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On the origin and evolution of the asteroid Ryugu:
A comprehensive geochemical perspective
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Abstract: Presented here are the observations and interpretations from a comprehensive
analysis of 16 representative particles returned from the C-type asteroid Ryugu by the Hayabusa2
mission. On average Ryugu particles consist of 50% phyllosilicate matrix, 41% porosity and 9%
minor phases, including organic matter. The abundances of 70 elements from the particles are in
close agreement with those of CI chondrites. Bulk Ryugu particles show higher §'*0, A'70, and
e”*Cr values than CI chondrites. As such, Ryugu sampled the most primitive and least-thermally
processed protosolar nebula reservoirs. Such a finding is consistent with multi-scale H-C-N isotopic
compositions that are compatible with an origin for Ryugu organic matter within both the
protosolar nebula and the interstellar medium. The analytical data obtained here, suggests that
complex soluble organic matter formed during aqueous alteration on the Ryugu progenitor
planetesimal (several 10’s of km), <2.6Myr after CAI formation. Subsequently, the Ryugu
progenitor planetesimal was fragmented and evolved into the current asteroid Ryugu through
sublimation.
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1. Introduction

Sample return missions represent great oppor-
tunities to study materials from known locations on
the targeted extraterrestrial body. The Hayabusa
mission returned material to Earth from the asteroid
Itokawa in 2010. The geochemistry and micro-
petrography of the returned material revealed that
it is genetically related to ordinary chondrite
meteorites, and that the surface of the modern-day
asteroid is being actively bombarded by hyper-
velocity small particles.“% 12 The Hayabusa2 mis-
sion returned material to Earth from the asteroid
Ryugu on the 6th of December, 2020.%) Based on the
very low geometric albedo indicated by remote
observations, ¥ it was suggested that abundant
organic matter (OM) on Ryugu might be expected.5)
The initial uncontaminated and non-destructive
observations for the entire set of returned samples
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from the Phase-1 Curation at the Extraterrestrial
Sample Curation Center, ISAS, JAXA (P1C),”
demonstrated that Hayabusa2 retrieved representa-
tive and unprocessed (albeit slightly fragmented)
Ryugu particles. The data further expanded on the
indications from the remote sensing observations that
Ryugu is dominated by hydrous -carbonaceous
chondrite-like materials, similar to CI chondrites.
This paper presents the observations and inter-
pretations from a comprehensive analysis of 16
representative particles returned from the C-type
asteroid Ryugu, performed at the Hayabusa2 Phase-2
Curation facility at the Pheasant Memorial Labo-
ratory (P2C-PML), Institute for Planetary Materi-
als, Okayama University at Misasa. In this study, the
following analyses were performed: density measure-
ment; petrological and mineralogical descriptions;
elemental, isotopic, chronological and organic analy-
ses of bulk particles; in situ elemental, isotopic, and
chronological analyses; 2D mapping of elements,
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isotopes, the Raman spectrum, and organic com-
pounds; and compound-specific analysis of OM.
The findings of the current comprehensive study will
provide a guide for future investigations of Ryugu
particles.

Based on the comprehensive data set obtained in
this study, the authors will answer the science goals
that were determined as the aims of the Hayabusa?2
mission.®) The aims include understanding the origin
and evolution of materials in the asteroid Ryugu
and the early solar nebula, and constraining the
physical properties of planetesimals during the
planetary accretion process. Furthermore, the main
goal has been set to elucidate the origin of water in
the Earth and organic matter as a building block of
life because the particles returned from Ryugu are
expected to be entirely free from contamination from
the Earth’s environment.

2. An overview of the surface characteristics
of Ryugu and the sampling sites

Watanabe et al.? and Sugita et al.”) first re-
ported the results of remote-sensing observations on
the near-Earth C-type asteroid Ryugu. The data
obtained, which had been conducted by the multiple
instruments onboard the Hayabusa2 spacecraft,
revealed the shape, mass and geomorphology of
Ryugu. Ryugu has an oblate “spinning top” shape
associated with a prominent circular equatorial ridge,
an equatorial radius of 502m and a polar-to-
equatorial axis ratio of 0.82, resulting in a volume
of 0.377km?. The mass estimated by the gravity
measurement is 4.50 x 10! kg giving a bulk density
of 1190 kg m~3.

Due to the high porosity and the large boulders
on the surface of Ryugu, the interior was considered
to consist of boulders that were weakly agglomerated
gravitationally,”) similar to Itokawa as investigated
by the preceding Hayabusa mission.'”) It has been
proposed that such a rubble-pile structure was
formed by the re-accumulation of collisional debris
after a catastrophic collision between larger aste-
roids."'?) Many impact craters with a diameter of
up to 200m were found on the surface.”>!®) The age
estimated from the crater-size frequency distributions
indicates that the 1 m thick surface layer was formed
within the last six million years (Myr).”) The
geometric albedo obtained by the photometric
measurements is similar to the albedo of a typical
comet' and characteristic of the darkest Cb-type
asteroid.”) The global map of the spectral b-x slope
indicates that the area near the center of the ridge is
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predominantly blue, with a red spectral slope
seeming to predominate as the distance from the
ridge increases (Fig. la in ref. 13). This feature would
suggest that mass wasting after spin-down of Ryugu
exposed fresh subsurface materials on the equatorial
ridge.” As described below, Hayabusa2 succeeded in
sampling two points on the surface of Ryugu, ~870 m
apart, near the equator.

2.1. Sampling by the first touchdown (TD1).
On the 22nd of February 2019, the first sampling by
the Hayabusa2 spacecraft was carried out during its
touchdown on the surface of Ryugu at 4.30°N and
206.47°E of the equatorial region. The touchdown
site was dominated by an area that had a slightly
bluish spectral slope, compared to the more reddish
features which are increasingly dominant towards
the mid-latitude region, based on the surface color
quantified using the spectral slope from the b-
band (0.48pm) to the az-band (0.86pm).>)13)
Hayabusa2’s thrusters disturbed the surface, reveal-
ing dark material immediately after touchdown,
probably because the reddish fine regolith was blown
away.'® The movie of the touchdown maneuver by
Hayabusa2 was clearly recorded by the onboard
small monitor camera (CAM-H) (https:/www.
hayabusa2.jaxa.jp/en/galleries/movie/pages/td1-
108e1_cam-h_movie_190222_speedx5.html). The cam-
era footage allowed an investigation of the surface
response to the physical disturbances caused by the
touchdown, including the projectile collision and the
firing of the spacecraft’s thruster gas jets.'® The
surface just before the touchdown appears to be
covered with slab-like rock fragments. At the same
time as the tip of the sampler horn with a diameter of
0.2m touched the surface of Ryugu, a tantalum
metal bullet was fired to destroy the surface. The
sample fragments were concentrated through the
sampling horn and stored in sample chamber-A.
Hayabusa2 photographed the disturbed surface of
Ryugu via the optical navigation camera for a wide-
angle nadir view (ONC-W1), from approximately
30m above the surface immediately after the touch-
down  (https://www.hayabusa2.jaxa.jp/en/galleries/
ryugu/pages/fig28_touchdown.html), and showed
that the surface became darker than the surrounding
area following the maneuver. This indicates that the
subsurface materials of Ryugu are darker than the
surface as discussed elsewhere.5)

2.2. Sampling by the second touchdown
(TD2). The second touchdown operation was
designed to collect the subsurface materials near an
artificial crater, formed by a small carry-on impactor
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(SCI)." During the SCI impact operation, which
was undertaken on the 5th of April 2019, a 2kg
copper projectile was fired at a velocity of 2kms™!
and successfully impacted the asteroid surface to
form an artificial crater at 7.9°N and 313.3°E, in the
northern part of Ryugu’s equatorial ridge. This
operation successfully created a semi-inverted conical
crater with a rim-to-rim diameter of 17.6m, a rim
height of ~0.4m around the crater, an apparent
diameter of 14.5m and a pit point depth of 1.7m
from the initial surface.6)-18)

The low-velocity materials ejected, from the
crater formed by the SCI, were deposited around the
crater. The difference in the optical navigation
camera telescope (ONC-T) v-band (0.55um) reflec-
tance before and after the SCI impact indicated the
exposure of subsurface materials and ejecta deposited
outside of the crater. This change was observed only
in and very near the crater within 2R (R is referred to
as the radius of the crater, 7.25m).'®) Based on the
observation of the SCI crater wall, Arakawa et al.'9)
inferred that the subsurface layer is dominated by
regolith with rock sizes smaller than 0.2 m.

On the 11th of July 2019, Hayabusa2 succeeded
in collecting samples from an area 0.2m in diameter,
through an amazingly precise landing at 10.130°N
and 300.595°E.'?) Looking at the video taken with the
CAM-H just before TD2, the boulders that make up
the surface layer are more gravel-like than slab-like
(https://www.hayabusa2.jaxa.jp/en/galleries/movie/
pages/CAMH_PPTD _Timelapse_full x1020190726.
html), in comparison to TD1. The distance of the
TD2 sampling point from the SCI crater center was
measured to be 22m, equivalent to 3R,'”?% and
thus it is too far for the Hayabusa2 spacecraft to
detect the change in ONC-T v-band reflectance
before and after the SCI impact. However, Honda
et al.?®) investigated resurfacing processes caused
by the ejected materials from the artificial crater
and revealed that the number of new boulders
decreased with increasing distance from the crater
center. The change in the thickness of the ejecta
layer as a function of the distance from the crater
was also calculated. As a result, the ejecta thickness
was found to change from 0.3 m at the crater rim to
~50mm at 13m from the crater center and further
decrease to ~1 mm at 30 m.

Arakawa et al.?!) made a preliminarily estimate
of the ratio of the samples recovered from the top
50 mm of the surface at different distances, from 7.5
to 15m from the impact point, assuming the
formation of a crater radius of 5m. The TD2 site is
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22m from the center of the SCI crater, with the
crater radius being 7.5m. It was revealed that the
sample may be recovered from not only the ejecta
deposit, but also the pre-impact surface below the
deposit, when the ejecta thickness is thinner than
50mm at 15m from the crater center. The crater
radius of the actual SCI experiment, carried out on
the surface of Ryugu, was larger than that of the
simulation experiment. When the larger crater
radius is taken into account, it is expected that the
ejected /original volume ratio in the sample collected
by Hayabusa2 (at 22m from the crater center) is
similar to the simulation ratio calculated for 15m
from the crater center. Accordingly, the sample
collected by TD2 is expected to consist of an SCI
ejecta deposit to pre-impact basement ratio of ~1:3
and should have been collected from a maximum
depth of ~1.3m.2V

3. Samples and analytical protocol

The 16 Ryugu particles, comprising a total of
55mg, selected by P1C7 were transferred to the
ultimate clean room (nominal class: ISO 6; measured
class: ISO 3—4) of the P2C-PML, specifically designed
for handling Ryugu particles. The selected particles
comprised seven from chamber A collected by TD1
(A0022, A0033, A0035, A0048, A0073, A0078, and
A0085) and nine from chamber C collected by TD2
(C0008, C0019, C0027, C0039, C0047, C0053, C0O0T9,
C0081, and C0082) (Table S1 and Fig. 1). In this
paper, particles from chambers A and C are denoted
as TD1 and TD2 particles, respectively. At the P2C-
PML the following analyses were performed using
the analytical protocol shown in Fig. SA1: petrolog-
ical, mineralogical, OM distribution and in situ
elemental, isotopic and chronological analyses were
obtained from X-ray diffraction (XRD), optical,
scanning and transmission electron microscopy
(SEM and TEM), micro-Raman and Fourier trans-
form infrared spectroscopy (FTIR), desorption elec-
trospray  ionization-orbitrap-mass  spectrometry
(DESI-OT-MS) and secondary ion mass spectrome-
try (SIMS and HR-SIMS). Bulk elemental and
isotopic analyses were determined via thermal
ionization (TIMS), inductively coupled plasma
(ICP-MS), isotope ratio mass spectrometry (IRMS)
and noble gas mass spectrometry (noble gas MS).
Compound-specific OM analysis was carried out
using ultra-high-performance liquid chromatogra-
phy-orbitrap-mass spectrometry (UHPLC-OT-MS).
Artificial surfaces and sample powders were simulta-
neously prepared using an ultra-microtome instru-
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(a) A0022-1

(b) C0019-1

Matrix (with
coarse-grained
200 um components)

Fig. 1. Optical microscope images showing the surface and interior features. (a) A grain with a rugged and finely-cracked surface
morphology. (b) A comparatively solid grain with planar fractures. (¢) A solid grain with a smooth surface morphology. (d) A solid
grain with a curved and smooth surface morphology. (e) The internal texture on the flat surface of A0035-1 prepared by ultra-
microtome. The particle is characterized by components up to several 10’s of pm in size, which are encapsulated in a fine-grained
‘matrix’ that is dominated by phyllosilicates. A unique distinctive domain is present within A0035 (surrounded by dashed lines). The
domain is massive in nature with more fine-grained components than the surrounding areas and includes abundant Fe-sulfide and
no coarse-grained components. As such, this domain is termed the ‘massive domain’. (f) An enlarged view of the rectangle in (e). The
massive domain is separated by a curved boundary (dashed lines) from the surrounding matrix.

ment, equipped with a diamond knife. Each analyt-

ical procedure is described in the Supplementary 4. Results

Text. Note that sub-aliquots of particles are in- 4.1. Textural and phase description. To
dicated by the particle number followed by a hyphen  understand the physicochemical characteristics of
and number. the 16 particles, we observed both the natural and

artificial surfaces of the particles at the mm- to nm-
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scales (Figs. 1 and SA2), and analyzed the elemental
abundances and isotopic compositions of the compo-
nents in the particles. In addition, when combining
the observations and the analytical data it was
possible to estimate the modal abundances of all the
components (Fig. 2 and Tables S2 and S3) and to
produce a map illustrating their distribution (phase
map; Fig. SB1-24) for each particle. The details are
described below.

4.1.1. Petrology and mineralogy. All 16 particles
appear very dark to the naked eye, but vary in
appearance, with two main styles of surface mor-
phology present. The first style has a rough, irregular
surface and is finely cracked, which results in
particles with this morphology being fragile in nature
(Fig. 1a). Some particles developed parallel, nearly
planar cracks (Fig. 1b). This texture implies that
these particles were formed by agglomeration of
regolith material at either the surface of Ryugu or
within its progenitor body and subsequently inher-
ited by Ryugu. The second style is surrounded by a
smooth surface without significant cracks, which
makes particles with this morphology less fragile.

The surface of particles with the second morpholog-
ical style is also often striated (Fig. 1c) with a
distinctive luster (Fig. 1d). Both styles are recog-
nized irrespective of the sampling site and the
particle size.

The Ryugu particles are composed of predom-
inantly fine-grained ‘matrix’ with numerous several
micrometer (um) to sub-pm-sized voids that sur-
round coarse-grained components of 10’s of pm to
~100 um in size (Fig. 3). Such a texture is observed
in the particles from both sampling sites and thus
appears to be representative of Ryugu particles.

The matrix occupies ~90% of the particles
excluding void space and its modal abundance
does mnot differ between TD1 (88 + 3vol%, 1SD)
and TD2 (82 + 9vol%) particles (Fig. 2). The matrix
is predominantly composed of phyllosilicate, of the
inter-layered smectite-group and serpentine-group
minerals (Figs. 4c and SA3), which were confirmed
by using scanning TEM and XRD. The matrix also
includes sub-pm-sized OM (nano-OM), Fe-sulfide,
carbonate and phosphate minerals and irregularly
shaped pm to sub-pm-sized interstitial voids
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Fig. 3. The modes of occurrences of coarse-grained components. (a) Phyllosilicate nodules, a framboidal magnetite nodule, and a
Fe-sulfide nodule. (b) A carbonaceous nodule, associated with a carbonate crystal and Fe-sulfides. (¢) A coarse-grained carbonate
nodule, with magnetite- and Fe-sulfide-inclusions at the core, and concentric chemical zonation (shown by arrows) at the rim.
(d) Apatite crystals wrapped in a phyllosilicate film. (e) An angular fragment of olivine, where the surface is slightly altered by the
ultra-microtome operation, causing the occurrence of fish-scale-like chips. Note that the olivine appears to be bright at the core due to
charging. The chemical composition differs little between the core and the margin of the grain. (f) A composite grain of low-Ca

pyroxene and olivine.

(Fig. 4a). Phyllosilicates are sometimes found ar-
ranged in the pm to sub-pm-sized yarn ball-like
spheres (Fig. 4a). Such a texture could represent
nucleation and growth features associated with

phyllosilicates, but it may also represent pseudo-
morphs after the alteration of amorphous silicate
grains. Both soluble and insoluble OM (SOM and
IOM, respectively) are widely distributed in the
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Fig. 4. Scanning TEM images of a film of matrix from A0033-15, prepared by a focused ion beam. (a) A whole view of the film. Besides
the pm-sized magnetite and dolomite and phyllosilicate nodules, a nano-OM and Fe-sulfides are widespread in the matrix, which is
composed mainly of fine-grained phyllosilicates. The phyllosilicate nodule sometimes forms pm to sub-pm-sized yarn ball-like spheres
(shown at the lower right of the image). (b) An enlarged view of a pm-sized phyllosilicate nodule. (¢) A high-resolution view of the
phyllosilicate. The width of the interlayers is ~0.75nm, corresponding to that of a Fe-bearing serpentine-group mineral.

matrix, as indicated by micro-Raman spectroscopy
and DESI-OT-MS, which are described later.

The coarse-grained components are isolated
from the matrix with sharp boundaries, and their
modal abundances reach up to ~15vol%. Such
components can be mono-phase or poly-phase in
nature. The mono-phase components are aggregates
or grains consisting of a single mineral which can
include phyllosilicate (both serpentine- and smectite-
group minerals occur together), carbonate, phos-
phate, Fe-sulfide, magnetite, olivine, or pyroxene

(Figs. 3a, 3e, and 5e). The poly-phase components
are nodular aggregates (hereafter referred to as
nodules) of OM, Fe-sulfides, carbonates, and magnet-
ite (Figs. 3b, 6d, and SA2b), and these nodules
are often accompanied by phyllosilicates. Neither
refractory components, such as Ca-Al-rich inclusions
(CAI), nor chondrules were found in the particles
examined by textural observation. But the relicts
retaining their O isotope signatures were detected
as described later. In the following paragraphs, we
describe the components and then their constituents.
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Fig. 5. The modes of occurrences of the coarse-grained components in Ryugu particles. (a) A cluster of magnetite showing various forms.
(b) An enlarged view of a spherical magnetite. A spherulic magnetite represents a radial aggregate of nm-sized needle-like magnetite
grains. On the surface of the magnetite there are pm-sized circular pits, which correspond to the shape of adjoining framboidal
magnetite. (¢) Framboidal magnetite grains, accompanied by phyllosilicate. The hexahedron magnetite grains (cube-shaped) occur as
relatively small grains, with larger trapezohedron magnetite grains (high number of facets) occurring within several-um, as shown
toward the lower right of the image. (d) Clusters of framboidal magnetite grains. Irrespective of their size, the trapezohedron crystal
faces are well developed. (e) A Fe-sulfide grain exhibiting well-developed crystal faces. (f) Secondary Fe-sulfides (2nd-Sulf),
surrounding a carbonate grain and infilling micro-cracks in a matrix.

Carbonaceous nodules are identical in their as micrometer- or nanometer-sized aggregates with
mineral assemblage to the matrix, but enriched in  sharp boundaries (micro-OM or nano-OM; Figs. 4a
OM (Figs. 3b and 6¢). In the nodules, OM occurs also  and 7a).
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Fig. 6. The different textures recorded by the matrix and the modes of occurrences of the coarse-grained components. (a) The
phyllosilicate-dominated matrix. Note that there are locally-foliated domains (shown by arrows) in the matrix surrounding the
massive domain. (b) A phyllosilicate nodule, surrounded by Fe-sulfide, in a phyllosilicate-dominated matrix. (¢) A composite of a
carbonaceous nodule and a phyllosilicate nodule. (d) A magnetite nodule with various forms of magnetite. (¢) A magnetite nodule
with spherical and framboidal magnetite grains. Note that framboidal magnetite grains which vary in size coexist in a single nodule.
(f) A magnetite carbonate nodule, which includes platy and framboidal magnetite grains.

Iron-sulfide nodules are highly enriched in
Fe-sulfide grains (Fig. 3a), but otherwise identical in
their mineral assemblage to the matrix. Iron-sulfides
that often occur within the Fe-sulfide nodules, but
which also occur independently, exhibit at least three

modes of occurrence. The first type occurs as a
coarse-grained crystal (a few to several 10’s of pm in
size). In most cases, the first type exhibits an euhedral
shape in the matrix (Fig. 5e), but some are observed
as an inclusion in the coarse-grained carbonate nodule
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(f) 1ZC14N—

Fig. 7. A carbonaceous nodule in the matrix of C0053-1. (a) BSE image, (b) Raman carbonate band (1098 cm™!) map, (c) Raman D-
band map, and (d) Raman D/G map, (e) 2C'2C~ map, (f) 2CYN~ map, (g) 6**C map, and (h) §*°N map from SIMS. The presence of
micro-OM inside of the nodule is suggested by an intense >C'?C~ signal.

(Fig. 3c) and occur as partially dissolved, anhedral
crystals nearby the magnetite nodules (Fig. 5a). The
euhedral and hexagonal-disc-shaped Fe-sulfides ex-
hibit well-developed crystal faces (Fig. 5e), suggest-
ing that their growth is also linked to the presence of
open spaces. The second type is the most common
type in the Ryugu particles, and occurs as fine-
grained phases (<1 pum in size) scattered throughout
the matrix (Fig. 4a), and in Fe-sulfide and carbona-
ceous nodules (Figs. 3a and 3b). A large number of
these sub-pm-sized, Fe-sulfide grains are observed,
but they were too small to estimate the modal
abundance accurately. The third type is also fine-
grained (<1pum in size), but infills micro-cracks and

surrounds the coarse-grained components in the
matrix (Fig. 5f). We refer to this third type as
“secondary”. The first and second type of Fe-sulfides
were observed in both TD1 and TD2 particles, but
the third “secondary” type was found only in a
distinct ‘massive’ domain of A0035, which will be
described later. The modal abundance of Fe-sulfide
in TD1 particles shows a larger variation (2.7 £ 1.4
vol%) than in TD2 particles (2.1 £ 0.8vol%). The
Fe-sulfides are present as pyrrhotite (major phase)
and pentlandite (minor phase), with Ni/(Fe + Ni) of
0-0.14 and 0.20-0.57, respectively (Fig. SA4d). The
pyrrhotite of the first type tends to occur as a coarse-
grained euhedral crystal (several 10’s of pm in size)
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compared with the pentlandite (~10 pm); some of the
pyrrhotite include the pentlandite, and overgrow the
euhedral crystals. In terms of geochemistry, pyrrho-
tite is the major reservoir of S, but makes only a minor
contribution to the bulk rare earth element (REE)
budget of Ryugu particles (Fig. SA5).
Phyllosilicate nodules consist of two types:
the first is composed only of coarse-grained ‘fluffy’
phyllosilicate minerals (Figs. 3a and 4), and the other
is a dense aggregate of fine-grained phyllosilicate
minerals, with a fringe of Fe-sulfide grains (Fig. 6b).
The ‘fluffy’ phyllosilicate nodule, as well as the Fe-
sulfide nodules and the carbonaceous nodules, could
have been formed prior to their incorporation into
the matrix. Alternatively, the aforementioned nod-
ules could have been accreted as aggregates, which
were then aqueously altered and recrystallized to
form the nodule without mixing with the surrounding
material in the matrix. Such a scenario is preferred
here, because it does not require the nodules to be
previously aqueously altered and thus requires less
assumptions to be made. An example of the second
scenario for nodule formation is demonstrated by
the dense phyllosilicate nodule in A0073-5 (Fig. 6b).
The dense phyllosilicate nodule appears to have
formed through recrystallization of a ~5 pm silicate
grain, with formation of Fe-sulfide grains along the
relict grain boundary with the matrix. Phyllosilicate
nodules (Fig. 6¢) and carbonate nodules (Fig. 3b)
often occur next to the carbonaceous nodules,
suggesting that such nodules were formed through
interactions with silicate, fluid components and OM.
The matrix that is dominated by phyllosilicate
has a chemical composition indicative of a serpentine-
smectite mixture, which extends to a Fe-rich com-
position possibly due to the incorporation of sub-pm-
sized Fe-rich phases (Fig. SA4a). On the other hand,
the phyllosilicate nodules, without visible accessory
minerals (Figs. 3a and 4), show chemical composi-
tions that plot consistently in the Fe-poor and
slightly (Si + Al)-rich region of Fig. SA4a. Phyllosi-
licate smectite/serpentine ratios and Mg/(Fe + Mg)
ratios exhibit certain degrees of variation, but TD1
and TD2 phyllosilicates are largely consistent with
each other in those ratios (Fig. SA4a). The matrix
which is mainly composed of phyllosilicate exhibits
trace element abundances that are almost the same
as the bulk particle, but enriched in Li, Sr, Y, Zr, Nb,
and Ba (Tables S4 and S5 and Fig. SA5). Whereas
the phyllosilicate nodules are depleted in Sr; Y, Ba,
and REE relative to the matrix. This suggests that
accessory phases in the matrix, including nm-sized
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unidentified phases, are highly enriched in Li, Zr, Nb,
and REE, or that the phyllosilicates in the nodules
are different in terms of their trace element abun-
dances from those in the matrix.

Carbonate nodules range in size from several
pm to hundreds of pm, and they often contain
magnetite with or without Fe-sulfide (Figs. 3¢, 6d,
and 6f). The modal abundances of carbonates vary
more in TD1 particles (3.1 £ 2.7vol%) than in TD2
particles (2.0 £ 0.8 vol%). There could be a negative
correlation in modal abundances between carbonate
nodules and carbonaceous nodules. A0022 and A0033
contain significant amounts of carbonate nodules
(6.9 and 6.8vol%) and no observable carbonaceous
nodule. Meanwhile, A0085 contains small amounts of
carbonate nodules (0.6 vol%), but significant carbo-
naceous nodules (0.7 vol%).

Carbonate in the carbonate nodules is present
mainly as dolomite, and includes minor calcite and
magnesite. The carbonate minerals also contain
~15mol% of siderite component (FeCOgz) and
~9mol% of rhodochrosite component (MnCOj)
(Fig. SA4b). Coarse-grained dolomite (~100pm in
size) exhibits concentric zonation (Fig. 3c), and its
magnesite component increases toward the rim,
indicating that the composition of the fluid from
which it formed changed over time. The carbonate is
enriched in Ba and Sr, and depleted in Li, Zr, and Nb;
dolomite is enriched in REE compared to magnesite
(Fig. SA5). The REE abundances vary within and
among the dolomite grains; the coarse-grained
dolomite (A0033-15) is depleted in REE at the rim,
which is enriched in the magnesite component.
Whereas in another particle (C0053-1), the dolomite,
enriched in the magnesite component (Fig. SA4b),
shows a light rare earth element (LREE: La—Nd)
enriched pattern (Fig. SA5). Such variations among
particles suggest that the fluid evolution from which
the carbonates formed was also variable.

Magnetite nodules are present in various
forms (Figs. 3a and 5a), and magnetite itself also
shows various crystal habits: spherule, framboid, and
plaquette.?? The three habits of magnetite coexist in
the matrix (Figs. 5a, 5b, 5¢, and 5d), and are also
found within the carbonate nodule (Fig. 3c) and the
carbonate-magnetite nodule (Fig. 6f). On the surface
of the spherulitic magnetite, sub-pm-sized circular
pits are occasionally present (Fig. 5b). The pits
correspond to the form of adjoining framboidal
magnetite, and indicate that some of the framboidal
magnetite grains formed through partial dissolution
of the spherulitic magnetite. Such an observation
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indicates that the altering fluid composition varied
spatially and or temporally (discussed in Section
5.2.3 in detail). The framboidal magnetite grains
vary not only in size but also in crystal form
(Figs. 5b, 5¢, 5d, and 6e). The crystal habits of
magnetite vary depending on the physicochemical
environments during their crystallization.®%> 2 In
most cases, the magnetite grains with different forms
and the framboidal magnetite with different sizes
cluster at the ~10pm-scale (Figs. 6e and 6d). At
such a scale, there is no significant difference in
pressure and temperature. Therefore, the magnetite
nodules with different forms, and those of framboidal
magnetite of different sizes and crystal habits must
have formed in different chemical systems. As
discussed in Section 5.2.3 in detail, the chemical
systems must operate within open spaces (voids) that
are filled with gas or liquid phases for magnetite to
grow with well-developed crystal faces (Fig. 5d).%%)
The gas or liquid phases likely included organic
matter, because solvable organic matter facilitates
the formation of magnetite crystals with a high-index
of facets (Figs. 5¢ and 5d).%)

No significant difference was observed in the
modal abundances of magnetite between TD1 (3.4 +
1.6 vol%) and TD2 (3.7 + 1.7vol%) particles. The
magnetite all contain a trace amount of Ni (Ni/(Fe +
Ni) ~ 0.05, in molar ratio), irrespective of their
crystal form. In addition to magnetite, rare Mn-
bearing ilmenite (Mn/(Fe 4+ Mn) ~ 0.11) was also
observed.

Phosphate minerals occur occasionally as
poly-phase components with phyllosilicate and car-
bonate. The modal abundances of phosphates are
0.6+0.5 and 0.9+ 0.4vol% for TD1 and TD2
particles, respectively. Both Ca-phosphate and Na-
Mg-phosphate were identified (Fig. SA4c). The
former is hydroxyapatite with trace amounts of
halogens ([F] <0.1wt% and [Cl] <0.2wt%); here-
after, we simply refer to it as apatite. Apatite
sometimes occurs with a phyllosilicate fringe
(Fig. 3d) and appears to have formed through a
process similar to the phyllosilicate nodules with
coarse-grained ‘fluffy’ phyllosilicate (Fig. 3a). The
grain size of Na-Mg-phosphate is too small to
characterize it fully. Nonetheless, the position of
the Raman band relating to PO~ at 970cm ™!, and
the major element abundances of [NayO] 9.7 £ 1.3
(1SD), [MgO] 26.1 £ 0.6 (1SD), [POs] 44.2 + 1.6
(1SD), and [H20] 19.9wt%, suggests that the Na-
Mg phosphate is mejillonesite, NaMgy(PO3OH)
(PO,)(OH)-H50,.29 Where the major element abun-
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dances measured and the [HyO] estimated, based on
an ideal chemical formula, were normalized to a total
of 100wt%. Major element abundances of apatite
extend toward that of merrillite, but this could be
related to the small size of the targeted grains and
the presence of phyllosilicates in the probed area
during quantitative analysis (Fig. 3d). Apatite is
the major reservoir of REE, but unlike what is
commonly observed in chondrites,?” it shows a REE
pattern, that is flat with slight enrichments of middle
rare earth elements (MREE: Sm—Dy) or heavy rare
earth elements (HREE: Ho—Lu), and no Eu-anomaly
(Fig. SA5).

Olivine and low-Ca pyroxene occur as
angular-shaped fragments (Figs. 3e and 3f), in seven
out of the 16 Ryugu particles. A0073 contains
abundant olivine and low-Ca pyroxene (2.9vol%).
The modal abundances of the remaining six particles
are 0.4 + 0.2vol%. Most of the olivine and low-Ca
pyroxene are in contact with the phyllosilicate-
dominated matrix through smooth and sharp boun-
daries (Figs. 3e, SA6a, and SA6Gb). A rare olivine
grain with an irregular surface (uneven at the
sub-um-scale) occurs in the Fe-sulfide nodule
(Fig. SA6c). The olivine grain adjoins the phyllosi-
licate in the matrix, forming a sharp boundary, and
expresses no distinct reaction rim, even at the nm-
scale (Fig. SA6d). In fact, the olivine is not altered
in terms of its major element abundance, and is as
Mg-rich as the other olivine and low-Ca pyroxene
grains with Mg/(Fe + Mg) of 0.97-1.0 and 0.97—
0.99, respectively. The O isotopic composition
determined by SIMS was 6'%0 = —1.1 to —4.7%o,
070 = —49.3 to —6.0%0, and A0 = -23.3 to
—3.5%0 for olivines, and 60 = —4.5 to —4.3%o,
670 = —7.8%0, and A0 = —5.5%o for the low-Ca
pyroxene (Table S6), where 6§77 180 = (17 180/
1GOsample)/(l7 % 180/16OVSMOVV) -1 and A”O =
In(6"0 + 1) — 0.528 x In(6'®*O +1).  The olivine
grains fall into clusters with either 680 ~ —50%o
and A0 ~ —23%¢ or 680 ~ —5%0 and AYO =~
—5%g, with all low-Ca pyroxene grains falling into
the latter cluster. The O isotopic values of olivine
and low-Ca pyroxene grains are distinct from that of
the bulk value for all the Ryugu particles analyzed
here (Fig. 8, discuss later). The O TD1 composition
of clusters with A"O = —23%0 and A0 = —5%0
fall within the ranges exhibited by olivine grains in
the amoeboid olivine aggregates (AOAs) and the
chondrules of carbonaceous chondrites including
their relicts, respectively.®9 2829 The chondrule-like
O isotope signature was found in olivine and low-Ca
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Fig. 8. The O isotopic compositions of magnetite, dolomite, olivine and low-Ca pyroxene grains and the bulk values for Ryugu particles.
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(CC) are from the literature.'*~1%4) Data for host olivines in chondrules and olivine fragments in CC are from previous studies,

data for relict olivine in CC chondrules are from the literature,!¥7):198

for bulk analysis values is 2SD. CCAM and TSFL denote carbonaceous chondrite anhydrous mineral line

fractionation line.?") TL is Tagish Lake (C2 ungrouped).

pyroxene grains in the matrix (Fig. SA6a), whereas
the AOA-like signatures were confirmed in olivine
grains in both the matrix and the Fe-sulfide nodule
(Figs. SA6b and SA6¢c). All of the above findings
indicate that the olivine and low-Ca pyroxene in the
Ruygu particles were derived from chondrules or
AOAs, and were physically mixed into the matrix
after the major phase of aqueous alteration.

The massive domain occurs as a distinct
region of the TD1 particle A0035. An aliquot of this
particle, A0035-1 contains a light-colored domain
(several 100’s of pm in size) in the matrix with a
sharp, but intricate boundary (Figs. le and 1f). The
matrix surrounding the massive domain is locally
foliated subparallel to the outline of this domain
(Fig. 6a). The domain, which is rather massive and
lacking in coarse-grained components larger than
several 10’s of pm (Fig. 1f), contains Fe-sulfide
phases, carbonate, magnetite, phosphate and phyllo-
silicate nodules. Therefore, the components are the
same as those enclosed within the typical matrix,
except rare >10pm olivine and low-Ca-pyroxene

194)-196)

199)

) and data for AOA are from a previous study.'® The error bar

200) and terrestrial silicate

were also observed, making the massive domain
unlike any components observed in the other Ryugu
particles examined.

4.1.2. Density and porosity. The average bulk
density of TD1 material (11 aliquots from 7 particles)
and of TD2 material (10 aliquots from 9 particles)
were 1539710 kgm™ and 1491715 kgm 2 (95% of
Bayesian credible interval), respectively (Fig. 2 and
Table S3). The difference in the bulk density between
the TD1 and TD2 particles was —31 to 285 kgm®
(95% of Bayesian credible interval), with the TD1
particles being slightly denser (Fig. 9). The average
bulk density of all particles yields 1528 + 242
(1SD) kgm™—3, which is 246 kgm~3 greater than that
measured at the P1C (1282 4 231 kgm ™3, n = 156)."
The difference that is barely significant could be
attributed to the different analytical methods of the
bulk volume estimation. Unlike the method employed
at the P1C, our method considers the actual
irregularities of the particle for the determination of
the bulk volume estimation (see Supplementary Text
ST1.1 in detail). The average bulk density of the
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Fig. 9. Density distributions of 16 particles. The density histogram measured at the P1C7) is also shown. The frequency (N) of the P1C7)
was rescaled by a factor of 0.2 to match the apparent scale. The average density of the 16 particles is 1528 + 242 (1SD) kgm~®. The
density difference between TD1 and TD2 particles is —32 to 143kgm ™ (50% of Bayesian credible interval), suggesting that there is
no significant difference between the densities of TD1 and TD2 particles. As references, Ryugu bulk density,” and bulk densities of
Orgueil (C11)*”) and Tagish Lake (C2 ungrouped)?") meteorites are also shown in the figure.

Ryugu particles does not differ significantly from that
of the Orgueil (CI1, 1570 kg m~?)??) and Tagish Lake
(C2 ungrouped, 1660 kgm~3).31)

The Ryugu particles were collected from the
asteroid surface, which had been destroyed by a Ta
bullet. Thus, the particles might record a higher
density than the surface materials that they were
derived from, because an impactor destroys a target
to produce fragments, which would have separated
along planes with a lower strength such as pre-
existing cracks. Accordingly, the resulting fragments,
namely the Ryugu particles collected, might have
a relatively higher strength. Therefore, the bulk
density obtained here may be higher than the typical
bulk density of materials near the surface of Ryugu,
including fine-grained materials such as regolith and
materials with less strength.

The grain density of the Ryugu particles ranges
from 2504 to 2679kgm~3, with an average value of
258732 kgm 3 (Table S3). The microporosity ranges
between 19 and 54 vol%, with an average value of

40.9739vol% (Table S3). The modal abundances of
components and void are shown in Fig. 2. The
microporosity is similar to that (46%) obtained by
P1C.7 The macroporosity was estimated to be 7%
using the bulk density of the asteroid Ryugu,
1190 + 20kgm 2.9 Using the result in this study,
the macroporosity is estimated to be 22%, which may
be an upper limit given the strength bias of the
collected particles. Note that Grott et al.*?) estimated
a macroporosity of 16 + 3% based on the size-
frequency distribution of boulders on the surface of
Ryugu.

4.1.3. Light-element isotope characteristics of
micro-OM. The C and N isotope maps were
obtained by SIMS with a scanning probe for
15pm x 15pm or 50pum x 50 um areas (Figs. 10b,
10c, 11b, and 11c¢). The primary beam diameter is
~1lpm. The 6N and 6"*C values from the maps,
as well as the average isotopic compositions of the
areas, were processed pixel-by-pixel (Fig. SAT),
where 6N = (N/M"Ngpie) /(PN/MN,,) — 1 and
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Fig. 10. C, N, H, Li, and B isotope maps of micro-OM in C0053-1. (a) BSE image. A 10 pm-sized dark object located in the center is the
largest micro-OM in the area. The squares correspond to the regions where H (red) and Li and B (blue) isotope maps were obtained.
(b) C isotope map. The §'3C value of the largest micro-OM is 96 = 6%o (1SE). (c) N isotope map. The §*°N value of the largest micro-
OM is —147 £ 10%o (1SE). Micrometer-sized 1’N-rich objects are also micro-OM, some of which exceed 6'°N a2 400%o. (d) H isotope
map. The 6D value of the largest micro-OM is 158 & 30%o (1SE). (e) Li isotope map. The 6Li value of the largest micro-OM is
139 + 404%0 (1SE). (f) B isotope map. The §''B value of the largest micro-OM is —33 & 80%o (1SE). The area corresponding to the
largest micro-OM is outlined in (d), (e), and (f). The scale bar in each figure corresponds to 10 pm.

5130 = (13C/lzCsamp1e)/(13C/IZCV_pDB) — 1. The ma-
trix effect correction was carried out so that the
average C and N isotopic compositions, of matrix
areas within a particle determined by SIMS, are equal
to those determined by the whole-rock analysis for
each particle.

The variations of the §"’N and §'3C values (1SD)
among the 15pm x 15 pm area analyses within the
particles A0073-5, A0078-12, C0019-10, and C0053-1
are (6"N: 89.7%0, 6*C: 9.9%0, Marea = 25), (46.1%0,
6.6%0, Marea = 28), (12.4%0, 6.5%0, Narea = 15) and
(16.0%0, 4.7%0, Narea = 37), respectively, and those of
Orgueil (CI1) are (22.0%0, 7.3%0, Tarea = 31), where
Tarea 1S the number of areas analyzed (Fig. SA7 and
Table S7; Note that variation is not discussed for
A0085-1 due to the small number of analysis areas).
The variation of 6'*C values is less than 10%o both for
Ryugu and Orgueil samples. Variation of §'°N values
in C0019-10 and C0053-1 are smaller, and in A0073-5
and A0078-12 are larger than those of Orgueil.

The pixel-by-pixel analyses formed a cluster of
data points located at the center of the bulk Ryugu
particle value, with arrays deviating towards either
heavy C and N or heavy C and light N compositions

(Fig. SAT). The distribution of points in the main
cluster is dominated by counting statistics, but the
compositions of the points in the arrays reflect mixing
with components with isotopically anomalous com-
positions. We refer to the §"”N-rich and §C-rich
components as the ®N-hotspot and the §'°N-poor
and 63C-rich components as the N-coldspot.
According to SEM imaging, the areas with elevated
SN values include micro-OM, identified as darker
regions (i.e., composed of lighter elements on
average) than the surrounding matrix (Fig. 10a).
Since micro-OM is enriched in C relative to bulk
matrix, a region consisting of pixels with ion signal
ratio (2C12C~/Si™) > 2 is identified as micro-OM.
The C and N isotopic compositions of micro-OM are
shown in Figs. 10, 11, and 12 and Tables S7 and S8.
From A0078-12 it is inferred that the *N-hotspot is
at least as heavy as 6'°N = 1131 + 38%s, with 6"°C =
66 %+ 38%o. From C0053-1 it is inferred that the N-
coldspot is at least as light as 6"N = —147 + 10%o,
with 6"C = 96 & 6%oc. The 6N values determined
for the area analysis could be explained by contribu-
tion from several OM components with distinct
isotopic compositions, including those of the '°N-
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C, N, H, Li, and B isotope maps of micro-OM in A0073-5. (a) BSE image. A 10 pm-sized dark object located in the center is the

largest micro-OM in the area. The squares correspond to the regions where C and N (white), H (red), and Li and B (yellow) isotope
maps were obtained. (b) C isotope map. The §"3C value of the largest micro-OM is 27 & 69%o (1SE). (c) N isotope map. The
8N value of the largest micro-OM is 610 4 78%o (1SE). (d) H isotope map. The 6D value of the largest micro-OM is 2983 + 84%o
(1SE). (e) Li isotope map. The §’Li value of the largest micro-OM is 29 + 568%0 (1SE). (f) B isotope map. The §""B value of the
largest micro-OM is 0 & 314%0 (1SE). The area corresponding to the largest micro-OM is outlined in (d), (e), and (f). The scale bar
in each figure corresponds to 10 pm. Note that the shape of the largest micro-OM changed slightly because of spattering during

analysis.

hotspots and '»N-coldspots, which are much smaller
than the area analyzed, and micro- and nano-OM
with bulk Ryugu-like values.

Micro-OM with distinctly higher §'3C values
(96 & 6%0) and lower 6N values (—147 & 10%o)
than the surrounding matrix was found in C0053-1
(Fig. 10) and is recognized here as a *N-coldspot, as
described above. The BSE image of the micro-OM
also confirms the presence of a sharp boundary,
which separates it from the surrounding matrix. A
small number of micro-OM with low 6N values are
also observed in A0073-5 and A0078-12 (Fig. 12).
The micro-OM (circled by the white line in Fig. 10)
showed 6D = 158 + 30%o, 6'Li = 139 4 404%o, and
1B = —33 4 80%0, respectively, where 6D = (D/
Hsample)/(D/HVSMOW) -1, 67Li = (7Li/6Lisample)/
(7Li/6LiLSVEc) — 1, and (SHB = (HB/lOBsample)/(nB/
Bgraos1) — 1. The results indicate that the H, Li,
and B isotopic compositions of the micro-OM are
almost the same as those of the surrounding matrix.

In addition to the micro-OM, round-shaped
carbonaceous nodules (20 x 20 pm%sized lithic frag-
ments) with C and N isotopic compositions distinctly
different from the surrounding matrix were found in

C0053-1 (Fig. 7). There is no significant difference in
the abundance of phyllosilicate and Fe-sulfide phases
between the carbonaceous nodule and surrounding
matrix. In the BSE image, the nodule is darker than
the surrounding matrix (Fig. 7a), which is attributed
to the enrichment of C in the carbonaceous nodule
evidenced by the CC~ ion map (Fig. 7e). The
Raman spectrum shows that the carbonaceous
nodule is enriched in OM (Fig. 7c) and depleted in
carbonate (Fig. 7d) relative to the surrounding
matrix. The lower Raman D/G value of the nodule
compared to the surrounding matrix reveals that the
OM that dominates in the nodule is more ordered
and graphite-like than that in the matrix. Nitrogen is
ubiquitous in both the matrix and nodule (Figs. 7e
and 7f). The C and N are heterogeneously distribut-
ed in both domains, and their distributions appear
correlated (Figs. 7e and 7f). The §®C and 6N
values of the nodule (§"’N = 312 + 18%0 and §3C =
37 £ 7%0) are significantly higher than those of the
matrix (Figs. 7f and 7g). The 6N value of the
carbonaceous nodule is significantly enriched in "N
and similar to the whole rock value of Bells (C2
ungrouped) and the most 'N-enriched IOM.3)
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Usually '"N-enriched IOM is in negative correlation
with 6C,%) but this is not the case for the
carbonaceous nodule and thus the high 6'3C value
makes the nodule unique in terms of known solar
system material.

4.1.4. Ozygen isotope thermometry. The coex-
istence of magnetite and dolomite is observed in the
Ryugu particles (e.g., Figs. 6d and 6f). Therefore,
the crystallization temperatures of the magnetite-
dolomite pairs were determined using O-isotope
thermometry (e.g., Fig. SA8b). The 60 values of
magnetite and dolomite determined by SIMS are
—2.0 +4.8%0 and 33.3 + 3.9%0, respectively, for
C0008-16 and 4.9 & 2.9%0 and 38.4 % 5.8%o, respec-
tively, for A0022-15 (errors are 2SD) (Table S6). The
average 6'%0 values of dolomite and magnetite in

are also shown.

A0022-15 are ~5%o higher than those in C0008-16,
suggesting the O isotopic composition of the source
reservoir (i.e., co-existing fluid) differs between
C0008-16 and A0022-15. The variability of 6%0
values within phases is significantly larger than
analytical uncertainty, indicating that not all mag-
netite and dolomite grains formed in equilibrium.
Thus, the magnetite and dolomite grains likely
formed from reservoirs with temporally varying O
isotopic compositions and temperatures. The change
in the O isotopic composition and temperature
may reflect a series of aqueous alteration events,
with a specific series of dolomite and magnetite grains
being formed in equilibrium with one another at a
given time. Thus, the possible minimum and max-
imum temperatures that could be plausibly explained
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Fig. 13. Mn-Cr isochron diagram for dolomite grains. By assuming a homogeneous distribution of the (**Mn/**Mn); in the early solar

system, the ®*Mn-%3Cr age of dolomites, was calculated by the (**Mn/**Mn), = 4.14 x 1079 relative to the D’Orbigny angrite with
(P3Mn/>Mn) POy — (3.24 4 0.04) x 107929 and the decay constant of **Mn.?”) The absolute age of dolomite grains was estimated
to be 4564.71“{:3 Ma by referring to the Pb-Pb age of the D’Orbigny angrite with t?O™ie% = 4563.37 + 0.25 Ma.?%)39)

by potential magnetite-dolomite pairs are calculated
to yield a maximum range of temperatures that
Ryugu could have experienced during aqueous
alteration.

The A(SISO (E 5180dolomitc - 618Omagnctitc) value
was evaluated statistically using Bayesian estima-
tion. The posteriori median A§'%0 values of C0008-
16 and A0022-15 were estimated to be 35.4%0 and
33.5%q, respectively, and the corresponding Bayesian
credible intervals (95%) for the median values are
32.9-37.8%0 and 31.4—35.5%o, respectively. Oxygen-
isotope thermometry of magnetite and dolomite
(Fig. 8) yielded estimated crystallization temper-
atures of 9713 °C (C0008-16) and 203 °C (A0022-
15) (Table S9).

4.1.5. PMn-?’Cr dating of carbonates. The
crystallization age of carbonates was determined
using the %Mn-%3Cr chronometry. The 3*Cr/*’Cr
and *Mn/**Cr of dolomites in A0022-15, A0033-15,
and C0008-16 are shown in Fig. 13 and Table S10.
In Fig. 13, there is no significant difference in the
slope (i.e., age) of the regression line in the dolomites
within and among TD1 and TD2 particles. No
systematic differences were observed even within
the 100-pm-sized coarse-grained and chemically-
zoned carbonate nodule in A0033-15 (Figs. 3¢ and

SA8a). Dolomite in the carbonate-magnetite nodule
in C0008-16 (Fig. SA8b, from which O isotopic
compositions were also determined) also plots on
the same slope as the other dolomites, although it has
a broad and systematically higher **Mn/*2Cr and
3Cr/*2Cr. Since there are no significant differences
in the formation ages of dolomites with different
textures, all the measured data were used to calculate
the formation age of the dolomite grains.

The initial **Mn/**Mn [= (**Mn/*Mn),| was
estimated as a slope of all datasets in the diagram,
which was determined to be (4.14 + 0.68) x 1076
with MSWD (mean square weighted deviation) of
1.01 (Fig. 13) using a fitting algorithm.>) By
assuming a homogeneous distribution of the (**Mn/
®Mn)g in the early solar system, the **Mn-*3Cr age
of dolomites, was calculated by the (**Mn/**Mn), =
4.14 x 1075 relative to the D’Orbigny angrite
with  (°*Mn/*Mn),”'Oeny = 3.24 x 10703)36)  and
the decay constant of **Mn.?”) The absolute age of
dolomites was estimated to be 4564.71% Ma (million
years ago) by referring to the U-corrected Pb-Pb age
of the D’Orbigny angrite with #2'O™eny — 4563.37 +
0.25 Ma.38):39)

The model age of dolomites was estimated to
be 4564.7108 Ma, which corresponds to 2.6745 Myr
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after the formation of the solar system relative to the
U-corrected Pb-Pb age of Ca-Al-rich inclusions
(CAI) (4567.30 + 0.16 Ma)."? The determined age
overlaps with the oldest end of range reported for CI
chondrites (3.3709 to 5.070% Myr after the formation
of the solar system?)-42)),

4.2. Bulk chemistry. The abundances (mass
fractions, expressed as [Z] for element Z) of up to
70 elements were determined for aliquots of the 16
particles (Tables S1, S11, and S12). A aliquot of each
particle was further divided into up to 8 aliquots
and each aliquot was then used to determine the
abundances of different groups of elements (see detail
in Supplementary Text ST1.4 and Tables S11 and
S12). The number of groups applied to each particle
depends on the total mass of the particle available
for the bulk analysis. A maximum 70 elements were
measured from 6 particles (A0022, A0033, A0048,
C0008, C0019, and C0079), with the total consumed
weights for each aliquot being 1.7-3.3 mg. From the
remaining ten particles, 42—59 elements were meas-
ured using 0.3—1.6 mg of the aliquots. Abundances of
all determined elements relative to CI chondrites®
are shown in Fig. 14.

The isotopic compositions of eight elements (H,
C, N, O, Ne, Ca, Cr, and Os) were determined.
Hydrogen, C, and N isotopes were determined
simultaneously with their abundance measurements
(13 aliquots for H, using 0.057-0.317mg and 14
aliquots for C and N using 0.103—0.765 mg). Neon
isotopes were determined simultaneously with their
abundance measurements from all 16 Ryugu particles
using aliquots of 0.011-0.126 mg. Oxygen isotopes
were determined from 5 particles using aliquots of
0.330—0.568 mg. Calcium and Cr were separated from
2 particles using aliquots of 0.444 and 0.457 mg, and
their mass-independent isotopic compositions were
determined. Osmium was separated from 6 particles
using aliquots of 0.139—-0.276 mg and their isotopic
composition was determined. The total amount of
sample consumed to obtain the above data was
~26 mg out of the 55 mg received.

4.2.1. Abundances of refractory to wvolatile litho-
phile and siderophile elements.  Overall, the abun-
dances of lithophile and siderophile elements in
Ryugu particles are in close agreement with the
weighted mean of CI chondrites,*® for three out of
seven TD1 and all TD2 particles (Fig. 14). However,
a detailed comparison of the differences between the
Ryugu particles and the weighted mean of CI
chondrites (Fig. 14c) shows that most of the refrac-
tory siderophile and refractory lithophile elements

[Vol. 98,

and B in Ryugu particles are higher than in the
weighted mean of CI chondrites. The [Ta| in A0022,
C0081, and C0019 are 4, 50, and 100 times higher
than the others, respectively, while the other
elements in these three particles do not show
significant enrichments (Fig. 14). Such a finding
suggests that these particles were contaminated by
the Ta bullet that was used to impact the Ryugu
surface during sample collection. Thus, the [Ta] of
these three particles were excluded from the weighted
mean values shown in Fig. 14c. However, no Cu
contamination was observed, which was expected
due to its inclusion in the projectile of SCI.

The TD1 particles show greater variations in
their [REE], [Y], [P], [U], [Cal, [St], [Th], [T]], and [B]
compared with those of the TD2 particles (Figs. 14a
and 14b). The abundances of these elements, except
Tl and B, in the TD1 particles are correlated with
each other. The correlation coefficients (R) with [P]
are 0.97-0.96 for [HREE] and [Y], 0.94-0.91 for
[MREE], 093—0.88 for [LREE], 0.88 for [Sr], 0.84 for
[Cal, 0.79 for [Th], 0.77 for [U]. These correlations
can be explained if there are variable abundances of
apatite in the TD1 particles, because REE, Y, Sr, U,
and Th are enriched in apatite (Fig. SA5).2"

While the elemental abundances of the TD2
particles are less heterogeneous relative to those of
the TD1 particles, considerable variations were
observed in the [B], [Be|, [Bi], [Pd], [Re], and [Ir]
(Figs. 14a and 14b) for the TD2 particles. The Be
and Bi in TD2 particles are present in CI to sub-CI
abundances, while B is present in CI to super-CI
abundances. Furthermore, the [Be] and [B] demon-
strate a negative correlation with one another (R =
—0.94; Fig. 15a). Such a feature is not observed in
the TD1 particles. Among elements with similar
volatility to Be and B, no anomaly relative to the
CI abundance is observed. Thus, the correlation is
not caused by volatility-dependent processes, such
as condensation processes in the inner protosolar
nebula (PSN). Alternatively, B is a fluid-mobile
element, which can easily fractionate during solid-
fluid reaction processes, such as aqueous alteration.
However, there is no evidence to suggest the
elemental fractionation of other highly mobile
elements (e.g., Li, Na, K, Rb and Cs) among the
TD2 particles, through an open-system fluid-solid
interaction process. Thus, the correlation is not
caused by a solubility-dependent process.

The [Bi] in TD2 particles shows a high correla-
tion with [Mo] (R = 0.96, Fig. 15b). From a gas of
solar composition, Bi and Mo are condensed as pure
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range are from Lodders.*®) Note that the particle names have the first two zeros removed.

metals,*) and therefore, should be independent of
one another. Thus, the positive correlation between
[Bi] and [Mo| may be due to the heterogeneous
distribution of Bi-Mo compounds (e.g., bismuth
molybdate, Bis[MoOy|3) which may have formed on
the asteroid.

4.2.2. Abundances of highly siderophile elements
and Os isotopes. Since nugget heterogeneity is
significant for the highly siderophile elements (HSE:
Ru, Pd, Re, Os, Ir, and Pt) in chondrites,*” HSE
were measured for more than two aliquots from each
particle, except for C0079. Some of the Os-extracted
residues, after the inverse aqua regia digestion, were
further desilicified with HF.*) The result shows that
there were no significant differences in HSE abun-
dances among the multiple aliquots, except for C0019
(Fig. SA9 and Table S13).

The ¥70s/'%¥0s among bulk Ryugu particles is
quite uniform (0.124-0.127 with an uncertainty of
0.006—0.012; Fig. SA10), and comparable to the mean
1870s/1%80s of CI chondrites (0.1262 + 0.0002%7).
Except for one aliquot (C0019-16), the *"Re/1*¥0s
values (0.36—0.49 with an uncertainty of 0.06—0.11)
are also indistinguishable from the mean ®"Re/!*®0Os
of CI chondrites (0.392).7) The 'S"Re/'**0s and
18705 /1%80s of most CI chondrites plot on the 4.558-
Ga isochron of the IITA iron meteorites,*® suggesting
that Re/Os was not disturbed since their formation.

C0019-16 has an exceptionally high ¥"Re/!%*Os
(0.60 £ 0.09), and plots away from the 4.558-Ga

isochron. The [Os| in C0019-16 (477ngg™ ') falls
within the range of all Ryugu bulk particles (400—
583ngg~!) and is comparable to the mean [Os| of CI
chondrites (460 4+ 4ngg~!).* Whereas, the [Re| in
C0019-16 (59 ng g !) is significantly higher than that
of the other Ryugu particles (29-48ngg™!) and the
mean [Re| of CI chondrites (38.1 + 1.9ngg™).4") Tt
is, therefore, considered that the elevated 8"Re/!**Os
in C0019-16 is due to Re addition rather than Os
loss in this aliquot. The ¥70s/1¥¥0s ratio of C0019-16
(0.126 £+ 0.007) is comparable to the other Ryugu
particles and suggests that the Re addition should
have occurred recently.

The major reservoir of HSE among the identified
minerals in the Ryugu particles appear to be Fe-
sulfides. However, the bulk HSE abundance does not
depend on the modal abundance of coarse-grained
(>1nm) Fe-sulfides. For example, A0022 and A0033,
which have lower HSE values (Fig. 14), contain a
greater abundance of Fe-sulfide than the others,
except for C0019. In the matrix of Ryugu particles,
sub-pm-sized Fe-sulfides are also widespread, but
their modal abundances have not been estimated
due to their small grain size. Furthermore, there could
be HSE-enriched metal and/or oxide minerals, which
are fine-grained (<1 m) and have not been identified.

To clarify this discrepancy, HSE abundance
ratios were measured for the coarse-grained euhedral
Fe-sulfide grains, separated from C0019 (Fig. SA9).
The Pd/Ru, Ir/Ru, Os/Ru, and Pt/Ru in the Fe-
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sulfide separate are 0.1, 0.4, 0.4, and 1.5 times,
respectively, relative to the mean value of the Ryugu
bulk particles (Re/Ru could not be determined
because of the low [Re]) (Table S13). This result
suggests that the HSE abundance of the bulk
particles depends not on those of the coarse-grained
Fe-sulfide minerals, but on the sub-pm sized Fe-
sulfide grains or the unidentified HSE-rich phases in
the matrix. Such phases would be high in Pd/Ru,
Ir/Ru, Os/Ru, and probably Re/Ru. Among the
two bulk aliquots from C0019, C0019-16 shows
extremely high [Ir] and [Pd], and a high ®"Re/
180s, compared to bulk Ryugu particles. The result
could be attributed to the heterogenous distribution
of the fine-grained HSE-rich phases in the matrix,
which would have resulted from a recent as yet
unknown process.

4.2.3. Hydrogen, C, and N isotopes. The
elemental abundances and isotopic compositions for
Ryugu particles were determined by IRMS, including
H ([H] and éD for 13 particles), total carbon (TC;
[Cltc and §"Crc for 14 particles) and N ([N] and
6N for 14 particles using the same aliquot for the
TC measurement). In addition, the [C] and §"*C of
the total organic carbon (TOC; [Clroc and §**Croc)
was determined for 13 Ryugu particles with aliquot
weights of 0.027—0.122mg. Ryugu particles exhibit
variations of [H] = 0.69 to 1.30 wt%, [C]rc = 2.79 to
5.39wt%, [Cltoc = 1.77 to 4.00wt%, [N] =0.10 to
0.22wt%, 6D =100 to 345%0, 6"Crc= —15.3 to
14.1%o0, 6"*Croc = —23.1 to —15.4%o0, and 6N = 0.4
to 53.0%0 (Fig. 16 and Table S14). There were no
systematic differences of such values between the
TD1 and TD2 particles.

The [H] of Ryugu (weighted average: 1.03 wt%)
is lower than that of Orgueil (CI1) measured in this
study (average: 1.54wt%) and the CI chondrites
analyzed by Alexander et al.*®) (average: 1.55 wt%).
Whereas the [H| of Ryugu (except for A0033) is
comparable to or higher than the CI chondrites
measured by Vacher et al.’?) (average: 0.95 wt%) and
Kerridge® (average: 0.63wt%). The 6D values of
most Ryugu particles are higher than those of CI
chondrites and lower than those of the Tagish Lake
(C2 ungrouped). The discrepancy of [H| between
Orgueil analyzed by this and among all the CI
chondrites analyzed by other studies is probably due
to different sample treatments prior to the analyses.
The H50 in a sample includes that which is adsorbed
from the terrestrial atmosphere and that which
resided intrinsically in the interlayer of phyllosilicates
and Fe-(oxy)hydroxides. In previous studies, the
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carbonaceous chondrite samples were pre-treated by
either storage within a desiccator for days to weeks
at room temperature,’” heating at 120°C for 48
hours in vacuo,” or heating at 200°C overnight in
air,’V to remove atmospheric H,O contamination.
Separation of atmospheric water is difficult as
degassing of part of the intrinsic water occurs at a
similar temperature (100—200°C or lower).”? Subtle
differences in the preheating temperature or duration
may result in loss of indigenous water to various
extents, hence a large discrepancy among labs usually
occurs. The Ryugu particles are little affected by
atmospheric contamination. They were captured at
the asteroidal surface while in the vacuum of space,
and handled in a terrestrial laboratory with minimal
exposure to the atmosphere. The Ryugu particles
could have been heated up to ~100°C*) before
sampling on the asteroidal surface. Hence, we
employed preheating at 110°C in vacuo for 6 hours,
followed by cooling at room temperature for a further
6 hours, as not to overheat the aliquots relative to
asteroidal conditions.

The main reservoir of H in the Ryugu particles is
phyllosilicates, with minor amount being present
within OM. Assuming that all H exists in phyllosi-
licates and OM and the [H]/[C] of OM is 0.061,*)) a
mass balance calculation, using the [C]roc and bulk
[H] value, the modal abundance of the mineral
components, and bulk density of Ryugu particles,
yielded the [H| in Ryugu phyllosilicates to be 1.2
0.7wt% (2SD). In this calculation, the porosity in the
matrix was calculated to fit the bulk density of
Ryugu particles. The stoichiometric [H| of lizardite
(serpentine group mineral) and saponite (smectite
group mineral) are 1.45 and 2.10 wt%, respectively.
Although the mean values of the calculated [H| in
the phyllosilicate is lower than the stoichiometric
[H], they agree within the 2SD range. Thus, the
determined bulk [H|] of the Ryugu particles is
consistent with the petrography.

Variations in the [C]pc and 6%Crc of Ryugu
particles largely overlap with those of CI chondrites
(Fig. 16c). The one exception is A0022, which shows
a significantly higher §'*Cr¢ similar to Tagish Lake.
The restricted §'3Croc values relative to the §'3Crpc
values for all particles suggest that the variation
of §"3Cpc among the particles is primarily controlled
by carbonates. Through mass balance calculations,
using the data of five Ryugu particles (A0022, A0033,
A0078, C0081, and C0082), [Cleca, (the [C] of
carbonate) and 6%Cy, (the 6C of carbonate)
are estimated to be 1.240.5 to 3.0 £0.5wt%
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(Fig. 16d), and —12 £ 4%0 to 43 £ 8%u, respectively
(Table S14). The same approach could not be
applied to the other particles, since the carbonates
were too small to quantitatively estimate their modal
abundance.

The [N] and 6N of the Ryugu particles mostly
fall within the ranges of CI and CM chondrites that
form a broad linear array in Fig. 16b. However, two
particles (A0033 and C0082) show a deviation from
the array to lower §'°N values.

The 6"Crc and 6N values of Ryugu particles
(except for A0022) show variability that is within or
near the range of CM and CI chondrites (Fig. 16e).
On the other hand, §'"*Croc and 6N values demon-
strated a relatively restricted range of compositions
and their trend extends toward the composition of
the "N-hotspots. This result, combined with the data
for the pixel-by-pixel and area analyses by SIMS,
indicates that the bulk 6'3Cpc and 6N values of
Ryugu particles can be explained by mixing between
the ¥C- and "N-poor OM components, which are
dominant in the phyllosilicate-rich matrix, and the
1N-rich OM. The bulk isotopic composition of two
particles (A0033 and C0082), which deviate from the
others in Fig. 16b, could be influenced by the pres-
ence of "N-coldspots in these particles. The elevated
and variable §"3Crc values relative to 6'*Cpoc are
due to the presence of carbonates (Fig. 16e).

Linear correlations of [C]p¢/[H] vs. D are found
for CR and CM chondrites,*”) which were interpreted
as the result of mixing between hydrogen from
water/OH in phyllosilicates with different 6D values
and hydrogen from OM. In the case of Ryugu
particles, a higher abundance of carbonate results
in a higher [C]pc/[H| value for a given particle.
Therefore, it is appropriate to use the [Clroc/[H] to
evaluate the mixing relationship of H (Fig. 16f).
Although [Clroc/[H] and 6D of Ryugu particles plot
on and around the linear array extending from the
range of CM chondrites to higher 6D values (CM
line), they do not form a linear trend in Fig. 16f.
Furthermore, the wide range of 6D values of OM
(150—3000%0, Figs. 10 and 11) makes it difficult to
represent the bulk 6D values as a mixture of two
unique endmember components. Assuming a H/C =
0.061*) and 6D value of 150-3000%0 for Ryugu OM,
6D values for Ryugu phyllosilicate minerals can range
between —600 and 400%o, which includes the 6D
ranges of the Earth, Oort Cloud Comets, and Jupiter
Family Comets.*®

4.2.4. Bulk O, Ca, and Cr isotopes. Bulk O
isotopic compositions were determined by IRMS for
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five particles: two from the TDI1 site (A0022 and
A0033) and three from the TD2 site (C0008, C0019,
and C0079), yielding §'%0 = 17.72—20.08%0, 670 =
9.84-11.03%o0, and A0 =0.503—-0.614%0 (Figs. 8
and 17a and Table S14). The range of A0 values
covering all the particles measured is 0.111%g, which
is nearly equivalent to the 25D external precision
(£0.054). Thus, the A!YO value of the Ryugu
particles was found to be nearly homogeneous on
the scale of >0.3mg. Whereas, the range of §'%0
values (2.36%o) is an order of magnitude larger than
the 2SD external precision (£0.16%o).

The mass-independent isotopic compositions of
SCr/52Cr and *Ca/*Ca were measured for two
particles: A0022 and C0081 with aliquot weights of
0.444 and 0.457mg, respectively. The £*Cr and
£*8Ca values of A0022 were 1.49 + 0.16 and 1.97 +
0.33, respectively, and of C0081 were 1.77 £ 0.10
and 2.21 £ 0.27, respectively (Figs. 17b and 17c),
where e%Cr = [(**Cr/%2Crampie) / (**Cr/**Creraorg) —
1] x 10*  and ¥Ca= [(48Ca/44Casample)/(48Ca/
“Cagrmoiza) — 1] x 10%

The O, Cr, and Ca isotopic compositions of
Ryugu particles most closely resemble the CI
chondrites out of all known meteorite groups, but
show distinctively higher 6'*0 and A'7O values than
those of CI chondrites (6'%0 = 14.26-16.70%0 and
A0 = 0.201-0.453%0, Fig. 8). The £*'Cr value of
the A0022 is within the range of that of CI chondrites
(e'Cr = 1.44-1.65),°7°% but that of CO0081 is
slightly higher than the CI chondrites (Fig. 17).
The £*¥Ca value of the Ryugu particle is within the
range of CI, (2.06 £ 0.09 to 2.30 4 0.80),°-6Y CR
(2.07 £ 0.05 and 2.23 + 0.04),°) and CM (2.1 4 0.9
and 3.14 + 0.14)%)% chondrites.

4.2.5. Neon. Neon elemental abundances and
isotopic compositions are shown in Fig. 18 and
Table S15. The [Ne] in TD1 and TD2 particles range
from 2.0 x 10~" to 1.1 x 10~* and from 4.0 x 10" to
3.5 x 107 %ccSTP g~!, respectively. The variation of
the [Ne| of TD1 particles is larger than that of TD2
particles (Figs. 14, 18a, and 18b). A0033 has the
lowest [Ne], and A0078 and A0085 have the two
highest [Ne]. The [Ne] and [REE] of TD1 particles are
anti-correlated (Figs. 14 and 19). The two particles
with the lowest-|[Ne] (A0022 and A0033) have the
two highest [REE], and the two particles with the
highest-[Ne] (A0078 and A0085) have the two lowest
[REE]. Furthermore, the weight of the aliquot used
for the determination of [Ne|] and [REE] shows no
correlation with the magnitude of the abundance
measured and thus the above negative correlations
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are not related to a sampling bias. Therefore, the
negative correlations are not related to heterogeneity

within a particle.

The TD1 and TD2 particles show a correlation
among their [Ne|, *’Ne/**Ne, and *'N/*Ne (Fig. 18).
The ?°Ne/*Ne and 2!Ne/?*Ne of particles enriched in
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Ne are characterized by the highest and the lowest
values, respectively (Figs. 18a and 18b). ?’Ne/?’Ne
and ?'Ne/??Ne of the two highest [Ne|] particles
(A0078 and A0085) are 13.25 (£ 0.49) to 13.29
(£ 0.50) and 0.0326 (£ 0.0011) to 0.0381 (+ 0.0005),
which are comparable to those of Itokawa (*’Ne/
2Ne = 13.1-13.6 and 2'Ne/*Ne = 0.031-0.033),5%

245)

and to the solar wind® (Fig. 18d). *Ne/*Ne and
2Ne/?*Ne of the lowest [Ne| particle (A0033) is
comparable to those of Orgueil (CI1).69-69)

The heterogeneity of the Ne abundance and
isotopic composition within a particle is addressed
here. A0035 is a 1-mm-sized particle that contains
both typical matrix material and atypical matrix
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material, which was termed previously the massive
domain (see section 4.1.1) (Figs. le and 1f). Using
tweezers, aliquots (100-200pm) of the matrix
(A0035-7 and A0035-11) and the massive domain
(A0035-8 and A0035-10) were picked up. The
aliquots from the matrix and the massive domain
yield distinct isotopic compositions Fig. 18. The
2'Ne/**Ne values of the massive domain (9.7 and
9.8) are significantly lower than those of the matrix
(11.6 and 12.4). One of the matrix aliquots (A0035-
11) has [Ne] 68 times higher than the other three
aliquots.

4.3. Characteristics of OM. In order to
investigate the OM components within Ryugu
particles, DESI-OT-MS (an ambient mass spectrom-
etry imaging technique), UHPLC-OT-MS (a com-
pound specific mass spectrometry technique) and
Raman and FTIR spectroscopy were applied. The
IOM separated from aliquots of A0035-3 (0.983 mg)
and C0008-18 (1.90mg) were analyzed by FTIR
spectroscopy, with the hot water extract from the
pre-demineralized C0008-18 being used for UHPLC-
OT-MS analysis. Meanwhile, DESI-OT-MS was
carried out on 0.5—1 mm-sized aliquots of A0048-10
and C0008-15. Raman spectroscopy was carried out
on an aliquot of every particle.

4.8.1. Insoluble organic matter (IOM). The G-
and D-band peaks, indicating the sp? and sp® bonds,
respectively, of organic materials obtained by Raman
spectroscopy®”) were ubiquitously detected in the
phyllosilicate-dominated matrix and the carbona-

ceous nodules of Ryugu particles (Table S16 and
Fig. SA11). According to SEM petrography, micro-
OM are heterogeneously distributed in the matrix
(Figs. 7, 10a, and 11), but they are not clearly
visible as distinct features in Raman spectroscopic
maps (Fig. SA11). This result suggests that nano-
OM (Fig. 4a) and sub-nanometer-sized IOM are
present throughout the phyllosilicate matrix. Never-
theless, there is likely to be heterogeneity of OM at
spatial scales below the observed spot diameter
(~0.7 pm).

The extracted G and D-band features from the
2D-Raman mapping results are statistically summa-
rized and shown in Table S16. In Fig. 20a, the peak
positions of the G-band and the corresponding full
width at half maximum (FWHM) values are within
the ranges previously reported from meteorites and
interplanetary dust particles (IDPs),%)~" and these
values show a mnegative correlation among the
particles, albeit with an overlap of the TD1 and
TD2 clusters near the center of the figure. Mean-
while, the peak position of the G-band shows a weak
positive correlation with the D/G value (R? = 0.42,
R =0.65) (Fig. 20b). Furthermore, the groups of
particles from TD1 and TD2 seem to form loose
clusters, respectively, and compared to the particles
from the TD2, those from TD1 are characterized by
lower G-band peak positions, higher FWHM values,
and lower D/G values. The TD2 particles are likely
to contain ejecta associated with SCI crater for-
mation (depth estimated to be 1.7 m from the original
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surface).'® In contrast, the TD1 particles should
represent recovered material that existed closer to
the surface.

The FTIR vibrational assignments for the
demineralized OM of Ryugu particles A0035-3 and

C0008-18 and Orgueil (CI1) were made with refer-
ence to the literature.”)=™) The Ryugu particles and

Orgueil displayed virtually the same vibrational

modes, except with the symmetrical C-Hy and C-Hj
stretching vibration being combined for A0035 in
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and aliphatics refers to the sum of the CH, band intensities.

such a way as to make deconvolution impossible
(Fig. SA12). The lower wavenumber region for the
Ryugu particles and Orgueil was dominated by
modes arising from aromatic and oxygen-containing
functionalities, most likely alcohols and/or ethers
and ketones”)™) (Fig. 21). The higher wavenumber
region recorded the C-Hy modes arising from the
symmetrical and asymmetrical stretching of aliphatic
OM and the -OH stretching modes of adsorbed water
and hydroxyl groups. However, due to the use of the
FTIR instrument in the ambient atmosphere, it was
impossible to separate the responses from OH
contained within the IOM and that of water from
the atmosphere.

Orgueil and the Ryugu particle C0008 were
found to record asymmetric C-Hy/C-Hj stretching
ratios similar to other type 1 and 2 carbonaceous
chondrites, but Ryugu particle A0035 demonstrated
a value that was significantly lower (Table S17 and
Fig. SA12). The value for Orgueil is slightly lower
than for some previous studies,®) ™) but in line with
the values reported for another study™ and this
likely represents heterogeneity within the meteorite
and differences in peak fitting and baseline removal
procedures between these studies. The aliphatic
abundance, indicated by the summed peak heights
of the aliphatic stretching region, to aromatic vC=C
ratio is also lower for both A0035 and Orgueil than
non-heated type 1 and 2 carbonaceous chondrites,
but the value reported for C0008 is similar to these

meteorites, and this is due to a low CHy stretching
vibration response for both Orgueil and A0035,
compared to that of C0008. The low response may
be the result of the low quantity of sample analyzed
in this study, the IOM having been isolated from
1.40mg and 0.983mg of sample for Orgueil and
A0035, respectively and may indicate that C0008
(isolated from 1.90 mg of sample) would have an even
higher response if larger amounts of sample were
analyzed. Alternatively, the low CH, stretching
vibration response for Orgueil could represent heter-
ogeneity within the Orgueil meteorite or between
Orgueil and other primitive type 1 and 2 carbona-
ceous chondrites. Meanwhile, the C=0/C=C and
C=0 peak position values for both Orgueil and
Ryugu particles A0035 and CO0008 are similar to
type 1 and 2 carbonaceous chondrites reported
previously.™

4.3.2. The distribution of SOM. The masses of
ions detected by DESI-OT-MS for C0008-15 and
A0048-10, and Orgueil (CI1) can be found in
Table S18 (Ryugu) and Table S19 (Orgueil), respec-
tively, and a representative demonstration of their
surface distributions can be found in Fig. 22 (Ryugu,
see detail in Figs. SA13 and SA14) and Fig. SA15
(Orgueil). The chemical formulas indicate that the
detected SOM are mostly N-containing compounds.
The N-containing compounds detected here are likely
to be heterocyclic compounds, because the majority
of matches for their chemical formulas in the
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C0008-15

CH N BSE/Other
Compounds

n 2n-9

CH, N

n 2n-7

Alkylpyridine

Fig. 22.
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Representative ion intensity maps from Ryugu particles for the different homologue series and compounds identified, which were

normalized to the total ion chromatogram (TIC). Note that the homologue general formula is indicated at the top of each column and
the number of C present in each homologue member is represented in the top right corner of each image. For the non-homologue
compounds, the chemical formula is indicated in the top right corner of each image and a Na* is used to indicate those compounds
that were detected as a sodium adduct. For a more detailed representation of the DESI-OT-MS responses of Ryugu particles, please
see Fig. SA13 and for the blanks, see Fig. SA14. The color scale has been placed at the righthand side of the figure and it is a rainbow
style scale ranging from black (lowest values) to white (highest values).

ChemSpider  (https://www.chemspider.com/) and
PubChem (https://pubchem.ncbi.nlm.nih.gov/) data-
bases contained heterocyclic moieties in their struc-
tures (see details in Supplementary Text ST1.3.7).
Furthermore, such compounds were previously re-
ported by a UHPLC-OT-MS study for Murchison
(CM2).™) The presence of N-containing compounds
is to be expected, due to the DESI-OT-MS being
performed in positive mode, where only compounds
that can form positively charged ions are detected.
Such an observation is also in agreement with the
ubiquitous distribution of N-containing material
within the matrix of Ryugu. Nevertheless, some Na
adducts were observed for compounds with an O-
containing functionality and no N-containing moie-
ties, which would have otherwise not been detected in
positive-ion mode.

C0008-15 records many homologue series, in-
cluding six (CHHQH_7N, Cann_gN, CHHQH_llN,
CnH2n—13N7 CnH2n—15N and CnH2n—17N) that have
not been previously reported by DESI-OT-MS in

meteorite samples.”~™) Nevertheless, all homologues
detected by DESI-OT-MS here for C0008-15 have
been reported previously for Murchison through
UHPLC-OT-MS.™ The UHPLC-OT-MS study iden-
tified saturated alkylpyridines (C,Hs, sN) using
standards and further tentatively identified alkylqui-
nolines (C,Hs, 11N), alkylcarbazoles (C,Hs, 15N)
and unsaturated alkylpyridines (C,Hs, 5N) using
tandem mass spectrometry (MS/MS) data and
chromatographic information.™ A0048-10 recorded
less of the members of the homologue series found in
C0008-15 and one series was not recorded. Further-
more, the surface of A0048-10 yielded a less dense
distribution of pixels that gave a response, compared
to that of C0008-15.

Meanwhile, although Orgueil may report a
response for some of the C,Hy, 7N homologues, the
response is very weak and no other homologues were
detected in Orgueil. However, Orgueil does record
some non-homologue compounds that have not been
reported elsewhere. The results show that some
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compounds can be found in Orgueil that are not
present in C0008-15 and A0048-10, and vice versa.

The spatial distribution of homologues in C0008-
15 and A0048-10 are clearly demonstrated due to the
high resolution of the custom DESI set-up, yielding
a 10 um resolution. The distribution varies between
the homologue series detected, indicating that SOM
is heterogeneously distributed within the matrix and
that its composition is also heterogeneous throughout
the sample. In the case of C0008-15, the majority of
SOM is concentrated in the top half of the sample,
especially in the case of the homologues. Further-
more, SOM homologues and non-homologues dem-
onstrate high-intensity areas within the sample,
which are positively correlated in some cases but
negatively correlated in others. Such an observation
suggests that individual components of the SOM
may be sourced from distinct reservoirs. In the case
of Orgueil, many of the SOM compounds produce
weak signals that make a comparison to C0008-15
and A0048-10 difficult. However, for the SOM
compounds that record strong responses, the overall
relationships concerning the distribution of SOM are
similar to those observed in C0008-15.

4.8.8. Compound specific SOM. Ryugu aliquot
(C0008-18) was found to contain at least 23 amino
acids and urea and Orgueil (CI1) was found to
contain at least 24 amino acids and urea, with
tyrosine not being detected in C0008-18, but being
detected in Orgueil (Table S20 and Fig. SA16).
Alanine and sarcosine and (-aminobutyric and [-

1084
107 1
1064
10°
10* 4
10°%
10%4
10"

Normalized Intensity
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aminoisobutyric acid were found to co-elute in both
Ryugu and Orgueil samples. As such it is not possible
to determine whether there is a contribution from
both alanine and sarcosine or [-aminobutyric and
[-aminoisobutyric acid to the regions where these
amino acids elute in the extracted ion chromato-
grams (EICs).

Additionally, many peaks were observed in both
Ryugu and Orgueil that could not be identified, due
to a lack of standards for all the amino acid isomers
for a given mass. The unidentified peaks and
especially their ratios to one another are different
between Ryugu and Orgueil. It is also the case that
for the identified amino acids there are clear dif-
ferences in terms of the ratios between amino acid
isomers (Table S21). For example, valine and norva-
line are almost 1:1 in Ryugu (ratio of 1.05), but in
Orgueil the valine peak is much larger than the
norvaline peak (ratio of 7.62). Likewise, in Ryugu
the ratio between a-aminobutyric acid and a-amino-
isobutyric acid is 0.34, whereas in Orgueil the ratio is
significantly higher (0.87).

Another difference between Ryugu and Orgueil
is the normalized intensity of their amino acids
(Fig. 23). Ryugu records a lower normalized inten-
sity among all amino acids compared to Orgueil.
Nevertheless, the overall distribution of amino acids
is similar between Ryugu and Orgueil, for example,
if one amino acid has a higher intensity compared
to another in Ryugu, the same is observed in
Orgueil.

Gly
Sar+Ala

Ure b

B-Ala
Ser
Thr

a-Ab
a-Aib
Asp
Val

B-Ab+B-Aib

Fig. 23.
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mC0008 m Orgueil (CI1)

520920 0gETS0s
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© S

The amino acids and urea detected in Ryugu and Orgueil (CI1). The intensity of each amino acid was normalized to the sample

weight. For the more information concerning the data acquired see Table S20.
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5. Discussion

5.1. Nebular
Ryugu particles.

5.1.1. The carbonaceous wvs. mnon-carbonaceous
dichotomy. Concerning the carbonaceous and non-
carbonaceous dichotomy, the £*Cr and £**Ca values
of Ryugu particles indicate that they belong to the
carbonaceous group (Fig. 17d), and reveal that the
major components of current day Ryugu were
probably initially formed in the outer disk reser-
voirs.™80)  The carbonaceous chondrites form a
positive trend between *'Cr and A0 (Fig. 17b),
a negative trend between £*3Ca and A7O (Fig. 17c)
and between £*Cr and £*¥Ca (Fig. 17d).59)-60)79)-81)
Ryugu particles plot at the highest £**Cr and A7O
values of these trends. It is generally interpreted that
the variation in the A"O values of early solar system
components was ultimately caused by the ultraviolet
CO self-shielding effect, which formed '®O-rich CO
and '%0O-poor H,O either in the presolar molecular
cloud or the early protoplanetary disk.5?%3) The
higher A'7O values for Ryugu particles relative to
carbonaceous chondrites indicate that the Ryugu
progenitor body could have formed with a higher
amount of the 'O-poor outer solar system compo-
nent and/or the least abundance of %O-rich compo-
nents, such as CAI and chondrules, relative to the
parent bodies of carbonaceous group meteorites.
Since the AO values of CI chondrites have been
modified by terrestrial weathering,®¥ the slight
difference in A'7O values between Ryugu and CI
chondrites could have resulted from terrestrial
contamination, introduced to CI chondrites during
their residence on the Earth.

The heterogeneous inheritance of presolar ma-
terials caused the heterogeneity of £*Cr and £**Ca
among bulk meteorites and their components in
meteorites produced by Type Ia and Type II super-
novas.® 8" The negative correlation between £*Cr
and £®Ca values for the carbonaceous group is
orthogonal to the trend in the non-carbonaceous
group. A similar negative relationship has been
identified between £*Cr and &°°Ti, which was
explained due to the mixing of CAI components in
the CAl-free protoplanetary disk component defined
by the regression line of the non-carbonaceous group
meteorites and the Earth.®®) No significant depletion
of volatile lithophile and siderophile elements in
Ryugu particles relative to the average CI composi-
tion (Fig. 14) was observed. Furthermore, Ryugu
particles containing D, 'C and '"N-rich OM likely

components inherited by
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inherited their isotopic characteristics from material
formed in either the interstellar medium (ISM) or
outermost part of the PSN. Together, the aforemen-
tioned observations demonstrate that the solid from
which Ryugu formed suffered little fractionation with
the gas during heating within the protoplanetary
disk, similar to the solid from which CI chondrites
formed.® Among the available meteorite groups,
ureilite represents an end-member composition of
the inner-disk dust reservoir that was depleted in
%Cr and *®Ca through thermal processing, at least
0.1 Myr after CAI formation.®V*? Thus, the £*Cr
and £%8Ca values of protoplanetary material could be
controlled by mixing of at least three components: (1)
a highly thermally-processed endmember (ureilite-
like), (2) an endmember that has experienced low
thermal processing (Ryugu-like) and (3) a refractory
solar system component, such as CAlTs.

The isotope mixing curves determined by the
above assumption are shown in Fig. 17d (all the
parameters used for the calculations are given in the
figure caption). As the normalized elemental abun-
dance patterns for refractory lithophile elements
was found to deviate from that of CI chondrites for
A0022, the *Cr and £*¥Ca values of C0081 were
used as the representative compositions for Ryugu.
By this assumption, the ¢**Cr and £**Ca values of
CO, CV, CM, and Tagish Lake (C2 ungrouped) can
be explained by adding ~1 to 4wt% of CAls while
CR, CI, and ordinary chondrites (OC) can be
explained by the addition of <0.1wt% of CAls.
These estimated values are nearly consistent with
the actual modal abundance of CAI in the carbona-
ceous and ordinary chondrites: CV (3vol%) > CO
(1vol%) > CM (1.2vol%) > Tagish Lake (estimated
as ~1vol%) > CR (0.12vol%) > CI (<0.01vol%),
OC (<0.2vol%), and enstatite chondrites (EC)
(<0.1v0l%).*Y?) Such a result further suggests that
the ¢Cr and £**Ca values of Earth, Mars, and
aubrites, plotted above the ureilite-Ryugu line in
Fig. 17d, could also be explained by the addition of
CAI components.

5.1.2. Inheritance of B and Be from ISM and/or
PSN materials. The inheritance of unmodified ISM
materials in the Ryugu particles is evidenced by
the B and Be compositions of TD2 particles. As
mentioned previously (in section 4.2.1), the negative
correlation between [B] and [Be| in the TD2 particles
(Fig. 15a) cannot be explained by either progenitor
body or condensation processes. As such, the
variation of [B] and [Be] in TD2 particles must be
attributed to the involvement of at least two chemi-
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cally distinct reservoirs in the materials that formed
the Ryugu progenitor body. Solar Be and B were
produced by two processes, 1) the interaction of
galactic cosmic rays with ISM materials and 2)
neutrino (v)-nucleosynthesis in massive star explo-
sions. As such, all “Be, all '°B, and ~70% of ''B were
produced by the former and ~30% of "B by the
latter process.®® ) Thus, the negative correlation
of [Be] and [B] may indicate the inheritance of
primordial components having distinct B/Be formed
by the above processes in the ISM or outer PSN.

Since spallation processes form B and ''B, and
massive star explosions only form !'B, "B/!YB may
elucidate the relative contribution of these processes
to different samples and the distinct components
that formed them. However, there is no difference in
1B /1B between the N- and D-rich micro-OM (1B/
9B s 4.0), which may have formed in the ISM or
outer region of PSN, and the ®N- and D-poor matrix
("'B/1°B ~ 3.9) analyzed in this study (Fig. 11). The
UB/1'B for different extraterrestrial environments
are all similar, including the solar value (4.0-4.1),%)
interstellar diffuse clouds (3.4 4 0.7),°” and early B
stars (4.711) and 3.770%8).%) Therefore, based on the
above evidence, even if components with [B]/[Be]
from different nucleosynthetic processes are mixed in
the local ISM, the ''B/!B of the components that
formed Ryugu would have obtained similar values
before their accumulation/condensation.

As mentioned above the B/Be among Ryugu
components is heterogeneous. The reason for the
existence of this heterogeneity in the primordial
components of Ryugu particles is not clear. However,
the critical finding is that the TD2 particles inherited
the primordial material derived from the ISM,
without undergoing any modifications in the solar
nebular or under progenitor body conditions. Con-
sequently, the elemental abundances of TD2 particles
are likely to represent the involvement of two end-
member components, with one of these components
representing PSN material that has undergone the
least thermal processing. The origin of the other end-
member component is unclear but may represent a
distinct component in the ISM.

TD1 particles do not show a [B]-[Be] correlation,
instead these particles display a scattered distribu-
tion in Fig. 15a. Such a distribution could be related
to a progenitor body process, but this will be
discussed later.

5.1.3. O isotope heterogeneity from accreted ice
preserved in Ryugu particles. The TD1 particle A0022
records heterogeneity in the isotopic composition of

[Vol. 98,

its fluid compared to other TD1 particles. The §'%0
value of A0022 is >1%po higher than the other Ryugu
particles. However, the [H| and 6D values of A0022
are not significantly different from the values of the
other particles. Thus, the elevated §'%0 value of
A0022 was unlikely to arise from differences in the
degree of aqueous alteration, compared to the other
Ryugu particles. Instead, the distinct 60 value of
A0022, compared to the other Ryugu particles, may
relate to its high modal abundance of carbonate
(Fig. 2), higher bulk [REE] (Fig. 14), distinctly high
813Cr¢ value (Fig. 16¢), and the higher §'%0 values
of carbonate and magnetite present in this particle
(Fig. 8). Whereas, another Ryugu particle A0033
demonstrates a similar modal abundance of carbon-
ate (Table S2), but a lower 60 value (Fig. 17a).
Thus, the higher 60 value of A0022 is not only
explained by the higher modal abundance of carbon-
ate. Instead, the fluid during aqueous alteration must
have contained a higher §'0 value, which could have
originated from an %0 and *C enriched CO- or COy-
rich phase. Thus, the differences in the bulk §'%0
value of A0022 from other Ryugu particles can be
explained if A0022 accreted ice components, which
had higher amounts of CO or COy compared to that
in the other particles. Furthermore, the enrichment
of carbonate nodules and an absence of carbonaceous
nodules in A0022 may imply that the OM within this
particle was oxidized via fluid-rock interaction
processes.””)

Furthermore, the A'7O values of magnetite and
dolomite are higher than that of bulk Ryugu. Such a
difference may indicate that the fluids, which caused
the widespread aqueous alteration in Ryugu par-
ticles, were more elevated in A0 relative to the
anhydrous silicate materials accreted by the Ryugu
progenitor body.

5.1.4. Inheritance of OM from the ISM and/or
PSN.  The heterogeneous distribution of 6D, §'3C
and 6N causes significant variations in the bulk
H-C-N isotopic compositions of the Ryugu particles
(Figs. 10, 11, and 16), with the regions associated
with ®N-hotspots or "N-coldspots being the major
controllers of the bulk C, H, and N isotopic
compositions. Such '’N-hotspots or ’N-coldspots
are associated with micro-OM in the matrix. Fur-
thermore, whilst the '“N-hotspot from A0073-5
(6D = 2983 4 84%0 and 6N = 610 + 78%o, Fig. 11)
is enriched in D (correlated 6D and 6'°N), the N-
coldspot in C0053-1 (6D = 158 4 30%0 and 8N =
—147 £+ 10%o, Fig. 10) records a éD value within the
bulk Ryugu range (negatively correlated 6D and
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8N). Correlated D and N enrichments in IOM
have been proposed to originate from interstellar
photochemistry involving the organic-rich ice man-
tles of dust grains.'?)-19) The highest §'°N values,
reaching up to ~4000%o, are reported in the matrix
of CB/CH-like chondrites.'™ The N-hotspots are
typically found in the IOM of primitive meteorites!?®)
and interplanetary dust particles (IDPs),'%%) as well
as in the nano-OM globules of the Tagish Lake and
Bells (C2 ungrouped) meteorites.'07)-10%)

However, like Ryugu negatively correlated 6D
and 6N values are observed in carbonaceous
chondrites and this suggests that the ion-molecule
reactions, indicative of the ISM and outer PSN,
might not be the sole contributor of IOM H and
N.109:110) Ap alternative explanation for the "N
enrichments could be the photodissociation of Ny in
the solar nebular or ISM, which can give very high
6N values (up to 13400%o).!'V"1*2) In light of the
potential for both PSN and ISM origins for IOM D
and PN, it is possible that multiple IOM sources
contribute to the H-C-N isotopic signatures observed
in Ryugu and carbonaceous chondrites.

Micro-OM, such as that discussed above, cannot
be distinguished from the surrounding matrix via
Raman spectroscopy, likely due to the presence of
ubiquitous sub-pm-sized OM. In this respect and in
terms of their Raman D-band/G-band intensity
ratios (Fig. 20b), most Ryugu particles are similar
to other primitive extraterrestrial samples, including
the Orgueil (CI1) and, Murchison and Murray (CM2)
carbonaceous chondrites. The Raman response of
Ryugu and chondritic meteorite OM is likely to
arise almost entirely from the refractory organic
matter (ROM) portion of IOM.™ The ROM fraction
of IOM is aromatic rich and heteroatom poor, in
comparison to the labile organic matter (LOM)
fraction, which is less aromatic rich and thought to
break down during aqueous alteration to form some
SOM compounds.'13):114)

Currently, it is still unclear what mechanism
formed ROM-like OM in the matrix of Ryugu, as
well as in chondritic meteorites. Previous studies
have argued for origins of IOM prior to)!1%) or
during parent body processing."'9"7) Of the studies
that have argued for a pre-parent body origin of
IOM, several have proposed an origin in the PSN
via plasma discharge style reactions.'?115):118) Sych
studies were able to simulate some of the hydrogen
and noble gas isotopic fractionations observed in
carbonaceous chondrites, including D hotspots and
coldspots, but not the "N enrichments or '°N-
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hotspots and coldspots. Nevertheless, plasma dis-
charge experiments have not yet demonstrated that
the elemental abundances and functional group
chemistry of the synthesized IOM are within the
range displayed by meteoritic IOM. Alternatively,
some portion of IOM could have been synthesized as
mentioned above through ion-molecule reactions and
subsequent photochemistry involving the ice mantles
of dust grains within the ISM or outer PSN.100)-103)
Meanwhile, it is also possible that, like the amino
acids, the IOM of Ryugu could have formed in situ
through aqueous alteration involving primitive or-
ganic precursor compounds. 1M Ag such,
multiple origins for the IOM of Ryugu are possible
and it is likely that several of the above processes
have contributed to the origination of current day
Ryugu OM.

The morphologies and textures associated with
the micro-OM and nano-OM reported here are
suggestive of IOM that was deposited after the
melting of ice or which formed in situ from simpler
organic precursors and infilled pore spaces.!?0):121)
The OM may have been partially mobilized during
aqueous alteration, allowing the relocation of OM to
fill the pore spaces and yield OM regions up to 10’s
of pm in size. Alternatively, if aggregates of OM rich
material were accreted then these could also explain
the pnm-sized OM regions observed here. Further-
more, the sharp contacts between the carbonaceous
nodule in C0053-1 and the surrounding matrix
(Fig. 7a) could indicate that the initial OM bearing
material was accreted into the matrix during the
formation of the Ryugu progenitor body and
subsequently aqueously altered. On the other hand,
the carbonaceous nodule could have joined after the
main phase of aqueous alteration and represent an
exogenous component.

5.2. Progenitor body/asteroidal processes
recorded in Ryugu particles.

5.2.1. Density and porosity measurements: impli-
cations for the formation of Ryugu. The textural
characteristics and elemental abundances of the 16
Ryugu particles are comparable and controlled by
the voids and sub-pm-sized particles in their phyllo-
silicate-dominated matrix (e.g., Table S3 and
Fig. SB). The Ryugu particles on average are
composed of 41vol% voids, 9vol% coarse-grained
(~100pm) components, and 50vol% matrix on
average, which yields a bulk density of 1530 kgm 3
and a porosity of 41%, as mentioned in section 4.1.2.
The average porosity estimated in this study
supports the porosity inferred from the thermo-
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physical models of Ryugu surface material (30—
52v0l%).'??) The formation of sub-pm-sized voids in
the matrix likely relates to the original presence of ice
in those spaces that have subsequently been lost
through sublimation. If such a hypothesis is correct,
then the water to rock ratio should be 0.7, after the
main phase of aqueous alteration.

To understand how the current mineral assem-
blage (except for the olivine and low-Ca pyroxene) of
the Ryugu particles formed, a thermodynamic
calculation was performed using the geochemical
thermodynamics software PHREEQC version 3.123)
The calculation used the average bulk composition of
Ryugu particles (Table S12), the equilibrium temper-
ature at the end of aqueous alteration, the initial
anhydrous mineral assemblage determined for a CI
composition'?V1%) and self-gravity, porosity, pres-
sure, and water-to-rock ratio values.'?) The temper-
ature at the end of aqueous alteration was input as
0-30°C, which was based on O isotope thermometry
(Table S9). The aforementioned values were used as
inputs in physical modeling to simulate the con-
ditions capable of reproducing the current day Ryugu
mineral assemblage and their modal abundances.
For a progenitor body of radius 1-10 km, a minimum
water-to-rock ratio of 0.35 is required. For a
progenitor body of radius 28—40km, a minimum
water-to-rock ratio of 0.5—1.0 is required. The water-
to-rock ratio is consistent with the water-to-rock
ratio of 0.7, estimated on the assumption that the
voids, which define the porosity of Ryugu, were fully
occupied by ice.

Furthermore, to achieve the bulk density of the
asteroid Ryugu (1190 + 20 kgm~2)?) using materials
with densities equivalent to the particle measured
in this study (~1530kgm™?), approximately 22% of
macroporosity is required. The macroporosity esti-
mated here suggests that current day Ryugu contains
either macro-void space relating to its rubble pile
structure or less dense material within its interior,
such as ice. In the latter hypothesis, Ryugu may
represent a dormant cometary nucleus or fragment
of an icy planetesimal.®-127)128) Indeed, some of the
near-Earth asteroids are thought to be extinct/
dormant nuclei of comets that no longer experience
outgassing.129)_133)

5.2.2. The geochemical differences between the
TD1 and TD2 sites. Particles from the TD1 site
demonstrate differences in several geochemical data
when compared to those of the TD2 site (Figs. 14, 15,
18, and 19), which can be attributed to geological
differences among the sampling sites. It was found
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that the abundance of phosphate minerals signifi-
cantly contributed to the heterogeneous bulk trace
element abundances of the TD1 particles. Mass
balance calculations demonstrate that the addition
of up to 1wt% apatite to A0048 reproduces the
enrichments of REE observed in A0022 (Fig. SA17).
However, to account for the low [P], [Y], and [REE]
of AO085 compared to A0048, the absence of a phase
containing an excess of [LREE| and [HREE| and a
deficit of [P], [St], [Y], and [MREE]| is required
(Fig. SA17). The modal abundance of phosphates
(Fig. 2 and Table S2) is poorly correlated with [P] in
these particles (Fig. 14 and Table S13). Practically,
phases >1-2pum in size were counted in the modal
analysis; if sub-pm-sized phases such as precursors
of hydroxyapatite and amorphous phosphate com-
pounds in the matrix are enriched in REEs, these
unidentified phases would control the variation of the
elemental abundances.

Apatite crystals fringed with phyllosilicates
lacking apatite were observed in A0033 (Fig. 3d),
whilst secondary Fe-sulfides were observed in A0035
(Fig. 5f). Such an observation suggests that P-
bearing components, originally present within the
now phosphate-component-poor phyllosilicate mate-
rial, may have been dissolved by fluids to yield the
large apatite grains in A0033. Meanwhile, S-bearing
components present in the matrix, associated with
the void spaces of A0035, would have led to the
formation of the Fe-sulfides, which infilled these
voids. However, such textures were not observed in
TD2 particles, with the TD2 particles appearing
much more uniform in terms of their textural
characteristics overall, when compared to TDI1
particles. The above observations and interpretations
suggest that some TD1 particles recorded migration
of P and S beyond the sample scale (mm), but this
was not observed for TD2 particles. Furthermore,
the scattered variation of [B] vs. [Be] for the TD1
particles (Fig. 15a) could be explained by migration
of B beyond the sample scale, because the solubility
of B in an aqueous fluid is much higher than that
of Be. Accordingly, the elemental abundances would
be expected to vary more among the TD1 particles,
compared with the TD2 particles, which is what is
observed here (Figs. 14a and 14b). This observation
suggests that the TD1 particles include materials
that experienced more heterogeneous aqueous alter-
ation, compared to the TD2 particles. Accordingly,
since the major phase of aqueous alteration occurred
prior to or at 2—3 Myr after the formation of CAI
(Fig. 13), the two sites could have inherited materials
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that were modified to different degrees by aqueous
alteration on the Ryugu progenitor body.

If the geochemical differences in the particles
are related to the current locations of the TD1 and
TD2 sites, the cause must be found in more recent
events on the surface of Ryugu, than the period
during which aqueous alteration occurred. A numer-
ical simulation'?” suggested that current day Ryugu
could have originated from a porous cometary
nucleus composed of rocky fragments and OM, with
sublimation of water ice, occurring over a geologically
short interval (e.g., 0.05—1Myr), giving rise to its
spinning top-shape and rubble-pile structure.

In such a scenario, fractures associated with
thermal stress'® could have led to the release of
jets associated with ice sublimation near the TD1
site. The jets would be formed of water vapor, other
volatiles, and interior dust®'%) from multiple
depths. While a portion of the jet material would
be lost to space, some could be deposited onto the
surface and sintered by the refreezing of volatiles.'30)
The sintered dust and ice could thus form layers that
covered the surface of the comet-like Ryugu near to
the fractures. An experimental study revealed that
phyllosilicate sublimation residues form a porous
and cohesive structure, which allow the passage of
volatiles, such as those arising from sublimation.'")
Accordingly, some portion of the dust layers could
remain behind after the complete sublimation of
surface ice. Cycles of sublimation and re-deposition
could form a layered structure, which would locally
include aqueously altered particles from the interior
of the Ryugu cometary nucleus, possibly representing
TD1-like particles. Subsequent voids generated be-
tween the dust layers and the thermal stress fractures
that generated the jets, could lead to the fragmenta-
tion, collapse and brecciation of earlier-consolidated
thin layers to form slab-like fragments, which would
eventually be deposited on the surface.

On the other hand, TD2 material could repre-
sent more massive layers of dust deposited from ice
simply by sublimation, without the influence of jets
and thus represent material sourced from a more
similar region of the comet-like body. Indeed, the
video footage of the two Ryugu sampling sites
demonstrates a much higher density of slab-like
material at the TD1 site, compared to the TD2 site,
suggesting that the TD1 site may contain a larger
amount of the post-sublimation dust layer materials
and possibly be more physically disturbed.

In other words, the geochemical difference
between the TD1 and TD2 sites could be related to
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the presence of particles sourced from varying depths
and lithologies inside the progenitor body of Ryugu
for the TD1 site, but from a more constrained region
for the TD2 site. During the fracturing and jetting
processes and the cycles of sintering and sublimation,
exogenous materials perhaps derived from micro-
meteorite impacts could also be incorporated into
the dust layers and thus the Ryugu particles. The
exogenous material could represent the olivine frag-
ments of chondrules and AOA reported here and
potentially the massive domain from A0035. Sub-
sequently, during collection at the TD1 site surface
slab-like material recording the influence of sublima-
tion jets was collected, but at the TD2 site more
subsurface material without the influence of jet
processes was sampled.

5.2.3. Geological processes operating on the Ryugu
progenitor body/asteroid. ~The variation in surface
morphology and internal texture among the Ryugu
particles provides clues that enable an understanding
of the processes that have affected the components
of Ryugu from their accretion up until the formation
of the current day asteroid Ryugu. The irregularly-
cracked surface, and the striated and curved smooth
surfaces (Figs. la to 1d) are products of contrastive
stress fields with compression-extension, and shear-
ing, respectively. Particularly, the curved smooth
surface implies that it has formed under a moderate
confining pressure. Furthermore, the planar fractures
on a TD2 particle (Fig. 1b) suggest that the un-
covered interior of Ryugu has also been modified in
texture, but retained its primordial chemical compo-
sition. As for the internal texture, the distinctive
massive domains in the matrix (Figs. le and 1f) are
representative of a structure formed when a stiff layer
and its weaker matrix are subject to layer-parallel
extension, or layer-normal shortening, such as pinch-
and-swell structures. The phyllosilicate-dominated
matrix is foliated along the boundary with the
massive domain (Fig. 6a). The above surface and
internal textures, which are common to both the TD1
and TD2 particles, are comparable to the textures in
terrestrial permafrost soils, which are caused by
alternating freeze-thaw cycles, as suggested for the
evolution of the Orgueil (CI1) parent body.')
Thermal fatigue is a known mechanism of rock
weathering and fragmentation, producing the rego-
lith structure of small asteroids,®% 39 but is unlikely
to cause the smooth and planar textures in the
phyllosilicate-dominated matrix of Ryugu particles.

The coarse-grained components (e.g., nodules)
in the Ryugu particles vary in size and chemistry and
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are scattered in the matrix, but adjacent to one
another within a few 10’s of pm (e.g., Fig. 5a). The
magnetite nodules are composed of magnetite grains
with different crystal habits, and framboidal magnet-
ite, of different sizes, cluster at the ~10jm-scale
(Figs. bb, 6d, and 6e). To produce these objects,
which could not have formed at the same time in the
same system, it is likely that multiple isolated
systems with differing bulk compositions are neces-
sary. Therefore, an individual cluster of magnetite
with a specific crystal habit represents one system,
which would have been isolated temporally from the
others and can thus be spatially related. Accordingly,
each isolated system individually regulates its own
crystal nucleation and growth, likely during repeated
freeze-thaw cycles, as described above. Ice crystals
nucleate and grow in the freeze-thaw cycles, pushing
the matrix constituents including amorphous silicate
and phyllosilicate particles out of the way and
compressing them. As the matrix heats up and the
ice melts, an open space filled with fluid is formed
where nucleation and growth of magnetite, carbon-
ate, and inter-crystalline phyllosilicate can occur. At
the start of the next cycle, crystals could have been
redissolved, either fully or partially. The partially
dissolved crystals could then later grow as the fluid
cooled down. In this way larger crystals could grow
over multiple cycles, with the smaller crystals
representing nucleation in the final cycle recorded
by the Ryugu progenitor (Figs. 5b and 5¢). Such a
process is termed Ostwald ripening.'*”) In this way,
the complex textures of the coarse-grained compo-
nents, such as magnetite-carbonate nodules, could
have been formed at the scale of 1 to 10’s of pm,
under low temperatures of 0—-30°C.

On the other hand, the Ryugu particles are
dominated by their phyllosilicate-matrix, which is
mainly composed of homogeneous, sub-pm-sized
components. This observation indicates the Ryugu
progenitor body experienced pervasive, aqueous
alteration. However, the overall chemical homoge-
neity of the Ryugu particles indicates that element
migration during aqueous alteration should have
been limited, even for fluid-mobile elements, for them
not to migrate beyond the mm-scale. The only
exceptions are for the cases of the P- and S-bearing
sub-nm-sized components in some of the TDI1
particles. Such a finding suggests that the building
blocks of the Ryugu progenitor body would be
mechanical mixtures of icy components that were
uniformly mixed with lithic components at the sub-
pm scale, but with very limited high-temperature
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products from the inner solar system, such as
chondrules and CAls. In addition, to achieve the
freeze-thaw cycles, the system must be maintained
under sufficient pressure and temperature conditions
around the freezing point of the fluid within the
body. One of the possible environments to satisfy
these requirements is an icy planetesimal that formed
outside of the water snow line.

Numerical simulations of the thermal evolution
of icy planetesimals have revealed that an icy
planetesimal 10’s of km in size could achieve melting
of ice through the heat supplied by radioactive nuclei
(e.g., A1) contained within its rocky components,
which would lead to pervasive aqueous alteration of
the interior.“% 1) Moreover, as suggested by the
analysis of SOM reported here (see section 5.2.6 in
detail), if the icy components of Ryugu were
composed of not only pure HyO, but also ammonia
and other chemical species, the aqueous alteration
could have proceeded at lower temperatures below
the freezing point of pure water.!4?)

After the radioactive nuclei had sufficiently
decayed, the thermal boundary between the outer
domain of ice-rich components and the inner domain
of water-rich components would migrate inward,
causing the icy outer domain to grow inwards and the
ice-to-water volume to increase. The water-rich inner
domain contains vast quantities of phyllosilicates
produced by aqueous alteration of anhydrous materi-
als. The high porosity of the Ryugu particles,
composed mainly of phyllosilicates, suggests that
the Ryugu progenitor body would have a water-rich
inner domain with a high water-to-rock ratio 20.7,
even after aqueous alteration. The phyllosilicates,
loosely distributed in the water-rich domain, would
have been pressed by the outer ice-rich domain that
had grown inward. As a result, the phyllosilicates
would be compressed against the coarse-grained
components, until the interior of the Ryugu progen-
itor body froze completely. During this cooling
period, the slab-like materials characteristic of the
TD1 site and the layered structures on the surface of
current Ryugu could have been formed.

A nanoscale paleomagnetic study on the fram-
boidal magnetite in Tagish Lake (C2 ungrouped)
suggests that the framboidal magnetite nanoparticles
could have been formed, not during the main stage
of aqueous alteration, but from the last droplets of
aqueous solution just before the complete exhaustion
of water in a local system within a hydrous parent
body.?* In such a scenario, the phyllosilicate-
dominated matrix of Ryugu particles would have
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been formed during the main stage of aqueous
alteration, while the coarse-grained components
such as the magnetite nodules could have been
formed during cooling after exhaustion of the planet-
esimal’s heat source. Furthermore, the formation of
phyllosilicates, such as serpentine-group minerals, via
aqueous alteration is a hydration reaction, which
would produce further heat for ice to melt or water to
remain liquid, and so once ice began to melt, this
could result in the pervasive aqueous alteration
observed in Ryugu particles.“%> *1) On the other
hand, supersaturation of magnetite and carbonate
components in the aqueous solution and their
precipitation during the cooling stage could have
caused the chemical compositions of the aqueous
solution remaining in the local systems to vary. As a
result, icy grains in the muddy matrix and droplets of
aqueous solution in the frozen matrix could coexist,
which corresponds to the textures characterized by
the freeze-thaw cycles observed in this study.
Accordingly, the freeze-thaw cycles would have been
associated with the migrating location of the thermal
boundary zone near the freezing point of the aqueous
solution within the Ryugu progenitor body.

5.2.4. Exposure to solar wind and cosmic ray. Like
other extraterrestrial materials, Ryugu particles
contain Ne of at least three origins. The first type
of Ne originated through spallation of Ryugu
material by a combination of solar and galactic
cosmic rays and is referred to as cosmogenic Ne. The
second type of Ne is that which became trapped
within components when they formed, prior to their
accretion within the Ryugu progenitor body, and is
referred to as trapped Ne. The third type of Ne was
formed through implantation by solar wind (SW)
either in the early solar system (e.g., in chondrite564>)
or in more recent times (e.g., in lunar regoliths'*)).
This study found a massive domain in particle
A0035, which was lighter in color than the encapsu-
lating matrix. Dark- and light-colored domains in
Nogoya (CM2) were also analyzed previously.®®) Tt
was found that the dark-colored domains in this
meteorite, which correspond to the matrix in this
study, were characterized by SW Ne and that the
light-colored domains were characterized by Ne with
lower ?’Ne/?’Ne. Ne in aliquots from the matrix
and the massive domain in this study show the
same isotope characteristics (Fig. 18).

Contributions of the three types of Ne were
estimated as abundances of SW Ne ([Ne|sw),
cosmogenic Ne ([Ne|es), and trapped Ne ([Ne|yap)
(Tables SA22 and SA23, see Supplementary Text
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ST1.4.11 for details concerning the estimation
calculation). [Ne|sw is dominant in most particles,
and |Ne|sw relative to [Ne]ioa ranges from 57 to 95%,
except for A0033-14, A0033-13, A0035-10, and
A0035-8 where it is 7, 15, 32, and 35%, respectively.
A0035-10 and A0035-8 are aliquots of the massive
domain, and [Ne|y,, relative to [Nelio for these
aliquots is estimated to be 79 and 85%, which is the
highest among the Ryugu particles.

The [Ne|sw calculated for Ryugu particles does
not correlate with the level of irradiation indicated by
Raman spectroscopy (Figs. 18d and 20a). However,
the position and width of the G-band peak of OM
does correlate with the [Ne].s, with the exception of
two outliers, A0035 and A0078. As such, differing
amounts of cosmic ray exposure, relating to the depth
of a particle within the Ryugu regolith, would seem
to be responsible for the different levels of irradiation
experienced by the OM in Ryugu particles. Whereas,
normal solar wind irradiation is not linked to the
differences in irradiation observed between Ryugu
particles, likely due to the limited penetration depth
of this style of irradiation (<500 nm%)).

Accordingly, the variation in [Ne|sw observed
between Ryugu particles cannot be explained by the
irradiation they experienced at the surface of current
day Ryugu. Instead, the differences likely relate to
the initial [Ne|]sw individual Ryugu components
experienced prior to their accretion within the Ryugu
progenitor body. Subsequently, aqueous alteration
may have mobilized Ne contained within these
phases for TD1 site particles evidenced by their
negatively correlated [Lu] and [Ne] (Fig. 19), in line
with the observation that TD1 site particles experi-
enced more heterogenous aqueous alteration. After
the formation of the current day Ryugu the Nego
signatures of Ryugu particles were overwritten by
cosmic ray exposure near the surface of Ryugu, but
the limited penetration depth of Negw meant that the
Negw could not be overwritten. The only exceptions
being for A0078 and A0085, which may have been at
the very surface of Ryugu. Nevertheless, both A0078
and A0085 record large negative [HREE] anomalies
relative to CI chondrites, which indicates that they
were highly modified by aqueous alteration. As a
result of the above phenomena, the TD1 particles
maintain their negatively correlated [Lu] and [Ne],
and the [Ne]sw for Ryugu particles does not correlate
with their irradiation signatures indicated by Raman
spectroscopy.

Due to the comprehensive geochemical analysis
of Ryugu particles reported here, including the
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acquisition of Ne isotope and [Ne| data, it is clear
that some Ne was inherited by the Ryugu progenitor
body from its accreted components. As such it is
impossible to separate the ancient inherited Ne from
the recently acquired Ne on the surface of Ryugu.
Therefore, cosmic ray exposure (CRE) ages will not
be discussed here. Nevertheless, CRE ages were
calculated and are reported in the Supplementary
Text ST1.4.11.

5.2.5. Evolution of OM on the surface of Ryugu.
The surface of Ryugu has been exposed to the
conditions of space within our solar system and thus
records the effects of solar irradiation. The albedo
characteristics for Ryugu were found to be indicative
of the space weathering of organic and silicate
materials.? Accordingly, the TD1 particles, which
were collected from the surface of Ryugu, have an
increased Raman G-band FWHM and decreased
D/G value compared to TD2 particles (subsurface
ejecta collected from near the artificial crater formed
by the SCI) (Fig. 20). Bruenetto et al.’® demon-
strated that the G-band peak position tended to be
lower and the corresponding FWHM larger after
organic molecules were altered by energetic particle
irradiation. As such, the observations from Raman
spectroscopy are consistent with the TD1 particles
having been collected from the surface of Ryugu and
having experienced the effects of space weathering.

While the penetration depth of most solar wind
particles is limited to depths of 1 um or less, and thus
it may be difficult to affect the OM in an entire ~mm-
sized sample with such particles alone, high-energy
particles present in the solar cosmic rays are able to
penetrate to depths of several cm.*) As such, if
the flux of high-energy particles were enough, then
the interiors of the TD1 particles could have been
altered by space weathering in sufficient amounts to
explain the observations reported here.

Similarly, the DESI-OT-MS responses for a
particle from TD1 (A0048-10) and TD2 (C0008-15)
are different, with the TD1 particle recording less
members of a given homologues series and one less
homologue series. Lower densities of pixels showing
a response were also recorded for the TD1 particle.
Such observations could be explained by the destruc-
tion of some SOM in the TD1 particles through the
effects of solar irradiation.

The asymmetric C-Hy/C-Hj3 stretching ratio of
isolated IOM, determined by FTIR spectroscopy, for
C0008 (1.24 £0.18) is similar to that of Orgueil
(CI1) (1.17 £0.13). However, the ratio for A0035
(0.77 £ 0.24) is lower than any carbonaceous chon-
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drite (1.1-2.6)%7 and indeed the ISM value of
between 2.0 and 2.5%9140) and the IDP range of
1.0-5.6.147148) Quch an observation is difficult to
explain through either a difference in the peak fitting
procedures or potentially those relating to the low
quantity of aliquot used, because Orgueil (analyzed
by this study) records an asymmetric C-Hy/C-Hj
stretching ratio in line with previous studies
(Fig. 21). Therefore, Ryugu particle A0035 may
contain IOM that is distinct form that of carbona-
ceous chondrites and CO0008. One potential reason
could be that the particle received large amounts of
irradiation that could have preferentially destroyed
aliphatic CHy bonds and thus created an IOM that
contains aliphatic material either shorter in chain
length or less branched than that which is found in
type 1 or 2 carbonaceous chondrites. Accordingly,
irradiated IDPs were found to have decreased C-Hy/
C-Hj ratios compared to their values prior to
irradiation."*? Such irradiation could have occurred
on Ryugu, due to the particle originating from the
surface of Ryugu (TD1).

5.2.6. Evolution of SOM on the Ryugu progenitor
body.

Nitrogen heterocycles. The results reported here
for DESI-OT-MS indicate that Ryugu (Fig. SA13) is
rich in N-containing heterocyclic SOM compounds,
yielding the highest number of homologues identified
by a DESI-OT-MS study to date. Some N-containing
heterocyclic compounds, such as pyridine and quin-
oline, have been proposed to form in ice grains that
were exposed to UV irradiation in either interstellar
or circumstellar environments.'™ Although it may
be possible that subsequent irradiation could create
the more complex alkylated homologue series re-
ported here, as is the case with polyaromatic hydro-
carbons,’™ such a phenomenon has mnot been
demonstrated experimentally for N-heterocycles.
Alternatively, it is possible that the alkylated
homologue series formed as a result of aqueous
processing on Ryugu (Fig. 24). Indeed, alkylpyridines
in Murchison (CM2) have been theorized to form as
a result of Chichibabin synthesis (a Fischer-Tropsch
type synthesis) involving aliphatic aldehydes and
ammonia.'?2)153)

In comparison to Orgueil (CI1) (Fig. SA15), the
Ryugu aliquots C0008-15 and A0048-10 record a
much larger array of N-containing heterocyclic
compounds and appear more similar to Murchison
in terms of the homologues identified.”™® A greater
diversity of homologues for C0008-15 and A0048-10
compared to Orgueil indicates a significant difference
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Fig. 24. The origin and evolution of OM within Ryugu particles. UV-X-rays from the protosun interact with the surface of the PSN. In
the outer PSN temperatures are low enough for water, ammonia and simple organic molecules, such as methanol, to condense and
form ices on dust grains. The ice mixtures are then irradiated by both stellar and interstellar UV-X-rays and also by galactic and solar
cosmic rays, producing both SOM and IOM. A similar mechanism can also form OM in the ISM, but through only interstellar UV-
X-rays and galactic cosmic rays. Carbonaceous nodules (C-nodule) could be formed through aggregation of dust and OM. All the
aforementioned organic components and their dust grain hosts, as well as the ice mixtures, could then be accreted into the Ryugu
progenitor planetesimal (RPP). Heating from the decay of 2°Al would then melt the ice to yield water-rich fluids that in turn initiate
aqueous alteration. During aqueous alteration a variety of organic syntheses, such as formose, condensation, Michael addition,
hydrolysis and carbonisation reactions and Strecker and Chichiban synthesis, would yield complex SOM and IOM. In combination the
above processes can explain the variation in the types of OM present within Ryugu, as well as their isotopic composition.

in either the initial OM accreted by Orgueil and
Ryugu or the processes operating in the regions of
their progenitor bodies where these extraterrestrial
samples originated. If the latter is the case, then
significant differences in either the initial reactants,
mineral catalysts, thermodynamic conditions and/or
chemistry of the aqueous media are necessary to
explain the observed differences between the Ryugu
particles and Orgueil DESI-OT-MS responses. Both
the bulk mineralogy and petrology reported here for
Ryugu is similar to that of Orgueil and so it is
unlikely that the differences arise from phenomena
simply related to mineral-organic interactions. In-
stead, either the initial organic reservoirs or fluid
properties, such as temperature and composition,
may be responsible. It is also possible that non-
indigenous material could have been introduced via
small impacts and these may have contributed to

the SOM of the Ryugu particles. Nevertheless, the
particles from the TD2 site, such as C0008, likely
represent material that was buried and so it not clear
whether external material could have contributed to
the SOM inventory of these particles.

The distribution of SOM observed through
DESI-OT-MS demonstrates that different types of
SOM are negatively correlated, with some appearing
in one part of the sample, while other SOM
components appear in other parts (separated by
10’s to 100’s of pm). Furthermore, certain SOM show
high-intensity areas that are 10’s to 100’s of pm in
size. The SOM high-intensity areas represent regions
where the SOM is more abundant and may thus
represent either sites of OM accretion or formation.
The SOM could have been originally housed within
the ice mantles of ISM or PSN dust grains, with the
more water-soluble SOM being transported into the
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matrix and the less soluble SOM remaining closer to
the point of accretion and forming the high-intensity
areas.™ Such differences in the concentration or type
of SOM present within fluids, from different areas of
the matrix of Ryugu, may also be able to explain
the differences in the number of facets of framboidal
magnetite that formed during aqueous alteration.?”)
Alternatively, simple organic compounds or poly-
cyclic aromatic hydrocarbons (PAHs) inherited from
OM-bearing ice could have reacted with Hs, gener-
ated by the alteration of primary phases to secondary
ones, to yield more complex OM, %15 including the
homologues recorded here. Such reactions could be
heavily influenced by mineral catalysts, with later
reactions being potentially mediated by the phyllo-
silicates generated during alteration.!’%)

Amino acids. Ryugu particle CO008-15 contains
a diverse array of both a- and (-amino acids, which
demonstrate both similarities and differences to those
measured for Orgueil by this study. The proteino-
genic essential amino acids, valine leucine, isoleucine,
threonine and phenylalanine and the non-essential
proteinogenic amino acids glycine, alanine (likely),
serine, aspartic acid, glutamic acid, proline and
hydroxyproline!®):1%) were observed for both Ryugu
and Orgueil, with Orgueil additionally having the
non-essential amino acid Tyrosine. Such a finding is
significant, because some doubt has been cast on the
indigeneity of proteinogenic amino acids, due to
terrestrial contamination being plausible in falls and
finds alike, which have most certainly been in contact
with the Earths biosphere.'®1%) The discovery of
proteinogenic amino acids, in conjunction with N-
heterocycles, significantly above background levels
is proof that Ryugu and thus other extraterrestrial
materials can provide organic molecules essential for
the origin of life on Earth. Furthermore, such a
discovery highlights the importance of sample return
missions in providing un-contaminated extraterres-
trial materials to Earth, which can allow for an
investigation and reassessment of contamination
within meteorite samples.

The UV processing of outer PSN/ISM composi-
tion ices has produced simple amino acids, such as
glycine, alanine and (-alanine (all present in C0008-
15) at carbonaceous chondrite like abundances.'®!
However, more complex arrays of a- and (-amino
acids, such as some of those found in C0008-15, are
thought to form during parent body aqueous alter-
ation through Strecker type synthesis involving
ammonia, aldehydes and ketones,'%?) and via Michael
addition of ammonia to «a,B-unsaturated nitriles,

[Vol. 98,

with subsequent hydrolysis,'®) respectively. More

recently, it was shown that a variety of a-, - and -
amino acids could be formed from comet-like ice
compositions involving formose, condensation and
carbonization style reactions on an extraterrestrial
parent body."'® As such, a significant proportion of
the amino acids in C0008-15 likely formed during
aqueous alteration on the Ryugu progenitor body. A
similar interpretation can be drawn for Orgueil,
which has been previously proposed to originate
from a comet-like body, due to the strikingly distinct
amino acid composition to that of CM meteorites.'%%)

Furthermore, a cometary/interstellar ice ana-
logue compound hexamethylenetetramine (HMT)
was shown to react to form similar types of amino
acids to those produced previously during hydro-
thermal experiments''® and the types of amino acids
were found to be dependent on the presence of certain
types of phyllosilicates.'® Fe-rich smectites ham-
pered the production of amino acids, whereas Al-
rich smectites enhanced them. Such a finding is of
particular interest to this study, because Ryugu and
Orgueil phyllosilicates are composed of an Al-rich
rather than Fe-rich smectite composition. Therefore,
the interaction between fluids and Al-rich smectites
may be a very important factor for defining the
amino acids formed on the progenitor body of Ryugu
and the Orgueil parent body.

The [-alanine/glycine absolute intensity ratio is
also similar between Ryugu particle C0008 (2.94) and
Orgueil (4.02). Furthermore, whilst this study does
not quantify the detected amino acid concentrations,
the intensity ratios reported here for Ryugu and
Orgueil are much more similar to those concentration
ratios reported for Orgueil (2.90'%Y) and 3.16'%)) than
for Murchison (0.43164) and 0.41'%%)). Accordingly,
the distribution of amino acids within carbonaceous
chondrites has been shown to differ with respect to
their petrographic type. (-alanine for example con-
tributes much more strongly to the amino acid
inventories of more aqueously altered type 1 chon-
drites, than it does to the less aqueously altered types
2 and 3.199)167) It may be that a-amino acids are more
readily destroyed by oxidation during high levels of
aqueous alteration than [-amino acids, or that a-
amino acids are more readily produced via Strecker
synthesis in carbonaceous chondrites that have
experienced lower levels of aqueous alteration.'®”)
Therefore, the [-alanine/glycine value for Ryugu is
in agreement with the mineralogical and petrological
results reported here, which indicate Ryugu is highly
aqueously altered and similar to Orgueil.
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Nevertheless, differences are apparent between
C0008 and Orgueil, such as the overall lower
responses for C0008 amino acids compared to Orgueil
and the different ratios between certain amino acid
isomers. Currently, it is unclear how amino acid
compositions and distributions vary within the
Orgueil parent body and Ryugu and as such the
differences may be explainable by sample hetero-
geneity. However, in the context of the bulk O, Ca,
and Cr isotopic compositions reported here (sec-
tion 4.2.4), a possible reason for the differences
between Ryugu and Orgueil amino acids could be
the inclusion of different materials during their
accretion. If the Ryugu progenitor body accreted ice
components that were different from Orgueil, as
indicated by the higher '®0 contribution to Ryugu,
then the organic components may represent different
compositions that have enabled a different amino
acid abundance and distribution to those found in
Orgueil. Nevertheless, previous studies have indi-
cated that the sulfate veins present in Orgueil arise
from terrestrial weathering and thus it has been
suggested that this may have affected the O-isotope
values of whole rock Orgueil 59

Alternatively, fundamental differences in terms
of thermodynamic parameters, such as temperature,
could result in different yields of reaction products.
Accordingly, one key difference between Orgueil and
Ryugu discovered by this study, is the range in the
temperature estimates for the fluids of these two
bodies. A temperature range of 50—150°C has been
proposed for Orgueil,'® whereas the estimates for
Ryugu reported here suggest a lower temperature
range of 0—30 °C. Nevertheless, the temperature range
calculated for Ryugu here, most likely represents
that of the end of the heating that melted the water
ice. As such, the peak temperature for Ryugu aqueous
alteration is not currently known. However, if the
aqueous alteration occurred at lower temperature,
then this may be able to explain the difference in
amino acid content and the ratios between isomers.

Another possible explanation for the differences
in the amino acid abundances observed between
C0008 and Orgueil could be related to the terrestrial
contamination of Orgueil. As mentioned previously,
Orgueil has experienced modification of its mineral-
ogy via oxidation from terrestrial water. Such water
could have altered the O isotopes and also introduced
some amino acids. It may thus be the case that
Orgueil records Ryugu-like amino acid abundances,
but with an additional contribution from the Earth’s
biosphere.
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5.3. On the formation of Ryugu. Hydrated
extraterrestrial objects, such as C-type asteroids,
carbonaceous chondrite meteorites and comets are
thought to have accreted as planetesimals (or
cometesimals) consisting of aggregates of dust and
ice beyond the water ice snow line!®)17) (Fig. 25).
Evidence from the Ne isotopes and abundances
reported here suggests that the Ryugu progenitor
body would have accreted components that had
already experienced the effects of irradiation, both
solar and cosmogenic in nature. Furthermore, the
H, Be, B, N, Ca and Cr characteristics of these
components indicate that they would have come from
multiple sources, likely including both ISM and PSN
material. Radioactive heating would have then
melted the ice in the parent bodies of meteorites
and possibly the interiors of large (> several 10’s
of km sized) cometary bodies. D171 Ryugu was
found by this study to mostly consist of hydrated
silicates and is thus likely to have also accreted as
part of a larger (> several 10’s of km sized) planet-
esimal with a significant proportion of ice. The
accretion of the Ryugu progenitor planetesimal must
have occurred early in the solar systems history
(<2.6 Myr after CAI formation), due to the **Mn-
%Cr ages of carbonates. Subsequently, aqueous
alteration on the Ryugu progenitor planetesimal
would have generated the current mineral assem-
blage of Ryugu and originated/altered the OM
components. Any proposed mechanism for how
aqueous alteration occurred on the Ryugu progenitor
planetesimal must be able to explain the textures
observed within Ryugu particles, including the
occurrence of framboidal magnetite and the distinc-
tive massive domains surrounded by foliated phyllo-
silicates. Such features suggest that the Ryugu
progenitor planetesimal was subject to series of
freezing and thawing, potentially related to the
presence of a migrating thermal boundary zone
during cooling.

Whilst the action of water in Ryugu particles
and type 1 and 2 chondrite samples is clear, the
location at which the progenitor planetesimals of
these objects accreted is not. Previously, the parent
bodies of chondritic meteorites were thought to form
within or near to the current day main belt due to the
composition of the main belt seemingly recording a
preserved water ice snowline.!”™ However, it is now
known that the main belt is not a simple representa-
tion of anhydrous inner main belt S-type asteroids
and hydrated outer main belt C-type asteroids, there
is in fact substantial mixing of these types of bodies
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25.  The evolutional history of the asteroid Ryugu. The Ryugu progenitor body is thought to have been an icy planetesimal (several
10’s of km in size) that may have formed in the trans-Neptunian region (TNR) through the accretion of icy particles. The accreted
components record various origins, likely including both those in the ISM and PSN. The interior of the icy planetesimal melted due
to the heat generated from radioactive decay of mainly 2Al. As a result, rocky materials that were accreted with the icy particles
underwent aqueous alteration (~4565Ma). As the heat from radiative decay decreased, the icy planetesimal was again frozen.
Although the timing is unknown, the icy planetesimal was fragmented, forming a cometary body, which represents the precursor of
the asteroid Ryugu. Subsequently, as a result of solar system dynamics, the cometary body moved into the interior of the solar system.
Due to the sublimation of ice caused by solar radiation, the cometary body gradually decreased in size. Thermal fracturing and
sublimation jets, as well as the dynamics associated with the spin up of the body, led to the brecciation of rocky material and re-
accumulation of dust at the surface of the body. The accumulated dust was then sintered in place, forming layers that would become
the slab like material at the TD1 site. After the complete sublimation of ice from the surface of the body, the current day Ryugu was
formed.
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) Accordingly, studies geochemistry and dynamics. The widely accepted

have proposed a non-in situ origin for primitive
meteorite parent bodies, potentially within the outer
solar system beyond the main belt.'™17) Indeed,
several studies have argued for a cometary origin of
the Orgueil (CI1),39169177) a5 well as the OSIRIS-
REx target asteroid, Bennu.'3?

The formation location of the Ryugu progenitor
planetesimal is thus unknown and could have been
close to or far away from the current day position of
the main belt. As such, here we will discuss several
potential origins for Ryugu based on the results
reported here and current theories of solar system

formation hypothesis for Ryugu® suggests that it
was formed as the result of catastrophic collision,
presumably within the main belt between asteroidal
bodies.')"'?) The re-accreted material would have
then formed a rubble pile asteroid that became
deformed to yield a spinning top shape, as a result
of the high rotation rate imparted during the
collision or possibly due to the Yarkovsky-O’Keefe-
Radzievskii-Paddack (YORP) effect.?'™ In such a
scenario, the Ryugu progenitor planetesimal would
have likely been disrupted to yield smaller asteroidal
bodies, which in turn could either reaccumulate to
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yield current day Ryugu or themselves be disrupted
later to form Ryugu.

Nevertheless, the Ryugu progenitor planetesimal
could itself have been formed elsewhere and moved
by the dynamical forces associated with either
Nice!™8) or Grand tack style models.'™)82) If
the Ryugu progenitor planetesimal did form further
out than the main belt it could have accreted
significant abundances of ice, as the hydrated mineral
phases and abundance of voids suggest, and primitive
organic and inorganic phases. After aqueous alter-
ation, the icy Ryugu progenitor planetesimal could
have been either catastrophically disrupted in the
outer solar system or implanted into the main belt.
The implantation of the Ryugu progenitor planet-
esimal into the main belt, could have occurred in a
similar fashion to the implantation of trans-Neptu-
nian objects'® or even potentially main belt
comets. ') 184 Subsequently, the planetesimal could
have been disrupted to give Ryugu in a similar way
to that proposed above.

Another possibility is that the Ryugu progenitor
planetesimal accreted much further out than the
main belt, within the trans-Neptunian disk.'7-18%
The body could have then been catastrophically or
sub-catastrophically disrupted to yield comet-like
material®°)180) (Fig. 25). A recent model proposed
that a fragment of several km in diameter would be
sufficient to explain the features of current day
Ryugu.'?” Such material could have then been
dispersed into either the Oort cloud or Kuiper belt
where it remained until far more recently. Alter-
natively, the disrupted material or planetesimal itself
could have been implanted into the main belt, thus
representing a main belt comet-like object. A
cometary Ryugu progenitor could have then been
ejected from either the Oort cloud, Kuiper belt or
main belt and evolved into a near earth orbit where
the increased solar flux would have led to the
sublimation of surface ice and the possible production
of fractures associated with thermal stress.’®* Such
fractures are likely the source of some of the jets
emanating from cometary surfaces, which are formed
of water vapor, other volatiles, and dust.'3%-13%)
While a portion of the jet material is lost to space,
some are redeposited onto the surface and are likely
sintered (fixed in place) by the refreezing of
volatiles.'® Accordingly, the sourcing of particles
from multiple depths of this fragment of the Ryugu
progenitor planetesimal for TD1 particles, but not
TD2 particles, could explain the geochemical dif-
ferences between the two sets of particles. The TD2
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particles could instead have been eventually depos-
ited simply by sublimation (similar to freeze drying),
without the effects of the jets, when the ice was lost
from the surface of Ryugu. If such a process took
place on a cometary or comet-like Ryugu planet-
esimal fragment (Fig. 25) then the fracturing process
could have led to the collapse of blocks into the space
left behind, thus brecciating the material. Further-
more, any exogenous material picked-up, as the body
passed through the aftermaths of catastrophic
collisions within the inner solar system, could be
deposited into the fractures or incorporated into the
sintered layers of dust and ice. In this way, both the
rubble pile structure and the implantation of
exogenous materials, such as the unaltered olivine
grains, and possibly the carbonaceous nodule in
C0053 and the massive domain in A0035, observed
within Ryugu, can be explained.

Furthermore, sublimation of ice would cause the
cometary nucleus to shrink and the moment of inertia
to decrease, resulting in the spin-up of the cometary
nucleus.’®”) Once a fast enough rotation speed was
acquired, the spinning top-shape of Ryugu could be
formed through deformation related to the high
centrifugal force.'*”) Subsequently, repeated exposure
to solar radiation would lead to the complete
sublimation of ice at the surface of Ryugu, leaving
the iceless surface observed today. Once exposed, the
surface materials of Ryugu could be affected by solar
wind and solar cosmic ray irradiation, as evidenced
by the albedo of Ryugu and the Raman responses
of OM in the Ryugu particles reported here. Such a
scenario could support studies that have proposed a
cometary origin for Orgueil,'*®)100:177) gince Orgueil
has many similarities in terms of its petrography,
mineralogy, geochemistry, and OM to the Ryugu
particles. Moreover, the cometary origin for Ryugu
outlined here explains how the fragment of an icy
planetesimal, which would evolve into Ryugu, lost
its ice and volatile components. Such a process is
important, because many volatile enriched bodies
still remain in the main belt today, as indicated by
the presence of the main belt comets. Furthermore,
there is strong evidence that some carbonaceous
chondrites experienced fluid flow within the past
1Myr (as recently as 0.1Myr), with the fluid
mobilization ages in some cases being after they were
ejected from their parent bodies.'®® Similarly, the
Chelyabinsk meteorite also records the effects of
recent aqueous alteration, possibly between a comet
nucleus and a LL6 OC.'8Y



272 E. NAKAMURA et al.

6. Conclusions

This study includes the observations and inter-
pretations from a comprehensive analysis of 16
representative particles, undertaken at the P2C-
PML, returned from the C-type asteroid Ryugu.
The conclusions are outlined below.

Petrography: The Ryugu particle is composed
of 50% matrix and 9% coarse-grained components,
with an average porosity of 41%. The matrix is
predominantly composed of phyllosilicate minerals
with minor amounts of OM and Fe-sulfide, carbon-
ate, and phosphate minerals. The coarse-grained
components include grains of olivine, low-Ca pyrox-
ene, and phosphate, and mono-phase or poly-phase
nodular aggregates of phyllosilicates, carbonate,
phosphate, Fe-sulfide, and magnetite, and OM. The
olivine and low-Ca pyroxenes, and possibly one
carbonaceous nodule and massive domain, were
found to be exogeneous materials, incorporated after
aqueous alteration. The average values of the bulk
density and grain densities of Ryugu particles are
1528 & 242 kgm ™3 and 2594 4 32kgm 3 (1SD), re-
spectively.

Temperature and Mn-Cr age: Oxygen iso-
tope thermometry of magnetite-dolomite pairs
yielded temperature estimates of 20715 and 9'13°C
for the examined TD1 and TD2 particles, respec-
tively. The **Mn-7*Cr age of dolomite estimated by
those in TD1 and TD2 particles was 2.6f(1):g Myr after
formation of CAI.

Neon: The Ryugu particles contain Ne that was
inherited from their accreted components and which
in turn was likely affected by aqueous alteration. The
particles also record Ne that was implanted more
recently. As such it was not possible to distinguish
between these two sources of Ne and estimate reliable
CRE ages.

Elemental abundances: The abundances of
the elements in Ryugu particles are in close agree-
ment with the composition of CI chondrites, for three
out of seven TD1 particles and all TD2 particles. For
the remaining four TD1 particles, elemental fractio-
nation of lithophile elements, which are compatible
in the phosphate minerals, and B were observed.
Aqueous alteration in the Ryugu progenitor planet-
esimal resulted in elemental fractionation beyond the
sample size at the TD1 site but not at the TD2 site.
Thus, elemental abundances of TD2 particles would
represent the least modified bulk composition of
Ryugu. Furthermore, the B and Be abundances of
TD2 particles are likely to represent the involvement
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of two end-member components, with one of these
components representing PSN material that has
undergone the least thermal processing.

H-C-N isotopes: The multi-scale 6D, §"*C and
6N measurements revealed that IOM compatible
with both PSN and ISM origins is present in the
Ryugu particles. Most of the abundances of H, C, and
N and their isotopic compositions, measured for bulk
particles, are within the ranges of carbonaceous
chondrites. The variation of 6D, §"*C and 6N for
bulk compositions were largely controlled by the
abundance of IOM, in particular for those identified
as N-hotspots and ®N-coldspots. The 6D, §'3C, and
6N values of ®N-hotspots range up to ~3000%o,
~T70%0 and ~1100%o, respectively. The 6 C and
6N values of "N-coldspots range up to ~100%o and
down to ~—150%o, respectively. The 6D value of
the "®N-coldspot is indistinguishable from that of the
matrix. The '"N-hotspots that are also enriched in
D could have inherited their OM from the ISM.
Nevertheless, photodissociation of Ny in the outer
PSN cannot be precluded. Meanwhile, "’N-coldspots
may be derived from the outer PSN or ISM and as
such multiple origins for OM in Ryugu are plausible.

Cr-Ca-O isotopes: Bulk O-Ca-Cr isotopic
compositions of the Ryugu particles yielded as
8180 = 17.72-20.08 %, A0 = 0.503-0.614%o,
e"Cr=1.49 and 1.77, and £*Ca =1.97 and 2.21.
These data mostly resemble the CI chondrites out
of all known meteorite groups, but show higher 60,
A0, and £*Cr values than those of CI chondrites.
These isotopic data suggest that Ryugu sampled the
most primitive and least-thermally processed PSN
reservoir(s) and indicate that there was minimal
involvement from thermally processed inner PSN
components. Moreover, evidence that higher
amounts of '80-enriched CO or CO, were incorpo-
rated into one Ryugu particle, suggests heterogeneity
among the 6'%0 values of the icy components
accreted by the Ryugu progenitor planetesimal.

Surface evolution of OM: TD1 and TD2 site
OM record differences in their Raman parameters
that are indicative of a higher exposure to solar
irradiation for TD1 particles. Furthermore, the
isolated IOM of a TD1 and TD2 particle record
differences in the intensity of their CHx stretching
responses and CH,/CHj ratio that suggest solar
irradiation has affected the TD1 particle, but not the
TD2 particle. Such observations are in agreement
with a higher pixel density and number of SOM
homologues being recorded for a TD2 particle,
compared to a TD1 particle, via DESI-OT-MS. As
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such, the OM of TD2 particles is considered to record
a more primitive composition, having escaped the
effects of solar weathering, compared to that in TD1
particles. This is in line with TD2 particles being
sourced from the subsurface and TD1 particles from
the immediate surface of current day Ryugu.

Evolution of OM on the Ryugu progenitor
planetesimal: The presence of abundant amino
acids, including complex «- and (-amino acids,
indicates the synthesis of these amino acids on the
Ryugu progenitor planetesimal through Strecker
synthesis (a-amino acids) and Michael addition of
ammonia to unsaturated nitriles, with subsequent
hydrolysis. Amino acid synthesis may have also been
mediated by the interaction between the Al-rich
smectites found in Ryugu particles, as these phyllo-
silicates were found to improve amino acid yields in
laboratory experiments. The presence of abundant
proteinogenic amino acids supports the theory that
the ingredients essential for the origin of life on Earth
could have been sourced from extraterrestrial mate-
rials and an indigenous origin for such amino acids in
meteorites. Nevertheless, some contribution of amino
acids from the Earth’s biosphere to Orgueil (CI1)
may explain its higher abundance of amino acids
compared to Ryugu. Furthermore, the presence of
abundant N-containing SOM, most likely N-hetero-
cyles, suggests that Fischer-Tropsch type synthesis of
OM was a common process on the parent body of
Ryugu. Aqueous alteration of anhydrous silicates to
phyllosilicates would have produced Hs. Subse-
quently, chemical reactions involving Hy, and simple
OM (such as formadehyde) could have led to the
creation of more complex OM, including some IOM
and SOM compounds.

Formation of Ryugu: The asteroid Ryugu
was originally an icy body formed in the outer region
of solar system <2.6 Myr after CAI formation and
most likely the solar system. Exactly where Ryugu
formed with respect to the current day main belt is
unclear. However, the results reported here are
compatible with an origin via a catastrophic collision
that formed either a rubble pile asteroid through re-
accumulation of the debris or a comet-like body that
evolved through sublimation to yield a rubble pile
asteroid. The latter is preferred here, due to the
ability of the model to explain the loss of volatiles
from the Ryugu progenitor body, the dynamical
evolution of Ryugu into its current state and the
geochemical, and petrological data reported here for
Ryugu particles. Without the return of uncontami-
nated samples with known sample locations from the
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primitive asteroid Ryugu, the formulation of such a
hypothesis would not have been possible.

Finally, the authors emphasize that the Ryugu
particle datasets obtained by the application of the
comprehensive analytical strategy reported here will
enable a better understanding of the formation and
evolution of Ryugu, from the nano to solar system
scale and from the beginning of the solar system to
the current day. From the results reported here it is
also possible to draw clearer links between extra-
terrestrial organic matter and water and that of the
Earth. Furthermore, it is our wish for the findings
presented here to stimulate interdisciplinary discus-
sion and cooperation, which will enable a better
understanding of our solar system and beyond.
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