from a sixth
extraterrestrial body, the asteroid Bennu, were collected
by the OSIRIS-Rex mission, were returned to Earth in
September 2023, and at the time of this writing, await
detailed analyses and observations (Lauretta et al., 2022).
Retrieved samples of the Hayabusa2 mission include
materials from two touchdown sites of the surface and
the sub-surface of Ryugu, the latter exposed by an
artificial impact (Arakawa et al., 2020). Previous studies
including curational studies and initial analyses on the
returned samples have shown that the Ryugu samples are
similar in mineralogy, textures, chemical composition,
noble gas isotopic composition, and molecular and
isotopic compositions of organic matter to CI (Ivuna-
type) carbonaceous chondrites (Nakamura et al., 2022;
Naraoka et al., 2023; Okazaki et al., 2022; Yabuta
et al., 2023; Yokoyama et al., 2022). However, it is also
suggested that Ryugu samples have different
characteristics from CI chondrites including lower
albedo, higher porosity (Yada et al., 2022), lack of
sulfates and ferrihydrite, and low abundances
of interlayer water in phyllosilicates (Nakamura et al.,
2022; Yokoyama et al., 2022), a distinct oxidation degree
(Amano et al., 2023), higher abundances of noble gases
(Okazaki et al., 2022), partially low N isotopic

Raman spectroscopy of Ryugu particles and their extracted residues 2167
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compositions (Naraoka et al., 2023; Okazaki et al., 2022;
Yabuta et al., 2023), and high abundances of aromatic
organic grains and diffuse organic matter (Yabuta
et al., 2023).

Raman spectroscopy is an effective tool to acquire
structural information on carbonaceous materials that
reflect metamorphic histories and conditions. In
particular, Raman spectra are used to examine peak
metamorphic temperatures of host rocks of terrestrial
(Ferrari & Robertson, 2000; Quirico, Rouzaud,
et al., 2005) and extraterrestrial materials (Quirico, Borg,
et al. 2005; Quirico et al., 2009; Wopenka, 1988). Many
carbonaceous chondrites show the two first-order Raman
bands of polyaromatic carbon materials, namely the D
(“defect,” ~1350 cm�1) and G (“graphite,” ~1590 cm�1)
bands and their width and peak positions are strongly
related to the thermal processing their parent bodies have
experienced (Bonal et al., 2006, 2007, 2016; Busemann
et al., 2007; Quirico et al., 2003). Some carbonaceous
chondrites exhibit a significant fluorescence signal in
addition to Raman scattering (Busemann et al., 2007;
Quirico, Borg, et al., 2005; Wopenka, 1988). We noticed
that the Raman spectra of the Ryugu intact particles
show significant laser-induced fluorescence as evidenced
by high intensities of backgrounds under the Raman
bands and high background slopes (Yabuta et al., 2023).
Our interest lies in understanding the Raman fluorescence
of Ryugu particles as well as D and G band
characteristics, and evaluating whether fluorescence can
be used as an independent indicator of thermal maturity
of the Ryugu particles.

Here we present our investigation of Ryugu particles
by Raman spectroscopy and through fluorescence
signatures. We describe Raman spectra collected from
intact Ryugu particles and extracted acid residues, and
compare these results with Raman analyses from type 1,
2, and 3 carbonaceous chondrites to address: (1) whether
the Raman spectra of Ryugu intact particles and their
extracted residues show strong similarities with a specific
chondrite group, and (2) whether the observed
fluorescence of Ryugu particles can provide constraints
on the degree of thermal metamorphism experienced by
the asteroid Ryugu. This study builds on the Raman
study of Ryugu particles reported by Bonal et al. (2024)
by evaluating the effects of different laser powers on
detected spectra and the role of fluorescence as a
potential indicator of thermal maturity.

EXPERIMENTAL PROCEDURES

Samples

Raman point analyses were performed on five intact
grains from Chamber A (A0106 #16, A0108 #5, #7, #17,

#58) and three from Chamber C (C0109 #1, #15, #16)
aggregates, as well as one individual particle C0057 #3
from Chamber C. Extracted acid residues from Chamber
A (A0106), Chamber C (C0107) aggregates and individual
particle C0002 processed at Hiroshima University
(Yabuta et al., 2023) were also examined (Tables 1 and 2).
Chamber A and C samples were collected at the first and
second touchdown sites, respectively. Chamber A samples
were collected directly from the surface of Ryugu,
whereas Chamber C samples were collected near an
artificial impact crater after the small carry-on impactor
had excavated material from the asteroid subsurface
(Arakawa et al., 2020; Tachibana et al., 2022).

Pieces of Ryugu particles crushed on diamond
windows were used for the measurements to ensure
continuity with the FT/IR analysis in our coordinated
study (Kebukawa et al., 2023). The particles were stored
in a dry container before and after analyses to avoid
terrestrial alteration with atmospheric water. We also
studied the primitive carbonaceous chondrites Orgueil,
Ivuna (type 1 CI chondrites), Tagish Lake, Tarda (C2-
ungrouped), Murchison, Nogoya, and Jbilet Winselwan
(type 2 CM chondrites), prepared similarly to the Ryugu
intact grains. Polished thin sections of type 3 CV
chondrites Leoville, Vigarano, and Allende were also
examined. These carbonaceous chondrites were obtained
from meteorite dealers and kept under vacuum to avoid
atmospheric alteration before the Raman measurements.
Petrologic types 1, 2, and 3 are attributed to reflect
variable intensity of thermal metamorphism and/or
aqueous alteration. Type 1 chondrites experienced
complete aqueous alteration of anhydrous silicates,
whereas the type 2 and 3 carbonaceous chondrites
experiences high degree (type 2) or only incipient (type 3)
hydration of silicates on their parent bodies. Type 3
chondrites used in this study experienced minor (Leoville
and Vigarano) or moderate (Allende) thermal
metamorphism (Bonal et al., 2006; Krot et al., 1995) that
overlapped with or post-dated aqueous alteration (Bonal
et al., 2020). Acid residues extracted from CM chondrite
Murchison and produced at Hiroshima University
(Yabuta et al., 2023) were also examined in this study.

Raman Spectroscopy Analyses

The Raman spectra were acquired with a Renishaw
InVia Reflex Raman spectrometer equipped with 1800
lines per millimeter grating at the Materials
Characterization Central Laboratory at Waseda
University, using a 532 nm laser. The laser was focused
on the sample surface out of a 509 objective with a spot
size of approximately 3–4 lm. The maximum laser power
was measured using the same objective: laser powers of
110 lW, 240 lW, and 1 mW at the surface were used in

2168 M. Komatsu et al.
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the present study. Ideally, the same laser power would be
used for all analyses; however, different laser powers were
used to obtain sufficient signal-to-noise (S/N) while
minimizing damage to the samples. Several test analyses

were conducted to evaluate the effects of different laser
powers on detected Raman parameters and fluorescence
intensities (see Supplemental Material). Test analyses of
Ryugu grains show consistent variations in values

TABLE 1. Average intensities in the Raman spectra from intact grains and extracted residues of Ryugu particles
and meteorites.

Ryugu grains Sample name n
Average intensity
at 1000 cm�1 SD Laser power

Intact grains Chamber A Aggregate A0106-16 9 131,408 31,862 1 mW

Aggregate A0108-5 10 157,684 34,787
Aggregate A0108-7 5 96,841 16,693
Aggregate A0108-17 14 108,563 20,097
Aggregate A0108-58 36 105,982 27,198

Chamber A average 116,271 63,105

Chamber C Aggregate C0109-1 15 79,985 29,004
Aggregate C0109-15 14 136,680 29,004

Aggregate C0109-16 16 142,953 43,311
Individual particle C0057-3 14 83,600 39,270

Chamber C average 108,890 45,901

Chamber A Aggregate A0108-7 4 52,220 15,678 240 lW
Aggregate A0108-17 5 63,109 11,787

Chamber A average 58,270 14,687

Chamber C Aggregate C0109-1 5 46,090 11,153
Aggregate C0109-15 4 49,723 6179

Chamber C average 47,705 9452

Ryugu extracted
acid residues

Chamber A Aggregate A0106 residue #2 10 60,163 9617 110 lW
Aggregate A0106 residue #6 18 22,018 11,040

Chamber A average 41,090 19,072

Chamber C Aggregate C0107 residue #8 13 47,999 20,557
Aggregate C0107 residue #13 8 34,267 3318
Individual particle C0002 19 45,687 44,015

Chamber C average 41,263 31,567

Meteorites Sample n
Average intensity
at 1000 cm�1 SD Laser power

Raw matrix Type 1 Orgueil 18 54,355 33,337 1 mW
Ivuna 12 137,113 32,988

Type 1 Orgueil 15 119,441 37,970 240 lW
Ivuna 6 119,969 64,102

Type 2 Tagish Lake 3 15,134 1989

Tarda 5 19,757 2083
Murchison 6 13,368 3606
Nogoya 10 9694 2564

Jbilet Winselwan 13 9822 4979

Type 3 Leoville 7 1206 622

Vigarano 6 2196 226
Allende 4 1779 299

Extracted acid residues Type 2 Murchison 11 14,449 3383 110 lW

Raman spectroscopy of Ryugu particles and their extracted residues 2169
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of some Raman parameters (e.g., FWHMD) detected
using 240 lW versus 1 mW analyses (Figure S3). In
general, however, differences in Raman parameters
attributed to different laser powers are relatively minor
compared to the distinct values characteristic of type 3

versus type 1 and 2 chondrites. In contrast, fluorescence
intensities show mixed variations with laser power and
decrease as repeated analyses are collected on the same
spot (Supplemental Material and Results). In this study,
the variable laser powers were used to determine Raman

TABLE 2. Average Raman parameters and their SDs of the samples in this study.

Sample name n xD (cm�1) xG (cm�1)
FWHMD

(cm�1)
FWHMG

(cm�1) ID/IG

Laser
powerb

Ryugu intact grains

Chamber A Aggregate A0106-16 9 1381.9 � 4.9 1583.1 � 3.1 253.4 � 7.1 98.1 � 2.8 0.67 � 0.04 1 mW
Aggregate A0108-5 10 1378.1 � 4.8 1588 � 6.2 251.9 � 3.1 94.4 � 1.9 0.66 � 0.02
Aggregate A0108-7a 5 1372.8 � 1.7 1584 � 3.6 236.1 � 12.6 98.6 � 3.9 0.68 � 0.03

Aggregate A0108-17a 14 1373.4 � 5.6 1588.4 � 3.7 232.1 � 11.3 95.6 � 4.9 0.76 � 0.03
Aggregate A0108-58 36 1385.8 � 8.7 1583.6 � 3.7 248.2 � 11.5 95.5 � 2.5 0.69 � 0.06

Chamber A average 1380.1 � 9.2 1585.1 � 4.6 243.7 � 13.6 96.2 � 3.8 0.7 � 0.06

Chamber C Aggregate C0109-1a 15 1382.0 � 4.0 1580.9 � 1.6 256.6 � 10.7 98.7 � 2.7 0.7 � 0.05

Aggregate C0109-15a 14 1380.5 � 6.5 1585.6 � 4.5 258.9 � 7.0 96.2 � 2.3 0.68 � 0.02
Aggregate C0109-16 16 1380.1 � 4.5 1582.1 � 3.1 254.1 � 11.5 100 � 3.2 0.68 � 0.05
Individual

particle C0057-3

14 1377.9 � 6.6 1582.9 � 3.5 244.1 � 14.3 98.2 � 5.1 0.69 � 0.08

Chamber C average 1380.2 � 5.7 1682.8 � 3.8 253.4 � 12.6 98.4 � 3.8 0.69 � 0.05

Extracted acid residues

Chamber A Aggregate A0106-2 10 1379.2 � 8.0 1594.7 � 4.2 186.7 � 8.0 90.3 � 6.1 0.74 � 0.05 110 lW
Aggregate A0106-6 15 1367.6 � 5.7 1589.5 � 6.9 221.4 � 13.1 95.9 � 4.0 0.7 � 0.04

Chamber A average 1372.6 � 8.6 1491.6 � 6.4 206.4 � 20.5 94.4 � 6.4 0.7 � 0.05

Chamber C Aggregate C0107-8 14 1370.2 � 4.8 1590.8 � 5.3 219 � 10.5 97.3 � 4.7 0.68 � 0.02

Aggregate C0107-13 8 1367.4 � 3.3 1589.8 � 3.3 216.7 � 7.1 94.6 � 5.3 0.71 � 0.01
Individual
particle C0002

19 1372.3 � 11.4 1589.5 � 5.2 222.4 � 24.5 95.8 � 9.6 0.78 � 0.1

Chamber C average 1370.6 � 8.4 1589.9 � 4.8 217.1 � 14.1 95.8 � 7.4 0.73 � 0.08

Meteorite matrix

Type 1
(CI chondrites)

Orgueil 18 1372.8 � 4.2 1580.2 � 3.3 244.4 � 4.2 96.8 � 4.5 0.79 � 0.07 1 mW
Ivuna 12 1387.5 � 5.4 1578.6 � 2.4 239.5 � 5.4 97.6 � 1.2 0.7 � 0.06

Type 2 Tagish Lake 12 1372.6 � 6.0 1583.7 � 4.3 260.8 � 6.0 90.7 � 4.0 0.77 � 0.05
Tarda 5 1370.9 � 4.9 1586.7 � 2.8 222.7 � 4.9 98.9 � 5.7 0.63 � 0.04 240 lW
Murchison 11 1361.3 � 3.8 1591.8 � 4.2 201.2 � 11.4 90.6 � 4.3 0.75 � 0.04
Nogoya 10 1367 � 2.7 1586.9 � 4.8 213.1 � 2.7 97.7 � 6.4 0.7 � 0.03
Jbilet Winselwan 13 1359.5 � 8.3 1590.8 � 5.4 209.1 � 8.3 89.9 � 4.8 0.83 � 0.08

Type 3
(CV chondrites)

Leoville 5 1351.7 � 2.6 1600.4 � 2.6 166.5 � 5.7 74 � 3.4 0.89 � 0.06
Vigarano 6 1344.8 � 2.2 1601 � 2.2 134.6 � 9.5 62.8 � 3.8 0.86 � 0.09

Allende 4 1349 � 2.2 1601.7 � 3.4 71.0 � 6.6 61.7 � 1.3 1.37 � 0.06

Extracted acid residues

Type 2 Murchison 11 1363.2 � 4.2 1591.1 � 3.5 217.3 � 6.8 86.0 � 3.8 0.77 � 0.02 110 lW
aRaman parameters were calculated using fits to spectra with R2 ≥ 0.96. See Table S2 for parameters based on spectra analyzed at 240 lW with

poorer quality fits.
bRaman parameters of Ryugu intact grains, CI chondrites, and Tagish Lake meteorite were obtained from the Raman spectra measured at

1 mW laser, whereas the other meteorite samples were obtained with 240 lW. Extracted acid residues of both Ryugu samples and Murchison

were measured with 110 lW laser.

2170 M. Komatsu et al.
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parameters, whereas a constant laser power (240 lW)
was used on fresh spots to compare fluorescence
intensities (some 1 mW analyses also were collected; see
Results Section, Figure 2).

The spectrometer calibration was checked using a
silicon standard at the beginning of each Raman
analytical session. Each acquisition comprised five
integrations of 10 s that were integrated to make the final
spectrum. The Raman band positions (x) are presented
as wave numbers representing the Raman shift relative to
the excitation laser wavelength. Peak positions for the D
and G bands, their peak widths (measured as the full
width at half maximum, FWHM), and intensities of the
D versus G bands (ID/IG) were obtained for each
individual spectrum. Multi-band fittings (e.g., D1, D2,
D3, and D4) have been determined from Raman spectra
of organic matter in some metamorphic rocks (Beyssac
et al., 2003; Homma et al., 2015; Kouketsu et al., 2014).
However, two-band fittings have been used in several
studies of C-rich materials in chondrites, and are effective
for distinguishing variations in peak metamorphic
temperatures in these rocks (Bonal et al., 2006, 2016,
2024; Busemann et al., 2007; Quirico et al., 2003). To
maintain consistency with the data set of Raman
parameters compiled from previous studies, we used
two-band fittings in this study.

The analytical procedure follows two main steps (i)
subtraction of the fluorescence backgrounds assuming a
linear shape within the 900–1900 cm�1 range; (ii) fitting
the D and G Raman bands with models consisting of a
Lorentzian and Breit–Wigner–Fano profiles, respectively.
Due to high fluorescence of Ryugu particles, the D and G
bands in the spectra of some particles are hidden by the
fluorescence background, resulting in a poor coefficient
of determination (R2). Therefore, we accepted only
spectra that were successfully fitted with values of
R2 ≥ 0.96. The position (x), peak intensity, and FWHM
of the D and G bands were determined for each
spectrum. Average spectra were derived by averaging the
spectra of approximately 5–20 points, depending on
sample sizes, and average parameters are calculated as
the average of individual parameters.

The Raman spectra we obtained in this study have
prominent fringes in all wavelength ranges due to
interference of the spectrometer (Figure 2 and Figure S1).
The fringe interference is noticeable in the Ryugu samples
and CI chondrites with high fluorescence background. In
some high fluorescence spectra, interferences were high
enough so that reliable Raman parameters could not be
determined; however, in most cases, we found that the
fringes had little effect on identifying and characterizing
the D and G bands. As suggested by previous studies,
absolute values of given Raman parameters vary
depending on the measurement settings including the

design of the spectrometer and the fitting procedures (e.g.,
Busemann et al., 2007; Quirico et al., 2014). In this study,
multiple laser powers were used for the examination of
Raman spectra of Ryugu grains. A constant laser power
of 240 lW was used to collect the Raman spectra that
were used to compare fluorescence intensities of meteorite
and Ryugu samples. However, different laser powers were
used to collect spectra for the determination of Raman
parameters; the challenge for these analyses was to obtain
sufficient signal-to-noise and at the same time minimize
sample damage. The effects of analytical conditions are
discussed in the data supplement. The Raman analysis of
the Organic Macromolecule Initial Analysis Team was
performed by two groups, one from France (Bonal
et al., 2024) and the other from Japan (this study). Both
groups used the same laser wavelength and fitting
procedures in the measurements for Ryugu particles and
the results are generally consistent, though there are some
variations in absolute values of detected Raman
parameters. We present results from the Raman spectral
study carried out in Japan, which includes the evaluation
of the effects of different laser powers on Raman spectra
and interpretation of fluorescence characteristics of Ryugu
particles. Comparative analyses of Ryugu particles and
type 1, 2, and 3 chondrites using a constant laser power
(0.3 mW) led by the French team are reported in detail in
Bonal et al. (2024) and are discussed during the
presentation and interpretation of results of this study.

Intact grains and extracted acid residues were also
studied on a JEOL IT-100LA scanning electron microscope
(SEM) operating at 15 kV using back-scattered electron
(BSE) imaging and energy dispersive spectrometer (EDS) at
the Materials Characterization Central Laboratory at
Waseda University. X-ray elemental maps of one intact
grain and one acid residue were collected by SEM/EDS to
characterize compositional variations. The elemental maps
were collected by placing the samples on a diamond window
and collecting X-rays in low-vacuum mode without carbon
coating.

RESULTS

Ryugu Intact Grains

General Characteristics of Raman Spectra
The intact grains in this study consist mostly of dark,

fine-grained, phyllosilicate-rich matrix and opaque grains
including sulfides and Fe-oxide (Figure 1). Some
transparent grains of various sizes are also present, which
were identified by Raman analysis as carbonate
(Figure 1e) or phosphate minerals (Figure 1f). Organic
matter is associated with the matrix phyllosilicates.

Average Raman spectra of matrix areas of Ryugu
intact grains are shown in Figure 2, together with those of

Raman spectroscopy of Ryugu particles and their extracted residues 2171
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FIGURE 1. (a, b) Optical micrographs of intact grains of A0106-16 and A0108-17 pressed on the diamond window. (c, d) BSE
image and combined X-ray elemental map (Ca = red, Fe = green, S = blue) of the enlarged area of the intact grain A0106-16,
obtained after the Raman analyses. (e, f) carbonate grain labeled in (b) (measured at 240 lW for 10 s) and phosphate grain
labeled in (d) (A0106-16, measured at 1 mW for 10 s) were identified by Raman spectra. To make the mineral peaks visible,
strong diamond peak (~1332 cm�1) derived from the diamond window has been masked. (Color figure can be viewed at
wileyonlinelibrary.com)

2172 M. Komatsu et al.
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the petrologic types 1, 2, and 3 carbonaceous chondrites,
measured at a same laser power of 240 lW (two average
spectra analyzed at 1 mW are shown for comparison).
Analyses with higher fluorescence backgrounds tend to
have higher slopes and stronger fringes (indicated by
arrows in Figure 2). The fringes are well developed in
spectra from the CI chondrites and Ryugu grains. For
spectra collected at the same laser power (240 lW), the
Ryugu grains have fluorescence intensities and slopes that
are lower than the CI chondrites, but distinctly higher
than the type 2 chondrites (Figures 2 and 3). The type 3
chondrites have the lowest fluorescence intensities, slopes,
and fringes. The D and G bands are partially to
completely masked by fluorescence and fringes in the
spectra of Ryugu grains collected at 240 lW. The D band
(~1350 cm�1) becomes more distinct when the laser
power is increased to 1 mW (Figure 2).

Individual analyses within single grains exhibit
variations in background intensities. Nevertheless, on
average, the Ryugu intact grains have approximately four
times higher fluorescence at 1000 cm�1 than CM
chondrites (Table 1; Figure 3). In general, the

fluorescence intensities of the Ryugu intact grains
measured at 240 lW fall between those observed in type
1 and type 2 chondrites. However, for analyses collected
using laser power of 1 mW, fluorescence intensities at
1000 cm�1 of Ryugu grains overlap with those of CI
chondrites (Table 1; Figure 3). We also observed a
decrease in fluorescence intensities with increasing the
petrologic types from type 2 to type 3, indicating there is
a connection between the intensity of the fluorescence
and the degree of thermal metamorphism. Because of the
small number of grains analyzed, it is not possible to
determine whether the higher fluorescence intensities of
the Chamber A grains are due to random fluctuations
between individual grains or if there is a systematic
difference in fluorescence of Chamber A versus Chamber
C grains.

Raman Parameters
The Raman parameters of Ryugu intact grains are

characterized by wide D and G bandwidths, and
generally overlap with those of type 1 and type 2
chondrites (Figure 4). The Ryugu intact grains from both
Chambers A and C that we studied have Raman
parameter values that overlap with those of CI
chondrites. Compared to the type 2 chondrites, the
Ryugu intact grains have similar ID/IG ratios, FWMHG,
xG, but the detected FWHMD and xD values are slightly
higher than those of the type 2 chondrites (Figure 4).
However, the spectra collected for determining Raman
parameters were collected at 240 lW for the type 2
chondrites other than Tagish Lake and at 1 mW for the
Ryugu grains and Tagish Lake. As discussed in
the Supplementary Material, test spectra of Ryugu grains
collected using a laser power of 1 mW yielded FWHMD

values that were approximately 50 cm�1 higher than
FWHMD of 240 lW analyses (Figure S3). We note
further that the FWHMD of type 2 chondrite Tagish
Lake, which was determined from 1 mW analyses,
overlaps with those of the Ryugu grains (Figure 4b).
Therefore, based on the data from this study, we infer
that there are no significant differences between the
Raman parameters of the Ryugu intact grains and
the type 2 chondrites. Compared to the type 3
carbonaceous chondrites, the Ryugu intact grains have
wider bandwidths for both the D and G bands, lower
ID/IG, lower xG, and higher xD (Figure 4).

The similarity in Raman parameters of Ryugu
particles to those of CI chondrites and unheated CM
chondrites confirms the results of our companion study
by Bonal et al. (2024). There are some differences in the
values of the Raman parameters determined by the two
groups. In particular, our values for the FWHMD of the
Ryugu intact grains are approximately 70 cm�1 wider
than those of the French group (Figure 4; see figure 4 in

FIGURE 2. Average Raman spectra showing variations in
fluorescence and fringes of Ryugu intact grains and
carbonaceous chondrites. From 2 to 15 individual spectra
were used to calculate the averages shown here (see Table 2).
The carbonaceous chondrite spectra shown here were
measured using the 240 lW laser power. Two Raman spectra
of Ryugu intact grains A0108-7 and C0109-15 measured at
1 mW are also shown for comparison. Analyses with higher
fluorescence background tend to have higher slopes and
stronger fringes (indicated by arrows). (Color figure can be
viewed at wileyonlinelibrary.com)

Raman spectroscopy of Ryugu particles and their extracted residues 2173
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Bonal et al., 2024). However, the FWHMD values of this
study were determined from spectra collected at 1 mW,
whereas the analyses of Bonal et al. (2024) were collected
at 0.3 mW; as discussed above, in the test analyses of this
study, higher laser power analyses yielded wider
FWHMD (Figure S3). Thus, the discrepancy between the
FWHMD values of Ryugu intact grains of this study
compared with the results of Bonal et al. (2024) is
probably a consequence, at least in part, of the higher
laser power used in this study.

A comparison of Raman parameters of type 1–3
chondrites obtained in this study with the results of the
French group (Bonal et al., 2024) is shown in Figure S5.
Orgeuil (CI type 1), Murchison and Nogoya (both CM2)
were analyzed by both groups; several L/LL 3 chondrites
were analyzed by Bonal et al. (2024), and CV 3
chondrites were analyzed in this study. Although several
Raman parameters of corresponding meteorites
determined by the two groups do not show 1:1
correlations, results from the two groups are consistent in

that: (1) Raman parameters determined from the type 1
and 2 meteorites cluster together; and (2) parameters of
the type 3 meteorites are distinct from those of the type 1
and 2 in the same trends (e.g., ID/IG of the type 3
meteorites are higher than those of the type 1 and 2
meteorites based on analyses of both the French group
and this study; see Figure S5e). Differences in equipment
and analytical conditions (e.g., 300 lW used by Bonal
et al. vs. 240 lW of this study, grains of type 3 chondrites
analyzed by Bonal vs. thin sections analyzed in this
study) combined with sample heterogeneities account for
some of the differences in results of the two studies.

Acid Carbonaceous Residues from Ryugu Samples

The acid residues of Ryugu samples analyzed in this
study have variable textures that were identified
previously by Kebukawa et al. (2023) and Quirico
et al. (2023). A dark-colored material similar to insoluble
organic matter (IOM) extracted from type 1 and type 2

FIGURE 3. Comparison of average fluorescence intensities at 1000 cm�1 of Ryugu intact grains and carbonaceous chondrites:
(a) Ryugu grains and CI (type 1) chondrites analyzed at 1 mW; (b) Ryugu grains and type 1, 2, and 3 carbonaceous chondrites
analyzed at 240 lW; (c) inset comparing fluorescence intensities of type 2 and type 3 carbonaceous chondrites in greater detail.
Background fluorescence intensities of Ryugu intact grains and of CI chondrites overlap for the 1 mW analyses (a); however, for
the 240 lW analyses, CI chondrites exhibit greater fluorescence than the Ryugu grains (b). Compared to both Ryugu grains and
CI chondrites, type 2 and 3 carbonaceous chondrites have relatively low fluorescence (b). The type 3 chondrites analyzed in this
study have lower fluorescence intensities than the type 2 chondrites (b, c). (Color figure can be viewed at wileyonlinelibrary.com)

2174 M. Komatsu et al.
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carbonaceous chondrites was labeled “IOM-like” by
Kebukawa et al. (2023; see Figure 5a,c). The other
textural type is brownish in color and sticky during
handling and was labeled “outlier phases” (Figure 5b). In
some cases, distinct outlier phase material can be
identified, but generally, the acid residues appear to
be mixtures of the IOM-like and outlier phases. In
addition to the fine-grained organic-rich materials,

Ni-rich Fe-sulfide, and elemental sulfur grains were
identified in this study (Figure 5d and Figure S6).

Averaged Raman spectra of extracted acid residues
of Ryugu samples from Chambers A and C, and
Murchison measured using a laser power of 110 lW
are shown in Figure 6. Compared to the Ryugu intact
grains, the acid residues have lower fluorescence
backgrounds, allowing the separation of D and G

FIGURE 4. The Raman parameters of Ryugu intact grains and type 1, 2, and 3 carbonaceous chondrites. (a, b) Intensity ratio
of D and G bands (ID/IG) versus full width at half maximum of D band (FWHMD). The variation within the Ryugu intact
grains is enlarged in (b). (c) G-band position (xG) versus full width at half maximum of G band (FWHMG). (d) D band position
(xD) versus G-band position (xG). Uncertainties are the SD of the mean values from each sample (1r). Ryugu intact grains, type
1 CI chondrites, and Tagish Lake were measured at a laser power of 1 mW, while the other chondrites were measured at
240 lW. Raman parameters obtained by the French team (Bonal et al., 2024) are shown for comparison; colored fields
summarize the results of Bonal et al. (2024) for Ryugu intact grains (gray), type 1 (yellow), type 2 (blue), and type 3 chondrites
(green). (Color figure can be viewed at wileyonlinelibrary.com)

Raman spectroscopy of Ryugu particles and their extracted residues 2175
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bands from background even at low laser intensities
(Tables 1 and 2; Figure S2a). In comparison,
individual spectra from Murchison acid residues have
both higher and lower fluorescence backgrounds than
Murchison matrix, but the D and G bands are better
developed in spectra of the acid residues (Figure S2b),
allowing the bands to be identified at relatively low
laser power analyses. Although the background
intensities of individual analyses of the acid residues
vary over a wide range, all of the average spectra of
Ryugu acid residues have higher fluorescence than the
acid residue of Murchison (Table 1; Figure 6).

Raman parameters of acid residues from Chambers
A and C, together with the Murchison residue are shown
in Figure 7. Raman parameters of intact grains obtained
in this study, and extracted IOM of Ryugu grains and
type 1 and 2 chondrites analyzed by Bonal et al. (2024),
the meteoritic IOM by Busemann et al. (2007) and
Starkey et al. (2013) are also shown. In general, Raman
parameters determined in this study for the Ryugu acid
residues overlap with those of the intact grains, though
there are some subtle variations. The FWHMD values of
the residues tend to be slightly narrower, xG values
higher and xD values lower than those of the intact

FIGURE 5. Optical micrographs of extracted acid residues of C0107-13 (a) and A0106-2 (b). The acid residues of Ryugu samples
contain two texturally different phases of “IOM-like” and “outlier.” Residue C0107-13 is mainly composed of IOM-like phases (a),
and residue A0106-2 consists of carbonaceous outlier phases and transparent grains (b). The IOM-like phases are comparable to the
normal IOM extracted from type 1 and type 2 carbonaceous chondrites (c). In contrast, the outlier phases appear brownish and
slightly glossy than IOM-like phases (d). (Color figure can be viewed at wileyonlinelibrary.com)

2176 M. Komatsu et al.
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grains (Figure 7). However, the acid residues were
analyzed using a laser power of 110 lW, whereas the
intact grins were analyzed at 1 mW. As our test analyses
show, differences in laser power may result in variations
in detected Raman parameters (Figure S3); thus, the
subtle variations in detected parameters of the acid
residues versus intact grains should be viewed with
caution. Most of the Raman parameters of acid residues
of Ryugu grains and type 1 and 2 chondrites analyzed by
Bonal et al. (2024) overlap with the analyses of this study
(Figure 7); however, the FWHMD values determined by
Bonal et al., are narrower than the results of this study,
possibly due to differences in analytical conditions.

The intact grains and acid residues of Ryugu grains and
Murchison analyzed in this study have similar FWHMD

but low ID/IG compared to the acid residues of type 1 and 2
chondrites analyzed by Busemann et al. (2007; see
Figure 7a). The FWHMG and xG values of the Ryugu acid
residues analyzed in this study are shifted to slightly higher
values than those of the Busemann et al. (2007) type 1 and 2
chondrite residues, though within uncertainties for most
analyses (Figure 7c). The Raman spectrometer settings used
by Busemann et al. (2007) differ from the analytical
conditions used for this study. Even so, the Raman
parameters of the Ryugu acid residues share similarities
with the acid residues of type 1 and 2 chondrites and are
distinct from acid residues of the type 3 chondrites analyzed
by Busemann et al. (2007; see Figure 7).

In this study, Raman spectra of the acid residues of
Ryugu grains and Murchison were analyzed for G and D

band parameters and were used to evaluate fluorescence.
The Raman parameters determined for the Ryugu
samples and Murchison have overlapping values
(Figure 7), but all of the Ryugu grain acid residues have
higher average fluorescence intensities than that of the
Murchison residue (Figure 6).

Variations of Raman Parameter of Ryugu Intact Grains

and Extracted Acid Residues

Variations Within a Single Intact Grain
A single grain of A0108-58, ~1 mm in size, was

crushed into multiple particles at Yokohama National
University, and Raman spectra were collected separately
as the interior and surface of the original grain. In order
to help understand possible changes related to space
weathering or solar irradiation heating on the surface of
Ryugu on individual grains, we compared the Raman
spectra of the interior and surface of grain A0108-58. A
1 mW laser power was used for these analyses; the
average fluorescence at 1000 cm�1 and Raman
parameters of this grain are shown in Tables 1 and 2,
respectively. The fluorescence background intensities of
individual spectra vary widely, and there is no significant
difference between the interior and surface analyses
(Figure S7a). In addition, the Raman parameters of both
the interior and surface grains show wide ranges of values
(Figure S7b–d). Spectra from the grain interior show a
wider scatter of band parameters, but most analyses from
the interior and surface have overlapping values. No
major variations in the Raman signatures were observed
between the surface and interior analyses of A0108-58.

The surface on the asteroid Ryugu was exposed to
interplanetary space and was irradiated by solar wind and
bombardment from high-velocity micrometeoroids,
resulting in space weathering on the surfaces of some
grains (Noguchi et al., 2023a, 2023b). The effects of space
weathering include amorphization of silicates, and some
Ryugu particles (6%–7% in <100-l-sized grains; ~66% in
large grains) are found to show evidence of space
weathering (Noguchi et al., 2023a, 2023b). In addition,
solar radiative heating (Sugita et al., 2019) could have
caused structural changes in organic matter on the
surface of Ryugu. Our observations could indicate that
the A0108-58 grain originated from a larger particle and
that its surface has not been subjected to intense space
weathering or solar heating. However, considering that
space weathering alters only a thin region of the surface
(~100 nm according to Noguchi et al., 2023a, 2023b), this
may suggest that the effects of space weathering are
difficult to detect with point Raman analysis. A
comprehensive smaller scale analysis would be required
to discuss a structural variation related to asteroid
surface alteration.

FIGURE 6. Averaged Raman spectra of the extracted acid
residues of Ryugu samples (Chambers A and C) and Murchison.
All spectra plotted here were collected using the same laser
power (110 lW). The average fluorescence intensities of Ryugu
acid residues are higher than those of Murchison. Note that the
fluorescence background intensities of extracted acid residues
are generally lower than those of intact grains (see Figure S2a).
(Color figure can be viewed at wileyonlinelibrary.com)

Raman spectroscopy of Ryugu particles and their extracted residues 2177
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Variations Within the Extracted Acid Residue
Similar to the Ryugu intact grains, extracted acid

residues also exhibit a wide range of fluorescence
(Figures 2 and 6). In acid residues of grain C0107, spectra
collected from the outlier phase exhibit higher

fluorescence and greater heterogeneity in fluorescence
than in the IOM-like phase (Figure 8). The same is true
of outlier versus IOM-like phases in residues extracted
from grain C0002 (Figure S8). In comparison, spectra
collected from residues of Murchison (IOM-like) have

FIGURE 7. Raman parameters of the extracted acid residues from Ryugu raw grains A, C, and Murchison. (a, b) ID/IG versus
FWHMD. (c) xG versus FWHMG. (d) xD versus xG. The acid residues were measured at 110 lW, whereas intact grains were
measured at different laser powers (240 lW for Murchison, 1 mW for Ryugu intact grains, and type 1 CIs). Raman parameters
of intact grains (this study) and literature data from Bonal et al. (2024), Busemann et al. (2007), and Starkey et al. (2013) are
also shown for comparison. The Raman parameters of the extracted residues from Ryugu, type 1 and type 2 chondrites by
Bonal et al. (2024) exhibit similar values and plot in the small area colored in purple (labeled as Bo24). The field colored in blue
represents IOM from C-ungrouped, CR, CI, and CM chondrites (labeled as “C-ungr+CR+CI+CM IOM (Bu07)”) and green field
represents IOM from CV and CO chondrites (labeled as “CV+CO IOM (Bu07)”) from Busemann et al. (2007). The green square
plots labeled as “Mur (S13)” represent the Raman parameters of Murchison from Starkey et al. (2013). Note that different laser
powers were used in the literature; 0.3 mW for Bonal et al. for 2024, ~55 lW for Busemann et al. (2007), and <70 lW for
Starkey et al. (2013). (Color figure can be viewed at wileyonlinelibrary.com)
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lower fluorescence and are more homogeneous in
fluorescence than the Ryugu acid residues (Figure 8).

Raman parameters of individual spectra were
calculated for acid residues of Ryugu grain C0002;
however, parameters were calculated only for spectra
with relatively low fluorescence (intensity at
1000 cm�1 < 60,000 counts for 110 lW analyses) because

the D and G bands are masked in spectra with higher
fluorescence (Figure S8). In the fluorescence intensity
range where Raman parameters were successfully
obtained (the spots colored blue in Figure S8), no clear
relationship between fluorescence intensity and Raman
parameters was observed. It should also be noted that the
outlier and IOM-like phases are present as mixtures and

FIGURE 8. Optical micrographs of “IOM-like” residue C0107-13 (a) and “outlier” residue C0107-8 (b), and Murchison residues
(c). The spectra collected from residues of Murchison (IOM-like) have lower fluorescence and are more homogeneous in
fluorescence than the acid residues from Ryugu samples. The spots on the samples are shown to represent the intensity at
1000 cm�1 of the Raman spectra, and the numbers indicate the original analysis numbers. The actual analytical spot size is 3–4 lm.
(Color figure can be viewed at wileyonlinelibrary.com)
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cannot be completely separated (Kebukawa et al., 2023),
the difference in Raman parameters could be masked by
the mixing of two phases.

DISCUSSION

Implications of the Raman Spectra of Ryugu Particles

Aqueous Alteration and Thermal Processing
Raman spectra of Ryugu particles show high

fluorescence backgrounds that are distinct from type 2
and 3 chondrites (Figures 2 and 3), indicating some
differences in structures and/or compositions of organic
matter of Ryugu grains versus type 2 and 3 chondrites
(see Possible Causes for the Fluorescence of Raman
Spectra Section). High fluorescence backgrounds similar
to those of the Ryugu particles occur in the type 1
chondrites Ivuna and Orgueil. Raman spectra were also
collected from extracted acid residues of the Ryugu
particles and of the CM2 chondrite Murchison. Similar to
data from the intact grains, all of the averaged spectra
from the Ryugu acid residues have higher fluorescence
backgrounds than that of Murchison (Figure 6). The high
fluorescence intensities of Ryugu grains (both intact
particles and acid residues) relative to most type 2 CM
chondrites are consistent with the results of our
companion study (Bonal et al., 2024). The Ryugu acid
residues exhibit ranges of fluorescence intensities, in terms
of both averages from different residue grains (Figure 6)
and individual analyses in single grains (Figure 8). The
greater intensities and heterogeneities of fluorescence
backgrounds of spectra from the Ryugu acid residues
compared to the Murchison acid residue may be
connected to varying ratios of IOM-like phases versus
outlier phases in organic matter of the Ryugu particles
(Kebukawa et al., 2023; Quirico et al., 2023).

Similar to the variations in fluorescence, the Raman
parameters FWHMD, ID/IG, FWHMG, xG and xD of the
Raman intact particles are distinct from the Raman
parameters of the CV3 chondrites Leoville, Vigarano and
Allende analyzed in this study and of the type 3 ordinary
chondrites analyzed by Bonal et al. (2024; Figure 4). The
relatively high FWHMD and low ID/IG of the Ryugu
grains in particular indicate that the Ryugu grains have
lower thermal maturities than type 3 chondrites. Raman
parameters from the extracted residues also are distinct
from those of the type 3 chondrites analyzed by
Busemann et al. (2007) and suggest relatively low thermal
maturities of Ryugu grains (Figure 7). The Raman
parameters of Ryugu intact grains and acid residues
determined in this study overlap with or are somewhat
shifted from the Ryugu samples analyzed by Bonal
et al. (2024) and the type 1 and 2 chondrites analyzed in
previous studies (Bonal et al., 2024; Busemann

et al., 2007; Starkey et al., 2013; see Figures 4 and 7).
As discussed in Results and in the data supplement, the
discrepancies between these data sets are probably due to
differences in analytical conditions (laser power in
particular) and heterogeneities in the samples.

Taken together, the fluorescence backgrounds and
Raman parameters determined in this study indicate that
the Ryugu grains have low thermal maturities, similar to
the thermal maturities of type 1 and 2 chondrites,
consistent with the results of Bonal et al. (2024). However,
the thermal histories and peak temperatures of type 1 and
type 2 chondrites are difficult to evaluate in detail, partly
because of brecciation and re-assembly of clasts of different
subtypes in the same chondrite (e.g., Lentfort et al., 2021)
and partly because of their complex thermal histories,
including short-term, localized thermal excursions during
impact events (e.g., Nakamura, 2005; Quirico et al., 2018;
Velbel & Zolensky, 2021). Quirico et al. (2018)
demonstrated that heated type 2 chondrites exhibit slightly
different Raman parameters than unheated type 2
chondrites. They classified R1 (unheated), R3 (moderately
heated, ID/IG lower than in R1), and R2 (heated; ID/IG
higher and FWHMD lower than in R1) subgroups based
on Raman parameters and found a general correlation with
the heating categories of Nakamura (2005), which are
based mostly on X-ray diffraction and TEM-scale textural
indicators of dehydration.

In this study, we have compared the Raman spectra of
the heated type 2 CM chondrite Jbilet Winselwan with
spectra from unheated CM2 chondrites, CV3 chondrites,
and the Ryugu samples. Jbilet Winselwan is a breccia
proposed as one of the CM chondrites, containing
lithologies that suffered thermal metamorphism at 400–
500°C after aqueous alteration, likely due to impact
heating (King et al., 2019), or the early onset of aqueous
alteration and subsequent thermal metamorphism at
>300°C due to the decay of short-lived radionuclides
(Fujiya et al., 2022). Based on our results, the average
fluorescence intensity of Jbilet Winselwan is as high as
other unheated type 2 chondrites (Figures 2 and 3). In
addition, Raman parameters of Jbilet Winselwan are not
significantly different from the unheated type 2 chondrites
that we analyzed (Figure 4). However, the spectral valley
between D- and G-band is deep compared to the spectra of
the unheated type 2 chondrites (Figure 2), consistent with
moderate heating of CM chondrites (classification R3 of
Quirico et al., 2018), as discussed in Bonal et al. (2024).
Although we did not perform petrologic examination of
our Jbilet Winselwan sample, it is likely our sample is
classified as moderately heated type 2 (R3), or mixture of
unheated and moderately heated type 2 lithologies. The
mixing of lithologies is consistent with the observation that
Jbilet Winselwan is a breccia and contains lithologies with
variable secondary alteration degrees (Friend et al., 2018).
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Heterogeneities in the Extracted Acid Residues of
Ryugu Particles

Heterogeneities in the physical appearance and IR
spectra of acid residues extracted from Ryugu particles
have been described in studies by Kebukawa et al. (2023)
and Quirico et al. (2023). In both of these studies,
extraction of IOM from Ryugu grains yielded a dark
material similar to IOM extracted from carbonaceous
chondrites (IOM-like) and a distinct brown to yellow
translucent material (outlier carbonaceous phases).
IR spectra of the IOM-like material are not uniform, but
in general, they exhibit similarities to spectra of IOM
extracted from type 1 and 2 carbonaceous chondrites
(Kebukawa et al., 2023; Quirico et al., 2023). In contrast,
spectra from the outlier phases are distinct from
chondrite IOM. Kebukawa et al. (2023) classified the acid
residues into three phases: (i) a phase with IR spectra like
typical insoluble organic matter (IOM-like); (ii) an outlier
phase with characteristic N-bearing IR absorption; and
(iii) an outlier phase lacking distinct N-related IR
features. The outlier IR spectra have not been observed
in carbonaceous chondrites, but are found in Ryugu
samples A0106, C0107, C0002, and A0108 (Kebukawa
et al., 2023; Quirico et al., 2023).

Based on our Raman analyses, the outlier phases
have relatively high and heterogeneous fluorescence
intensities compared to the IOM-like phases in Ryugu
samples (Figure 8a,b). The fluorescence intensities of the
Murchison acid residues are lower and more
homogeneous than those of the IOM-like and outlier
phases of the Ryugu samples (Figures 6 and 8). Among
the extracted residues examined in this study, the A0106-
2 residue is composed primarily of outlier phases
(Figure 5b). The average fluorescence intensity of A0106-
2 residue is higher than those of the other residues
(Figure 6). In addition, the outlier phase-rich residue
A0106-2 has slightly different Raman parameters (higher
xD and xG, and narrower FWHMD) compared to the
other residues (Figure 7). The relatively narrow FWHMD

is consistent with greater thermal maturity in the
transition from type 2 to type 3 chondrites. However,
the type 3 chondrites analyzed in this study have lower
fluorescence than type 2 chondrites, suggesting a general
correlation between higher metamorphic temperatures
and lower fluorescence intensities (Figures 2 and 3; also
see Bonal et al., 2016). Therefore, if the narrow FWHMD
of the A0106-2 residue is a consequence of relatively high
metamorphic temperature, one implication is that
variations in fluorescence intensities depend on other
controls in addition to temperature.

It has been suggested that high fluorescence intensities
might be caused by high N/C ratios (Wopenka et al., 2013)
and by low CH2/CH3 (Mu~noz Caro et al., 2006).
Kebukawa et al. (2023) reported that the A0106-2 residue

has N-related IR features with a relatively high CH2/CH3

peak intensity ratio. Increases in CH2/CH3 ratio are
usually attributed to thermal processing (Kebukawa
et al., 2023; Quirico et al., 2018 and references herein). In
the case of the A0106-2 acid residue, one Raman feature
(FWHMD) and one IR feature (CH2/CH3) point toward
a relatively high-temperature origin (typically, low
fluorescence), and the IR spectra collected by Kebukawa
et al. (2023) indicates significant N abundance. In this case,
the effect of high N concentration might compensate for
the relatively high-T origin, resulting in high fluorescence
of the A0106-2 acid residue.

Possible Causes for the Fluorescence of Raman Spectra

Chemical Compositions of Organic Matter
We observe a negative correlation between the

fluorescence intensities in Raman spectra and degree of
long-term thermal metamorphism. Indeed, it has been
suggested in previous studies that fluorescence
background decreases in thermally metamorphosed type
3 chondrites (e.g., Bonal et al., 2016). Considering that
the low fluorescence intensities of thermally
metamorphosed type 3 chondrites are related to the low
H/C ratios of IOM (< ~0.4) (Busemann et al., 2007;
Mu~noz Caro et al., 2006), the high intensities of
fluorescence in Ryugu particles observed in this study
may be at least partially controlled by relatively high
H/C ratios of organic matter, consistent with low
degrees of thermal maturity. However, the extremely
strong fluorescence background in CI chondrites
compared to CM chondrites cannot be explained by
H/C ratios of organic matter, since the H/C ratios of
IOM are similar between CI and CM chondrites (0.65–
0.73; Alexander et al., 2007). Although a possible
relationship between fluorescence and the relative
abundances of aliphatic carbon (to aromatic carbon) is
discussed by Busemann et al. (2007), the peak intensities
of aliphatic carbon in the FTIR spectra of Ryugu intact
grains are comparable with those of types 1 and 2
chondrites, or even lower (Yabuta et al., 2023). The
synchrotron mid- to far-infrared spectroscopic study by
Dartois et al. (2023) showed that Ryugu particles have
higher CH2/CH3 peak intensity ratios than CI
chondrites, whereas their ratios are similar to the range
observed among type 2 and 3 chondrites. If the high
fluorescence background is solely derived from the
abundance ratio of CH2/CH3, Ryugu particles should
have fluorescence intensities as low as those of type 2
chondrites. However, the fluorescence intensities from
the Ryugu particles are higher than in type 2 chondrites
and lower than type 1 chondrites (240 lW). Thus, it is
unlikely that CH2/CH3 ratio is the only cause of the
strong fluorescence in Ryugu particles.

Raman spectroscopy of Ryugu particles and their extracted residues 2181
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Abundance of Macromolecular Organic Matter
Initial chemical analysis of Ryugu particles indicated

that Ryugu particles contain higher amount of carbon
than Ivuna due to high abundance of carbonate minerals
in Ryugu (Naraoka et al., 2023; Yokoyama et al., 2022).
Raman spectra in this study were collected from the
fine-grained matrix area of Ryugu particles and
carbonaceous chondrites. Considering the total carbon
content reflects the abundance of carbonate grains, it is
not reasonable to assume that there is a direct relation
between the fluorescence intensity of point analysis
Raman spectra and bulk carbon content. Rather, the
fluorescence intensity is likely reflecting the amount of
organic matter contained in their matrices of the analyzed
spot. Indeed, the total organic carbon content of Ryugu
is similar to CI chondrite Ivuna (both samples contain
~3.0 wt% based on Yokoyama et al., 2022). Since Ryugu
and CI chondrites are mainly composed of matrices, the
relative abundance of organic carbon in the matrix
should be similar to organic carbon contents. Similarities
in total organic carbon contents of Ryugu and CI
chondrites are consistent with the similar fluorescence
intensities observed from both types of samples.

Organic carbon in carbonaceous chondrites and
asteroid Ryugu samples can be divided into soluble
and insoluble fractions. We argue here that IOM makes a
major contribution to the fluorescence intensity. In
support of this argument, it should be noted that
fluorescence intensities typically observed in unheated
type 2 chondrites are fairly similar to those of heated type
2 chondrites (i.e., Jbilet Winselwan). In general, SOM in
heated type 2 chondrites is depleted compared to the
unheated type 2 chondrites (e.g., Shimoyama et al., 1989).
It has been reported that the relative abundance of
soluble polycyclic aromatic hydrocarbons in Jbilet
Winselwan is three orders of magnitude less than in the
unheated Murray meteorite (Kato & Yabuta, 2019).
These results indicate that the contribution of SOM to
the fluorescence is small compared to the effect of IOM.
Based on this idea, the difference in fluorescence
intensities between type 1 and 2 chondrites could be
related to the difference in the ratios of IOM to SOM.
The bulk IOM contents reported for CI and CM
chondrites are CI (~ 2 wt%) > unheated CM (~1 wt%)
(Alexander et al., 2007). Although the total contents of
SOM are unknown, amino acid concentrations
determined in type 1 chondrites (Burton et al., 2014;
Ehrenfreund et al., 2001) are one order of magnitude less
than those in type 2 chondrites (e.g., Glavin et al., 2010).
Thus, the higher IOM/SOM ratios appear to correlate
with the significantly high fluorescence background in
type 1 chondrites. Considering that the SOM contents
in Ryugu samples are as low as or lower than those in the
type 1 chondrites (Naraoka et al., 2023), it is similarly

the relative abundances of IOM that contributes to the
high fluorescence background in Ryugu.

TEM observation of Ryugu particles has revealed that
most of the organic matter in Ryugu is present as
nanoparticles, nanoglobules, and diffuse carbon
intercalated into phyllosilicates whose compositions are
chondritic IOM-like or more aromatic (Stroud et al., 2024;
Yabuta et al., 2023). It is very likely that these
geometries-bearing macromolecules could limit the
reabsorption of photons, resulting in a high fluorescence
intensity in their Raman spectra. The natural geometries,
compositions, and distributions of macromolecular organic
matter in the intact Ryugu particles are partially altered in
the acid-extracted residues of Ryugu, which caused
differences in their fluorescence intensities (Table 1).

CONCLUSIONS

We have used Raman spectroscopy to analyze the
organic structures and the degree of thermal processing
of Ryugu particles and their extracted carbonaceous
residues. The main conclusions are as follows:

i. Ryugu particles and their extracted residue are
characterized by a superimposed laser-induced
fluorescence background in their Raman spectra. The
Raman parameters of D and G bands of the Ryugu
particles are similar to those of the CI and unheated
CM chondrites and are distinct from those of the
type 3 chondrites. This observation indicates that
the surface materials of Ryugu have escaped
long-duration thermal metamorphism, which is
consistent with Bonal et al. (2024) as well as other
results derived from chemical and mineralogical
studies of Ryugu particles (Nakamura et al., 2022;
Yokoyama et al., 2022).

ii. The high fluorescence signatures of Ryugu particles
show similarities to the Raman spectra observed in CI
chondrites, strengthening the link with CI chondrites,
and distinguishing the Ryugu particles from type 2 and
3 chondrites. The observed fluorescence signatures are
consistent with the low degree of thermal maturity of
the organic matter, supporting the evidence that
Ryugu particles have escaped significant parent body
thermal metamorphism.

iii. The high fluorescence background intensities of the
Ryugu particles result from multiple causes, but it
is likely that high relative abundances of
macromolecular organic matter (IOM) in total
organic carbon make large contributions to the
fluorescence intensities. Locally observed high
fluorescence in the acid-extracted residues of Ryugu
is due to nitrogen-bearing functional chemistry. The
high fluorescence signature is one consequence of

2182 M. Komatsu et al.
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the low degree of thermal maturity of the organic
matter and supports evidence that the Ryugu
particles have escaped significant parent body
thermal metamorphism.
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SUPPORTING INFORMATION

Additional supporting information may be found in
the online version of this article.

Data S1. Effects of laser power on Raman spectra,
supplementary figures of Raman parameters to compare

the values obtained by teams from Japan and France,
comparison of Raman parameters for the surface and
interior of a single particle, and a table of Raman
parameters of Ryugu and meteorites measured at
240 µW.
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