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ABSTRACT

Samples collected from the surface/subsurface of C-type asteroid 162173 Ryugu by the Hayabusa2 mission were
nondestructively analyzed in three dimensions (3D). Seventy-three small particles (approximately 10-180 ym in
size) were observed using X-ray nanotomography, with an effective spatial resolution of approximately 200 nm.
Detailed descriptions of these samples in terms of mineralogy, petrology, and variations among particles were
reported. The 57 most common particles consisted of a phyllosilicate matrix containing mineral grains, mainly
magnetite, pyrrhotite, dolomite and apatite. The remaining particles were mostly monomineralic particles
(pyrrhotite, dolomite, breunnerite, apatite, and Mg-Na phosphate) with two unique particles (calcite in a
Al,SizOs(0OH)4 matrix, and CaCOgs, phyllosilicate, and tochilinite-chronstedtite inclusions in a carbonaceous
material matrix). The results confirmed that the samples correspond to Ivuna-type carbonaceous chondrites (CI
chondrites) or related materials. Many small inclusions of voids and carbonaceous materials were detected in
pyrrhotite, dolomite, breunnerite, and apatite. However, no fluid inclusions were observed, except for those in
pyrrhotite that have already been reported. Magnetite exhibited a wide variety of morphologies, from irregular
shapes (spherulites, framboids, plaquettes, and whiskers) to euhedral shapes (equants, rods, and cubes), along
with transitional shapes. In contrast, the other minerals exhibit predominantly euhedral shapes (pyrrhotite:
pseudo-hexagonal plates, dolomite: flattened rhombohedrons, breunnerite: largely flattened rhombohedrons,
and apatite: hexagonal prisms) or aggregates of faceted crystals, except for Mg-Na phosphate. The matrices were
heterogeneous with variable phyllosilicate particle sizes, Mg/Fe ratios, density (1.7 + 0.2 g/cm®), nanoporosities
(36 + 9 %), and abundances of nanograins of Fe(-Ni) sulfides. The macroporosity of the particles was estimated
as 12 + 4 %.

The observed textural relationships among the minerals suggest a precipitation sequence of: magnetite
(spherulite — plaquette/framboid — rod/equant) — pyrrhotite (pentlandite — pyrrhotite) — apatite — dolomite
— breunnerite — coarse phyllosilicates. Fe-bearing olivine (or low-Ca pyroxene) might have precipitated later
than dolomite, indicating a high Mg activity in the aqueous solution. This precipitation sequence corresponds to
a transition from irregular crystal forms (as seen in some magnetite) to regular forms of euhedral crystals
(observed in some magnetite and other minerals). Based on the precipitation sequence and mineral morphol-
ogies, together with previously reported observations, a model for aqueous alteration in the Ryugu parent body
was proposed as follows: CO2-H20 ice, amorphous silicates (GEMS-like material), and some minerals (mostly
metal, sulfides, and anhydrous silicates) accumulated to form the parent body of Ryugu. Amorphous silicates and
Fe-Ni metal quickly dissolved into the melted ice to form a highly supersaturated aqueous solution. Poorly-
crystalized phyllosilicate and spherulitic magnetite precipitated first, followed by plaquette/framboidal mag-
netites with decreasing degree of supersaturation due to precipitation. Pseudo-hexagonal pyrrhotite plates were
formed by dissolution and reprecipitation under relatively low supersaturation. Subsequently, apatite, dolomite,
and breunnerite precipitated in this order in response to decreasing supersaturation.

1. Introduction

chondrites, several features differ from those of CI chondrites: Ryugu
samples exhibit Mg-rich phyllosilicates, unlike those in the CIs (Naka-

Samples from the C-type asteroid 162173 Ryugu were successfully
returned to Earth by the Hayabusa2 mission of Japan Aerospace
Exploration Agency (JAXA) (e.g., Tachibana et al., 2022). The surface
samples were collected from the first touchdown site and stored in
Chamber A, and the surface and subsurface samples were collected from
the second touchdown site close to the crater made by the small carry-on
impactor (SCI) in Chamber C (Tachibana et al., 2022). Initial analysis of
the samples revealed that the Ryugu samples correspond to CI chon-
drites or related materials in terms of mineralogy, petrology, and
chemistry (e.g., Yada et al., 2022; Yokoyama et al., 2022; Nakamura
et al., 2022; Ito et al., 2022; Nakato et al., 2022; Nakamura et al., 2023;
Noguchi et al., 2023a), contain organic materials (e.g., Nakamura et al.,
2022; Naraoka et al., 2023; Yabuta et al., 2023), and have the evidence
of space weathering (e.g., Okazaki et al., 2023; Noguchi et al., 2023a).
The formation and evolutionary processes of Ryugu and its parent body
have been proposed based on chronology, aqueous alteration condi-
tions, redox conditions, and dehydration state (e.g., Yokoyama et al.,
2022; Nakamura et al., 2023). Fluid inclusions rich in CO5 discovered in
pyrrhotite crystals indicate that the Ryugu parent body formed in the
outer area of the primitive solar system beyond the orbit of Jupiter
(Nakamura et al., 2023), consistent with the recent dynamic formation
model of the solar system (e.g., Levison et al., 2009; Walsh et al., 2012a;
Walsh et al., 2012b). The stable isotopic composition of Ryugu samples
is also consistent with the location of Ryugu’s formation (e.g.,
Yokoyama et al., 2022; Ito et al., 2022) based on the dichotomy or tri-
chotomy of the isotopic composition of extraterrestrial materials (e.g.,
Warren, 2011; Kruijer et al., 2017; Marrocchi et al., 2023).

In contrast to the similarities between the Ryugu samples and CI
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mura et al., 2023; Noguchi et al., 2023b); they contain Fe(-Ni) sulfide
nanograins in the matrix instead of ferrihydrite found in the CIs
(Nakamura et al., 2023; Noguchi et al., 2023b; Matsumoto et al., 2024);
they lack corroded pyrrhotite and sulfates such as gypsum, epsomite,
and bloedite (e.g., Nakamura et al., 2023); they lack water but contain
organics within the interlayer space of saponite (Yokoyama et al., 2022;
Viennet et al., 2023); and they have lower water content than the Cls
(Yokoyama et al., 2022). These differences were attributed to terrestrial
weathering of CI chondrites, involving oxidation of Fe(-Ni) sulfides and
ferric saponite by reaction with H»O in liquid and/or vapor state and
oxygen in the atmosphere and addition of terrestrial water to saponite.
Some of these processes were previously proposed by Zolensky et al.
(1993) and Gounelle and Zolensky (2001).

Non-destructive analysis of the samples in three-dimensions (3D) has
been performed using X-ray nanotomography (XnCT) as a part of the
Hayabusa2 initial analysis by “Stone” and “Sand” teams, and only
limited results of the XnCT have been reported previously (Nakamura
et al., 2023; Noguchi et al., 2023a,b). In this paper, comprehensive re-
sults of the XnCT analysis of Ryugu grains with detailed mineralogical
and petrological discussions are reported.

In the XnCT analysis, 3D distributions of minerals, carbonaceous
materials, and voids (3D texture) of small Ryugu particles (<~200 pm in
size) were obtained with high spatial resolution (~200 nm) by applying
a combined method of dual-energy tomography (DET) — scanning-
imaging X-ray microscopy (SIXM) (e.g., Matsumoto et al., 2019,
2022). Some physical properties, such as 3D particle size and shape
information, surface features, crack features, porosity, and density, were
also obtained. In addition, detailed information regarding inclusions in
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3D and the textural relationships between two or more phases can be
examined. In this method, however, only small particles can be exam-
ined because low X-ray energies (7 to 8 keV) are used in the DET-SIXM
method, where X-rays cannot pass through particles larger than ~ 200
pm in size. Nevertheless, such 3D textural data contain information that
is generally comparable to two-dimensional (2D) data obtained from a
larger area, such as secondary electron microscope (SEM) observations
(Supplementary Material, S1). Furthermore, if a large number of parti-
cles are picked up randomly, we can examine a variety of Ryugu parti-
cles, although a large volume cannot be observed using XnCT. Inclusions
and small particles surrounded by large crystal grains are important for
estimating the precipitation order of different mineral phases, and 3D
observations are more effective than 2D observations. Another advan-
tage of XnCT is its non-destructive nature, which enables the combina-
tion of different nondestructive methods such as Fourier transform
infrared (FTIR) (e.g., Dionnet et al., 2020; 2023) and X-ray fluorescence
(XRF) analyses (Nakamura et al., 2023), and later destructive analysis
based on computed tomography (CT) results, such as transmission
electron microscopy (TEM) and time-of-flight secondary mass spec-
troscopy (TOF-SIMS), where fluid inclusions were confirmed and char-
acterized (Nakamura et al., 2023).

In this paper, detailed descriptions of 73 particles in 3D are presented
in terms of mineralogy (e.g., crystal morphologies, chemical composi-
tions, and inclusions), petrology (e.g., mineral assemblages and their
textural relations, specific objects, and matrix features), and variation
among particles (e.g., differences in lithology and unique particles).
Based on these results, we examined the precipitation sequence and
mineral morphologies, and discussed the details of the aqueous alter-
ation processes in the Ryugu parent body.

2. Materials and methods
2.1. Samples

Seventy-three particles (10 ~ 180 pm in apparent size) listed in
Table 1 were examined in this study. The first letters of the sample
names A and C correspond to the samples picked up from Chambers A
(N =39) and C (N = 34), respectively. They are (1) fine particles picked
up from fine-grained aggregates in A0104 and C0105 dishes allocated to
the Sand team (A0104-00000100 to —00002100 and C0105-04300100
to —04300900: N = 30) and in C0103 dish to the Stone team (sample
name stating with “FG”: N = 5); (2) fine particles (<~200 pm) coex-
isting with coarse particles (>~1 mm) of A0064, C0046, and C0076 to
Stone team (“FO”: N = 8); (3) sub-particles removed from coarse par-
ticles of A0063, A0067, C0002, C0061, C0076, and C0103 to the Stone
team (“FC”: N = 20); and (4) box-shaped samples extracted from regions
of interest (ROIs) of coarser particles using a focused ion beam (FIB)
based on scanning electron microscope (SEM) observations (N = 10).
The particles in categories (1)—(3) were randomly picked up, except for
some particles that were mainly composed of a single mineral. Their
weights were too small to be measured.

These samples were categorized as typical particles with an abun-
dant matrix (N = 57), mostly monomineralic particles (pyrrhotite, N =
5; carbonates, N = 6; phosphates, N = 3), and unique particles with
mineralogical features distinct from those of typical particles (N = 2).
Four particles were examined by FTIR (Dionnet et al., 2023) prior to
XnCT and some particles were examined by TEM (Matsumoto et al.,
2024), TOF-SIMS (Nakamura et al., 2023), and XRF (Nakamura et al.,
2023) after XnCT.

2.2. X-ray nanotomography (XnCT)

The samples were imaged using two different methods: dual-energy
tomography (DET) (Tsuchiyama et al., 2011; Tsuchiyama et al., 2013)
and scanning-imaging X-ray microscopy (SIXM) (Takeuchi et al., 2013)
at the beamline BL47XU of SPring-8, a synchrotron facility in Japan
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(Matsumoto et al., 2019). In DET, X-ray absorption contrast images were
obtained as the spatial distribution of the linear attenuation coefficient
(LAC) at X-ray energies of 7 and 7.35 keV, which are below and above
the K-absorption edge energy of Fe (7.11 keV), respectively. The LAC
images at 7 keV roughly correspond to the mean atomic number (Z)
contrasts, except for Fe (Fig. 1A), and those at 7.35 keV strongly depend
on the Fe content (Fig. 1B). In SIXM, we obtained X-ray differential
phase contrast images as the spatial distribution of the refractive index
decrement (RID), which is the difference between the X-ray refractive
index (RI) and unity (RID = 1 — RI), at an X-ray energy of 8 keV. The RID
image contrast is closely proportional to the density of the material
(Fig. 1C). The density can be estimated from an empirical equation be-
tween the RID value, §, and the density, p, at 8 keV, which was deter-
mined for many simple substances and compounds (Supplementary
Material, S2 and Fig. S1);

0.871

8[x 107°] =3.72 x p[g/em’] €8]
The voxel sizes are 47.4 x 47.4 x 47.4 or 47.17 x 47.17 x 47.17 nm® for
LAC 7 keV images, 49.44 x 49.44 x 49.44 or51.1 x 51.1 x 51.1 nm? for
LAC 7.35keV images, and 111.1 x 111.1 x 108,1 nm®or111.1 x 111.1
% 109.2 nm?® for RID images (the size of 148.08, 222.12, 308.5, or 555.3
nm was used instead of 111.1 nm for some large samples). The number
of projections was 1800 at a 180° rotation for DET (offset CT was used
for some large samples: 1800 in 360° rotations) and 180-450 pro-
jections/180° rotation for SIXM. It took approximately 1 h for the two
energies to be obtained by DET, and 1-2 h for SIXM. The CT images were
reconstructed from the projection images using the back-projection
method. Some of the Fe-rich samples mainly composed of pyrrhotite
were imaged only at 7 keV with absorption contrasts (“ACT” in Table 1)
because we could not obtain sufficient X-ray transmission above the Fe
K-absorption energy (7.35 and 8 keV).

As the LAC and RID values obtained by reconstruction, pcr and Scr,
respectively, are slightly smaller than the real value, p and 8, respec-
tively, we provide the correction factors of y, and vys as follows (Mat-
sumoto et al., 2019)

Her =V X H ®))
and
Scr =Y; X0 3

We corrected the LAC and RID values using y, = 0.949 for LAC 7 keV
images, v, = 0.976 for LAC 7.35 keV images, and ys= 0.873 for RID
images, and using y, = 0.964 for LAC 7 keV images, y, = 0.977 for LAC
7.35 keV images, and ys= 0.911 for RID images, as obtained by cali-
bration using standard materials in two different beamtimes of the im-
aging experiments, respectively.

For samples with specific ROIs based on the DET images, we per-
formed ultra-high-resolution tomography, where only the ROIs were
imaged by the absorption tomography at 7.35 keV with the voxel sizes of
14.79 x 14.79 x 14.79 or 17.7 x 17.7 x 17.7 nm® as a local tomography
(“LCT” in Table 1) to observe detailed textures of the ROIs in 3D with the
higher resolution.

All samples were transferred using nitrogen-filled containers. CT
imaging was performed in air, but exposure to air was minimized as
much as possible.

2.3. SEM and FIB

The surfaces of coarse particles were observed using field-emission
scanning electron microscopies (FE-SEMs) (Hitachi SU6600 at JAXA
curation facility and JEOL JSM-7001F at Tohoku University). ROIs were
selected based on SEM observations, and box-shaped blocks (10 ~ 25 pm
cubes) (A0067-CT001, AO0067-CT003, and AO0094-FIBO01) were
extracted from the ROIs by focused FIB using a Ga* ion beam at 30 kV
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Table 1
The list of Ryugu particles examined in the present study with their size, matrix density and nanoporosity.
sample name category shape sample Imaging further sphere equivalent matrix density nano porosity remarks****
holder * method ** analysis *** diameter [pm] (g/cm®) (vol/%)

A0063-FC005 matrix particle Ti DET, SIXM 62.3 1.38 47.6

A0063-FC006 matrix particle Ti DET, SIXM, 68.4 1.90 27.7
LCT

A0063-FC007 matrix particle Ti DET, SIXM 43.8 1.81 31.3

A0063-FC010 matrix particle Ti DET, SIXM 102.7 1.51 42.7

A0064-FO022 matrix particle W DET, SIXM IR 11.8 1.85 29.7

A0064-FO023 matrix particle w DET, SIXM IR 12.0 1.42 45.9

A0064-FO024 matrix particle Al DET, SIXM IR 34.9 1.48 43.7

A0067-FC003 breunnerite particle C DET, SIXM Raman n.d. n.d. n.d.

A0067-FC004 breunnerite particle C DET, SIXM Raman n.d. n.d. n.d.

A0067-FC005 matrix particle C DET, SIXM XRF 31.2 1.40 46.9

A0067-FC007 matrix particle  C DET, SIXM 47.8 1.34 49.0 ¢-PS layer (1.90 g/cm®)

A0067-CT003 matrix box Ti DET, SIXM, TEM 11.2 1.38 47.5
LCT

A0067-FIBO06 matrix box Ti DET, SIXM, 17.9 1.41 46.5
LCT

A0067-FIB00S matrix box Ti DET, SIXM, 26.9 1.60 39.3 ¢-PS layer (2.06 g/cm®), glass (2.38 g/cm®)
LCT

A0067-CT001 matrix box Ti DET, SIXM, TEM 36.5 1.48 43.6 glass (2.08 g/cm3)
LCT

A0094-FIB001 matrix box Ti DET, SIXM, TEM 19.7 1.32 49.7
LCT

A0094-FIB002 matrix box Ti DET, SIXM 22.0 1.45 44.8

A0067-CT002 matrix box Ti DET, SIXM, n.d. 1.38 47.7
LCT

A0104-00000100 matrix particle Ti DET, SIXM, 13.4 1.85 29.5
LCT

A0104-00000200 matrix particle Ti DET, SIXM 18.5 1.88 28.4

A0104-00000300 matrix particle Ti DET, SIXM 17.6 1.54 41.3

1.84 29.9 2nd peak

A0104-00000400 matrix particle  Ti DET, SIXM 12.5 1.77 32.8

A0104-00000500 matrix particle Ti DET, SIXM 18.9 1.88 28.5

A0104-00000600 matrix particle Ti DET, SIXM 14.3 2.07 21.5

A0104-00000700 matrix particle Ti DET, SIXM, 12.6 1.93 26.8
LCT

A0104-00000800 matrix particle Ti DET, SIXM 11.9 2.03 229

A0104-00000900 pyrrhotite particle  Ti DET, SIXM n.d. n.d. n.d.

A0104-00001000 matrix particle Ti DET, SIXM 16.2 1.95 25.9

A0104-00001100 matrix particle Ti DET, SIXM, 16.4 1.67 36.5
LCT

A0104-00001200 matrix particle Ti DET, SIXM 17.0 1.68 36.2

A0104-00001300 matrix particle Ti DET, SIXM 9.0 1.96 25.6

A0104-00001400 matrix particle Ti DET, SIXM, 15.9 1.87 29.0
LCT

A0104-00001500 unique particle  Ti DET, SIXM n.d. n.d. n.d.

A0104-00001600 dolomite particle Ti DET, SIXM n.d. n.d. n.d.

A0104-00001700 matrix particle Ti DET, SIXM 21.1 1.94 26.2

A0104-00001800 matrix particle Ti DET, SIXM 13.2 1.98 24.8

A0104-00001900 matrix particle Ti DET, SIXM 18.1 1.90 27.9

A0104-00002000 matrix particle Ti DET, SIXM 16.9 1.69 35.7

A0104-00002100 matrix particle Ti DET, SIXM 20.7 1.68 36.0

C0002-FC001 breunnerite particle C DET, SIXM n.d. n.d. n.d.

C0002-FC005 breunnerite particle C DET, SIXM n.d. n.d. n.d.

(continued on next page)
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Table 1 (continued)

sample name category shape sample Imaging further sphere equivalent matrix density nano porosity remarks****
holder * method ** analysis *** diameter [pm] (g/cm®) (vol/%)
C0002-FC008 matrix particle  Ti DET n.d. n.d. n.d.
C0002- matrix particle  Ti DET, SIXM 39.2 2.06 21.5
FC009_CT001
C0002-FC012 pyrrhotite particle  Ti ACT TOF-SIMS n.d. n.d. n.d.
C0023-FC003 matrix particle C DET, SIXM 25.7 1.71 35.1
C0046-FO015 matrix particle Al DET, SIXM, IR 48.9 1.58 39.9
LCT
C0046-FO018 Mg-Na particle C DET, SIXM n.d. n.d. n.d. Mg-Na phosphate (1.30 g/cm®)
phosphate
C0046-FO019 pyrrhotite particle C n.d. n.d. n.d.
C0061-FC005 matrix particle C DET, SIXM 27.0 1.27 51.8
C0076-FC001 unique particle C DET, SIXM, n.d. n.d. n.d. tabular carbonaceous material (1.24 g/cms), matrix
LCT carbonaceous material (1.07 g/cm®)
C0076-FC004 matrix particle Al SIXM n.d. 1.52 42.2
C0076-FC005 matrix particle Al DET, SIXM 19.8 1.80 31.4
C0076-FO006 dolomite particle C DET, SIXM 53.8 n.d. n.d.
C0076-02-CT003 apatite box Ti DET, SIXM n.d. n.d. n.d. apatite (3.07 g/cm®)
C0076-02-CT001 apatite box C DET, SIXM n.d. n.d. n.d. apatite (3.09 g/cm3)
C0076-02-CT002 matrix box Ti DET, SIXM, n.d. 1.56 40.5 chondrule relict (1.79 g/cm3)
LCT
C0103-FC003 matrix particle Ti DET, SIXM 87.1 1.50 43.1
C0103-FC005 matrix particle Ti DET, SIXM 73.9 1.51 42.6
C0103-FC007 matrix particle Ti DET, SIXM, 69.5 1.40 46.9
LCT
C0107-FG014 pyrrhotite particle C ACT n.d. n.d. n.d.
C0107-FG015 matrix particle C DET, SIXM 60.7 1.86 29.2
C0107-FG015b matrix particle C 12.3 n.d. n.d. sub-particle from C0107-FG015
C0107-FG018 matrix particle C DET, SIXM 16.9 2.09 20.3
C0107-FG020 pyrrhotite particle C ACT n.d. n.d. n.d.
C0105-04300100 matrix particle Ti DET, SIXM, 41.1 1.65 37.2
LCT
C0105-04300200 matrix particle  Ti DET, SIXM 33.9 1.44 45.1
C0105-04300300 matrix particle  Ti DET, SIXM 42.4 211 19.7
C0105-04300400 matrix particle Ti DET, SIXM, 50.0 1.64 37.5
LCT
C0105-04300500 matrix particle Ti DET, SIXM 50.7 1.79 31.7
C0105-04300600 matrix particle  Ti DET, SIXM 48.3 1.87 28.9
C0105-04300700 matrix particle Ti/C DET, SIXM 38.8 1.44 45.1
C0105-04300800 matrix particle  Ti DET, SIXM 38.3 1.57 40.1
C0105-04300900 matrix particle  Ti DET, SIXM, 36.0 1.48 43.6
LCT
Whole samples
N 54 56 56
Average 32.4 1.68 36.1
Std 21.4 0.23 8.9
Min 9.0 1.27 19.7
Max 102.7 2.11 51.8
Chamber A
N 33 35 35
Average 25.3 1.69 35.7
Std 20.0 0.23 8.9
Min 9.0 1.32 21.5
Max 102.7 2.07 49.7
Chamber C

(continued on next page)
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(Thermo Fisher Scientific Helios NanoLab G3 at Kyoto University and
Thermo Fisher Scientific Versa3D and Quanta3D at Tohoku University).
Details of the FIB sampling conditions are described by Matsumoto et al.
(2024).

The particle samples and the box samples were attached on the tip of
a cuspidate Ti or Al needle (0.5 or 0.44 mm in diameter, respectively)
with Pt deposition by FIB at Kyoto or Tohoku University. Samples with
the IR measurements were attached on Al or W needles (0.44 or 0.5 mm
in diameter, respectively) with Pt deposition by the FIB at Paris-Saclay
University (FEI ThermoFisher Helios Nanolab 660 SEM-FIB) or Lille
University (FEI Strata DB 235 SEM-FIB microscope) (Dionnet et al.,
2023). Some of the particles were attached to a C fiber (~5 um in
diameter) using a small amount of glue (glycol phthalate).

Some particles and box-shaped samples were sliced into electron-
transparent sections for TEM analysis using FIB after XnCT imaging
(Matsumoto et al., 2024). The sliced pieces were mounted on TEM grids
and thinned to 100-200 nm using a Ga® ion beam at 30 kV. The
damaged layers formed on the ultrathin sections were removed using a
Ga' ion beam at 2 kV.

remarks****

2.4. TEM

nano porosity
(vol/%)

21
36.8
9.0
19.7
51.8

Ultrathin sections were analyzed using a field-emission transmission
electron microscope (JEOL JEM 2100F at Kyoto University and Tohoku
University) with an energy-dispersive X-ray spectrometer (JEOL JED-
2300 T) operated at 200 kV. TEM images were recorded using a charge-
coupled device (CCD) camera (Gatan, Orius 200D) and analyzed using
the Gatan Digital Micrograph software package. Crystal structure iden-
tification was based on selected area electron diffraction (SAED) pat-
terns, which were analyzed using the software package ReciPro (Seto
and Ohtsuka, 2022). We also acquired annular dark-field scanning
transmission electron microscope (ADF-STEM) images and X-ray
elemental maps using an STEM-energy dispersive spectroscopy (EDS)
system. The details are described in Matsumoto et al. (2024).

matrix density
(g/cm®)

21

1.66
0.24
1.27
2.11

sphere equivalent
diameter [pm]

43.6
18.9
12.3
87.1

2.5. Image processing and analysis

21

Image analysis was performed by combining ImageJ and the codes
created using C (Nakano et al., 2006) and Python. For phase discrimi-
nation and analysis, we first registered the LAC 7 keV, LAC 7.35 keV, and
RID images by Fijiyama in ImageJ (Fernandez and Moisy, 2020) using
LAC 7 keV images as the reference image. Subsequently, combined red,
green, and blue CT (RGB-CT) images were created by merging the LAC 7
keV (0-450 cm™ 1), LAG 7.35 keV (0-950 cm 1), and RID (0-20 x 10°)
images as blue, red, and green, respectively (Fig. 1D). Different phases,
including carbonaceous materials, exhibit different colors in the RGB-CT
images.

Phase discrimination was performed using histograms of corrected
LAC 7 keV, LAC 7.35 keV, and RID values of the sample (e.g., Fig. 2) by
comparing a histogram peak with those of known phases (e.g., magne-
tite, pyrrhotite, and the Ti needle are shown in Fig. 2A and phyllosilicate
in matrix, apatite, and air (Fig. 2B)). Because the correction of the LAC
and RID values using Egs. (2) and (3) are not perfect, particularly for
larger LAC and RID values, there is a slight discrepancy between the
reconstructed and real values, but this does not affect phase discrimi-
nation. The LACs and RID values of the solid solution endmembers of a
mineral can be used to constrain the element ratios, e.g., Mg# [Mg/(Mg
+ Fe) in moles] of serpentine [Mg3Si»Os5(OH)4 — Fe3SioOs(OH)4] and
olivine [Mg2SiO4 — FesSiO4], as shown in Fig. 2B. We can extract the LAC
and RID values of an object in the RCB-CT images to determine its phase
and estimate its chemical composition using the LACs - RID histograms
(Supplementary Material, S3 and Fig. S3). However, even with 3D his-
tograms, some minerals exhibit overlapping LAC and RID values (e.g.,
Mg-serpentine and Mg-saponite, or forsterite and enstatite). In such
cases, it is not possible to distinguish between these minerals using the
present method. If necessary, the sample must be cut after CT imaging

further
analysis ***

Imaging
method **

sample
holder *

shape

category

sample name
Average

Std
Min
Max

** DET: dual-energy tomography at 7 and 7.35 keV, SIXM: scanning-imaging X-ray tomography at 8 keV, AET: absorption tomography at 7 keV, LCT: ultra-high-resolution local tomography at 7.35 keV.

*** JR: Dionnet et al. (2023), Raman: this paper, XRF: Nakamura et al. (2023), TEM: Matsumoto et al. (2024), TOF-SIMS:Nakamura et al. (2023).
=x¥%% c.pS layer beneath the particle surface, glass: melt splash on the surface by impact (density calculated from the RID value is shown in the parentheses).

*Sample holder: Ti; titanium needle, Al; aluminum needle, W; tungsten needle; C; amorphous carbon fiber.
n.d.: not determined.

Table 1 (continued)
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phyllosilicate

207 /' L pyrrhotite
. \ dolomite
, L

( C) carbonaceous material - apatite

carbonaceous
material

magnetite
Fe-enriched clast

Fig. 1. X-ray CT images of Ryugu sample (C0103-FC007) using different methods. (A) Absorption contrast image at 7 keV roughly corresponding to the mean atomic
number (Z) contrast, except for Fe (LAC: 0-450 cm ). (B) Absorption contrast image at 7.35 keV strongly depending on the Fe content (LAC: 0-950 em™ ). () X-ray
differential phase contrast images at 8 keV closely proportional to the density of the material (RID: 0-20 x 10°®). (D) Combined RGB-CT images obtained by merging
the LAC 7 keV (0-450 cm™1), LAC 7.35 keV (0-950 cm ™), and RID (0-20 x 10°®) images as blue, red, and green, respectively. Many phases can be recognized using
different colors. The figure inserted in the upper right corner of (C) is a magnified view of the area boxed in white. The contrast is enhanced to facilitate the
distinguish the pore and what appears to be carbonaceous material (possibly insoluble organic matter).
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Fig. 2. 3D histograms of the LAC 7 keV, LAC 7.35 keV, and RID values (sample: C0103-FC007) (A) over a wide range (LAC 7 keV: 0-1500 cm ™!, LAC 7.35 keV:
0-3200 cm ™%, and RID: 0-25 x 10®) and (B) over a narrow range (LAC 7 keV: 0-450 cm ™!, LAC 7.35 keV: 0-950 cm !, and RID: 0-15 x 10°°). Each 3D histogram is
expressed as a set of three 2D histograms: LAC 7 keV vs. LAC 7.35 keV (upper right), LAC 7 keV vs. RID (lower right), and LAC 7.35 keV vs. RID (lower left). The
density calculated from the RID using Eq.(1) is shown in the LAC 7 keV vs. RID and LAC 7.35 keV vs. RID diagrams. The LAC and RID values of different minerals are
plotted in the 2D histograms; srp: Mg-serpentine, gr: greenalite (Fe-serpentine), sap: saponite, fo: forsterite, fa: fayalite, en: enstatite, fs: ferrosilite, di: diopside, hd:
hedenbergite, mg: magnesite, cc: calcite, sd: siderite, dol: dolomite, rd: rhodochrosite, ap: apatite, mt: magnetite, chm: chromite, tr: troilite, pen: pentlandite, Ti: Ti
alloy (needle used as a sample holder), IOM: insoluble organic matter, ep: epsomite, and kao: kaolinite. There is a slight discrepancy between the reconstructed and
real values of LAC and RID, particularly for larger values due to imperfect correction of the LAC and RID values, but this did not affect the phase discrimination.
Because a Ti needle was not imaged by SIXM for RID images, the Ti peak was not observed in the histograms of LAC 7 keV vs. RID and LAC 7.35 keV vs. RID in (A).
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for phase identification by SEM or TEM. In addition, we obtained the
distributions of specific phases (phase maps) of Fe(-Ni) sulfides (pyr-
rhotite and pentlandite), magnetite, dolomite, and apatite by thresh-
olding the LAC 7 keV, LAC 7.35 keV, and RID values of these phases, and
their modes (volume fractions) were calculated (Table 2) although they
were underestimated (Supplementary Material, S4).

The solid portion of the sample particle images was extracted from
the LAC 7.35 keV image using the Chan-Vese segmentation method by
considering active contours without edges (Chan and Vese, 2001),
which is more optimal for extracting a particle with different minerals of
different LAC values on the surface than segmentation by binarization.
Then, shape characteristics such as volume, surface area, and 3-axial
lengths were obtained. The porosities and densities estimated from the
average RID values of the particles using Eq. (1) were also obtained.
These data will be presented in a different paper. Only the sphere-
equivalent diameters calculated from the volume and temporary
porosity values used to calculate the mineral volume fractions are listed
in Table 1.

3. Results
3.1. Petrologic features of samples belonging to the “matrix” category

RGB-CT images (Fig. 1D) showed that typical sample particles
(category “matrix” in Table 1) were mainly composed of Mg-rich phyl-
losilicates (dark to relatively bright green in Fig. 1D) as a matrix
embedded with grains of Fe(-Ni) sulfides (pink or white—pink),
magnetite (orange), dolomite (grayish-blue-green), and apatite (purple-
blue) as the major phases. The mineral modes determined in this study
are listed in Table 2. Breunnerite, CaCO3 (calcite), Mg-Na phosphate,
olivine (or low-Ca pyroxene), and carbonaceous materials were also
recognized.

The RGB-CT images of the representative sample particles are shown
in Fig. 3. We observed heterogeneities among sample particles with
different mineral modes (Table 2) and matrix properties; the matrix of
some particles was dark green (e.g., Fig. 3A and H), whereas some were
bright green (e.g., Fig. 3E and G). The matrix of some small particles did
not exhibit distinct heterogeneity (e.g., Fig. 3G and H), whereas rela-
tively large particles showed heterogeneity with a spatial resolution of
<~30 pm (Fig. 3A, B, D, E, and F). Larger-scale heterogeneity beyond
the present particle size (up to >~1 mm) has also been observed
(Nakamura et al., 2023).

The mean density of the matrix was estimated from the mean RID
values of each sample by using Eq.(1) (Table 1) (Supplementary Mate-
rial, §2). This density counts not only phyllosilicates but also nanopores,
nanoparticles of carbonaceous materials, and Fe(-Ni) sulfide nano-
particles in the matrix below the spatial resolution of the RID images (a
few hundred nm), as described later. The presence of organics trapped
within the interlayer space of saponite layers (Viennet et al., 2023) may
also affect the porosity. The density varies from 1.27 to 2.11 g/cm®
(average: 1.68 + 0.23 g/cm3) (Fig. S2), reflecting the heterogeneity of
the matrix. The matrix density appears to have a bimodal distribution at
~ 1.5 and 1.9 g/cm®. The average matrix density is slightly smaller than
the average bulk density of Ryugu particles of 1.79 + 0.08 g/cm®
(Nakamura et al., 2023) and 1.79 £ 0.31 g/cm?’ (Miyazaki et al., 2023),
consistent with other mineral grains having larger densities than the
matrix.

The nanoporosity of the matrix was roughly estimated by assuming
that the solid portion of the matrix is only composed of serpentine with
an average Mg# of 0.85 (Nakamura et al., 2023). Here, we adopted a
density of 2.63 g/cm®, which was calculated from the densities of the
Mg-end serpentine and Fe-end greenalite. The estimated porosity varies
from 19.7 to 51.8 % (average: 36.1 + 8.9 %) (Table 2). It should be
noted that these values have some ambiguity because the matrix is
composed not only of serpentine but also saponite as mentioned below
and the Mg# of the phyllosilicate has a range roughly from 0.7 to 0.95
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(Nakamura et al., 2023) corresponding to a density from 2.71 to 2.58 g/
cm®. We also note that the nanoporosities were somewhat under-
estimated because Fe(-Ni) sulfide nanograins intimately mixed with
phyllosilicates (Noguchi et al., 2023b; Matsumoto et al., 2024) were not
considered. The estimated matrix densities for the individual samples
are shown in Fig. 3. Generally, the bright-green matrix has a higher
density than the dark-green matrix, indicating that the latter is more
porous than the former, although the low-porosity matrix may have a
higher Mg#.

3.2. Mineralogy

3.2.1. Mg-rich phyllosilicates (dark to relatively bright green in RGB-CT
images)

These are the most abundant phases (mode:82.0 (56.5 ~ 92.9) vol.
%; Table 2) and consist of serpentine, saponite, and mixed layer phases
discriminated by TEM (e.g., Nakamura et al., 2023; Noguchi et al.,
2023b; Matsumoto et al., 2024), but we could not distinguish between
them using the DET-SIMX method because of their overlapping LAC and
RID values (Fig. 2B). The LACs - RID histogram peaks suggest that the
matrix is a mixture of Mg-rich phyllosilicates, voids, and carbonaceous
material (as represented by IOM in Fig. 2B), and the mean Mg# of the
phyllosilicates is roughly 0.8 ~ 0.9 (Fig. 2B), which is consistent with
the mean Mg# (~0.85) obtained using TEM (e.g., Nakamura et al.,
2023; Noguchi et al., 2023b). The Mg#s of the matrix measured by
electron probe microanalyzer (EPMA) (e.g., ~0.63 to ~ 0.85; Nakato
et al., 2022) are generally smaller than the mean Mg# of the phyllosi-
licates because the matrix measured by EPMA included many micron-
sized grains of Fe(-Ni) sulfides, whereas the matrix measured by XnCT
contained only nano-sized grains.

Two types of matrices that were mainly composed of relatively low-
density materials (dark green) (e.g., a in Fig. 4A, f in Fig. 4C, and a in
Fig. S4A: Supplementary Material, S5) and relatively high-density ma-
terials (bright green) (e.g., b in Fig. 4A, Fig. 4B, and g in Fig. 4C) were
also recognized on a smaller scale. Very-fine pink grains corresponding
to nanograins of Fe(-Ni) sulfides observed by TEM (e.g., Nakamura et al.,
2023; Noguchi et al., 2023b; Matsumoto et al., 2024) were heteroge-
neously distributed in the matrix. Some regions in the dark green matrix
were abundant in these grains (e.g., a in Fig. 4A, f in Fig. 4C, and a in
Fig. S4A), but some were not. Some of the bright green areas are
composed of aggregates of coarse fibrous phyllosilicates (b in Fig. 3B
and g in Fig. 4C), and some have concentric structures with dark cores (c
in Fig. 4A). Such aggregates were also present beneath the surfaces of
the sample particles (c in Fig. S4B) and were identified as a saponite-rich
layer (Nakamura et al., 2023) using TEM (Matsumoto et al., 2024).
Occasionally, phyllosilicates exhibit specific objects without Fe(-Ni)
sulfide nanograins (>5 pm). These were high-density (bright green)
subhedral objects (h in Fig. 4C), relatively high-density (relatively bright
green) subhedral objects with concentric structures (d in Fig. S4C),
spherical objects surrounded by pyrrhotite crystals (and sometimes
dolomite) (b in Fig. S4A and Fig. 7A), and low-density (dark-green)
objects with tube-shaped high-density inclusions (bright green) (e in
Fig. S4D). Subhedral-shaped objects are likely pseudomorphs of phyl-
losilicates after olivine or low-Ca pyroxene with different Mg# values.
For example, the TEM images of the high-density subhedral object (h in
Fig. 4C) show an olivine pseudomorph replaced by relatively coarse
serpentine (lizardite) (Supplementary Material, S6 and Fig. S5). Aggre-
gates of fine dolomite grains were observed in the matrix together with
phyllosilicates (Fig. S4E), and were identified by TEM (Supplementary
Material, S7 and Fig. S6). Carbonaceous materials (possibly IOMs) and
cracks were also observed in the matrix (Fig. 1C: d and e, respectively
Fig. 4B).

3.2.2. Pyrrhotite (pink in RGB-CT images)
The Fe(-Ni) sulfides were mostly pyrrhotite (Fig. 1D) (mode:1.4 (0.0
~ 9.3) vol. % including pentlandite; Table 2), and the abundance of
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Table 2

Modal abundance (in vol.%) of Ryugu particles of matrix category.
sample name Po/Pen Mt Dol Bre CaCOs Ap Phos Ol/Px Chm Pore Matrix
A0063-FC005 1.1 2.4 0.9 n.d. n.d. 0.4 n.d. n.d. n.d. 18.0 76.5
A0063-FC007 0.7 1.9 1.1 n.d. n.d. 0.5 n.d. n.d. n.d. 12.2 83.2
A0064-FO022 0.7 0.0 0.0 n.d. n.d. 0.0 n.d. n.d. n.d. 111 87.6
A0064-FO023 1.4 0.6 18.1 n.d. n.d. 0.0 n.d. n.d. n.d. 23.3 56.5
A0064-FO024 3.1 1.1 0.6 n.d. n.d. 0.3 n.d. n.d. n.d. 15.5 78.3
A0067-FC005 0.4 1.8 0.0 n.d. n.d. 0.1 n.d. n.d. n.d. 7.3 87.7
A0067-FC007 2.1 1.8 0.0 n.d. n.d. 0.0 n.d. n.d. n.d. 8.8 84.8
A0104-00000100 0.4 1.5 0.0 n.d. n.d. 0.0 n.d. n.d. n.d. 16.6 81.2
A0104-00000200 1.4 8.1 0.0 n.d. n.d. 0.1 n.d. n.d. n.d. 12.4 77.6
A0104-00000300 0.5 0.1 0.1 n.d. n.d. 0.1 n.d. n.d. n.d. 14.8 84.0
A0104-00000400 0.2 0.3 0.1 n.d. n.d. 0.1 n.d. n.d. n.d. 17.5 81.7
A0104-00000500 0.7 7.6 0.5 n.d. n.d. 0.2 n.d. n.d. n.d. 12.4 78.6
A0104-00000600 2.8 0.9 0.1 n.d. n.d. 0.0 n.d. n.d. n.d. 9.8 86.3
A0104-00000700 4.1 0.7 0.0 n.d. n.d. 0.6 n.d. n.d. n.d. 15.2 79.2
A0104-00000800 0.3 0.7 0.2 n.d. n.d. 0.1 n.d. n.d. n.d. 17.5 81.1
A0104-00001000 0.3 2.6 0.0 n.d. n.d. 0.0 n.d. n.d. n.d. 9.9 86.8
A0104-00001100 0.3 1.9 1.1 n.d. n.d. 0.4 n.d. n.d. n.d. 17.6 78.5
A0104-00001200 1.6 1.8 0.2 n.d. n.d. 0.0 n.d. n.d. n.d. 12.4 83.5
A0104-00001300 0.0 0.1 0.1 n.d. n.d. 0.0 n.d. n.d. n.d. 10.0 89.9
A0104-00001400 9.3 1.5 0.1 n.d. n.d. 0.7 n.d. n.d. n.d. 15.9 72.0
A0104-00001700 1.7 3.6 0.0 n.d. n.d. 0.0 n.d. n.d. n.d. 8.9 85.4
A0104-00001800 0.1 0.1 0.0 n.d. n.d. 0.0 n.d. n.d. n.d. 9.1 90.6
A0104-00001900 0.9 0.2 0.0 n.d. n.d. 0.0 n.d. n.d. n.d. 5.5 92.9
A0104-00002000 2.0 0.9 0.0 n.d. n.d. 0.0 n.d. n.d. n.d. 10.8 85.5
A0104-00002100 0.4 1.4 0.0 n.d. n.d. 0.4 n.d. n.d. n.d. 5.6 90.9
C0002-FC009_CT001 0.7 6.6 1.0 n.d. n.d. 0.1 n.d. n.d. n.d. 11.3 80.1
C0023-FC003 2.3 3.2 1.7 n.d. n.d. 0.7 n.d. n.d. n.d. 15.9 76.0
C0046-FO015 1.1 4.6 0.5 n.d. n.d. 0.1 n.d. n.d. n.d. 8.0 84.4
C0061-FC005 1.3 3.0 0.0 n.d. n.d. 0.1 n.d. n.d. n.d. 11.6 82.4
C0076-FC005 3.1 0.3 0.1 n.d. n.d. 0.0 n.d. n.d. n.d. 16.6 79.6
C0107-FG018 0.5 7.8 0.5 n.d. n.d. 0.3 n.d. n.d. n.d. 3.9 86.9
C0105-04300100 0.8 4.6 0.0 n.d. n.d. 0.0 n.d. n.d. n.d. 8.6 85.3
C0105-04300200 0.1 1.3 7.3 n.d. n.d. 0.4 n.d. n.d. n.d. 16.0 73.8
C0105-04300300 1.2 3.8 0.2 n.d. n.d. 0.0 n.d. n.d. n.d. 12.9 81.7
C0105-04300400 1.4 5.5 0.6 n.d. n.d. 0.1 n.d. n.d. n.d. 8.2 82.8
C0105-04300500 1.6 2.8 0.4 n.d. n.d. 0.0 n.d. n.d. n.d. 6.6 87.7
C0105-04300600 1.0 3.8 2.4 n.d. n.d. 0.2 n.d. n.d. n.d. 10.6 81.3
C0105-04300700 0.3 2.4 0.1 n.d. n.d. 0.0 n.d. n.d. n.d. 11.9 84.0
C0105-04300800 1.5 2.0 5.3 n.d. n.d. 0.0 n.d. n.d. n.d. 10.2 79.3
C0105-04300900 0.4 4.1 5.9 n.d. n.d. 0.2 n.d. n.d. n.d. 15.6 73.1
Whole samples
N 40 40 40 40 40 40
Average 1.4 2.5 1.2 0.2 12.2 82.0
Std 1.6 2.2 3.2 0.2 4.2 6.4
Min 0.0 0.0 0.0 0.0 3.9 56.5
Max 9.3 8.1 18.1 0.7 23.3 92.9
Mode* (%) 1.2 3.2 1.2 0.2 11.6 81.7
Chamber A
N 25 25 25 25 25 25
Average 1.5 1.7 0.9 0.2 12.7 82.4
Std 1.9 2.0 3.6 0.2 4.4 7.4
Min 0.0 0.0 0.0 0.0 5.5 56.5
Max 9.3 8.1 18.1 0.7 23.3 92.9
Mode* (%) 1.4 2.1 0.7 0.3 13.8 80.7
Chamber C
N 15 15 15 15 15 15
Average 1.2 3.7 1.7 0.1 11.2 81.2
Std 0.8 2.0 2.4 0.2 3.8 4.4
Min 0.1 0.3 0.0 0.0 3.9 73.1
Max 3.1 7.8 7.3 0.7 16.6 87.7
Mode* (%) 1.1 3.9 1.5 0.1 10.1 82.3
Ryugu
C0002 Plate5 [1] 5 6.2 1.8 0.93 0.01 0.13 0.12 0.09 0.09 n.d. 85.7
C0002 Plate6 [1] 3.3 5.2 29 1.5 0.02 0.14 0.15 0.06 0.04 n.d 86.7
5 particles [2] 2.4-5.5 3.6-6.8 1.6-21.2 0.2-0.7 n.d. 0-0.5 n.d. 2-13.6 63.5-88.0
16 particles [3] 1.1-5.2 0.5-6.5 0.4-6.9 0.2-1.9 0-2.9 n.d. 19.2-53.8 83.7-94.0
CI [4] 6.5 9.0 2.0 n.d. 1.0 n.d. n.d. n.d.
CI [5] 3.9 5.1 0 n.d. 5.8 n.d. n.d. n.d.
CI [6] 1.06 4.3 0.48 0.05 0.1 n.d. n.d. 94.0

Po: pyrrhotite, Pen: pentlandite, Dol: dolomite, Bre: breunnerite, Ap: apatite, Phos: Mg-Na phosphate, Ol: olivine, Px: low-Ca pyroxene, Chm: chromite.

*Modal abundance weighted by the particle volume.

[1] Nakamura et al. (2023): 2D data by EPMA, carbonaceous material not measured, Pore excluded, Dominated as major lithology.

[2] Ito et al. (2022): A0029, A0037, C0009, C0014, C0068. 2D data by EPMA, carbonaceous material not measured, Pore excluded.

[3] Nakamura et al. (2023): A0022, A0033, A0035, A0048, A0073, A0078, A0085, C0008, C0019, C0027, C0039, C0047, C0053, C0079, C0081, CO082. 2D data by
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EPMA, carbonaceous material not measured, Pore estimated separately.

[4] King et al. (2015): Average of Arais, Orgueil and Ivuna.

[5] Bland et al. (2004): Orgueil.

[6] Alfing et al. (2019): Average of Arais, Orgueil, Ivuna and Tonk. 2D data by EPMA for grains > 5 mm.
n.d.: not determined.

(A) A0DB3-FC005 (B) CO103-FC005 (C) C0103-FC007

(D) C0103-FC003

1.38 g/cm? 1.51 g/em?

1.40 g/cm3

(F) C0046-FO015
(G) C105-04300300  (H) C105-04300900

)
X
a5 f

2.11 g/cm? 1.48 g/cm?

. 1.50 g/cm3
1.90 g/cm3

Fig. 3. RGB-CT images of representative sample particles. (A) A0063-FC005. (B) C0103-FC005. (C) C103-FC007. (D) C0103-FC003. (E) A0063-FC006. (F) C0046-
FOO015. (G) C105-04300300. (H) C105-04300900. The estimated matrix densities are presented in the figure. a, b, and f: Aggregates of coarse fibrous phyllosilicates.
¢, d, and e: Objects with sharp boundaries as clasts. The scale bar is the same for all particles.

Fig. 4. RGB-CT images of the matrix and related objects shown as orthogonal views, where the XY slice is on the upper left, the YZ slice on the upper right, and the
XZ slice on the lower left. The yellow lines indicate the slicing positions of each image. The LAC 7 image (-150-400 cm ™) in (C) and the LAC 7.35 images (-150-500
cm Y in (A, B, and D-H) of the XY slices are also shown on the lower right. (A) C0046-FO015. a: dark-green matrix with Fe(-Ni) sulfide nanograins. b: bright green
matrix. c: coarse fibrous phyllosilicate with a dark core. (B) C0002-FC009. d: carbonaceous material. e: crack. (C) C0103-FCO05. f: dark green matrix with Fe(-Ni)
sulfide nanograins. g: bright green matrix without Fe(-Ni) sulfide nanograins. h: bright green subhedral object. TEM images of the XZ slice are shown in Figure S5.

pentlandite was low. Troilite could not be distinguished from pyrrhotite generally > 100 pm in Alais and Tonk, and always < 100 pm in Orgueil
by the DET-SIXM method, but it was identified as pyrrhotite by TEM (e. and Ivuna (Endrel and Bischoff, 1996). Any corroded structures
g., Nakamura et al., 2023; Noguchi et al., 2023a). Pyrrhotite was observed in CI chondrites (e.g., Brearley and Jones, 1998) were not
observed in almost all sample particles with different sizes of <~60 pm; observed. As previously mentioned, small pyrrhotite (and sometimes
cf. 10-100 pm in the CI chondrites (Brearley and Jones, 1998), dolomite) grains surrounded spherical objects composed of fine
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phyllosilicate aggregates (b in Fig. S4A). Nanograins of Fe(-Ni) sulfides
observed by TEM were also present in the matrix (a in Fig. 4A, f in Fig.
4C, and a in Fig. 4A), although those under XnCT spatial resolution were
not recognized. Except for the nanograins, most sulfides were present as
pseudo-hexagonal platelets with a combination of probably {100} and
{001} faces in the pseudo-hexagonal setting. We measured the longest
length, A, and shortest length, B, of the hexagon and the width, C, for
204 crystal grains (Supplementary Material, S8 and Fig. S7). The aspect
ratio, R, defined as C/(A x BV 2, ranged from 0.061 to 0.980, with an
average of 0.431 + 0.198 (Fig. S7A), indicating the formation of thin to
thick crystals. The degree of the ideal hexagon, H, defined by (B/A)/(B/
A)ig, where (B/A);q = 0.866 for the ideal hexagon, has a skewed distri-
bution (0.405-0.997; Ave. = 0.865 + 0.093) (Fig. S7B). There was no
correlation between R and H. We did not detect any correlations of R and
H with the crystal grain size and matrix feature (density or Mg#), and no
difference between Chambers A and C. Some sulfides are aggregates of
pseudo-hexagonal platelets. Rarely, there is a pseudo-hexagonal plate
with a missing portion (c in Fig. 5B), or a fragment from a pseudo-
hexagonal plate (Fig. 5C). Such fragmented crystal grains were abun-
dant in one particular grain (C0023-FC003).

Geochimica et Cosmochimica Acta 375 (2024) 146-172

3.2.3. Pentlandite (white-pink in RGB-CT images)

Pentlandite occurs as small individual grains with facets. These were
partially fractured (Fig. 5D). Pentlandite inclusions in pyrrhotite
(Fig. 5A) and pyrrhotite overgrowths on pentlandite (Fig. 5E) were also
observed. Based on TEM observations, nanograins of pentlandite and
pyrrhotite are usually present in the matrix (Noguchi et al., 2023b;
Matsumoto et al., 2024).

3.2.4. Magnetite (orange in RGB-CT images)

Magnetite was present in almost all the sample particles (mode:2.5
(0.0 ~ 8.1) vol. %; Table 2) as individual grains or aggregates showing a
wide variety of morphologies with different sizes (<~ a few tens of ym)
(e.g., Fig. 1D). Spherulites and spherical fan-shaped aggregates were
commonly present as single objects (<5 um) (Fig. 6A and B) or aggre-
gates of several spherulites (~<10 pm) (Fig. 6C). Some spherulites had
external shapes with euhedral morphologies (Fig. 6B). Voids were oc-
casionally observed in the interior (Fig. 6B and C). The size of the con-
stituent crystals is usually very small compared to the XnCT spatial
resolution; therefore, they were not individually recognized in the CT
images, although the crystals could be recognized near the spherulite
surfaces as growth fronts (Fig. 6A, B, and C). The shapes of the con-
stituent crystals ranged from needle-like (bottom right panel of Fig. 6B)

Fig. 5. Absorption CT images of Fe(-Ni) sulfide minerals shown as orthogonal views, where the XY slice is on the upper left, the YZ slice on the upper right, and the
XZ slice on the lower left. The yellow lines indicate the slicing positions of each image. (A) Pseudo-hexagonal plate of pyrrhotite with pentlandite inclusions (LAC 7
keV: 0-500 cm ™, C0002-FC012). b: CO,-bearing aqueous fluid inclusion reported by Nakamura et al. (2023). The image on the lower right is an enlarged image of
different YZ slice showing inclusions composed of carbonaceous materials (possibly IOMs) and pores. CM: carbonaceous material. (B) Hexagonal plate of pyrrhotite
with a missing portion indicated by ¢ (LAC 7 keV: 300-900 cm !, C0023-FC003). (C) Pyrrhotite grain not showing a pseudo-hexagonal plate shape, probably a
fragment of an originally pseudo-hexagonal plate (LAC 7 keV: 300-900 cm’l, C0023-FC003). (D) Pentlandite grain with facets (LAC 7 keV: 300-900 cm’l, C105-
04300400). (E) Pentlandite overgrown by pyrrhotite (LAC 7.35 keV by ultra-high-resolution local tomography: 150-1400 cm ™", AO064-FO024). This may have been
a fragment of a pseudo-hexagonal plate of pyrrhotite with a pentlandite core. Note that since the K-edge energies of Fe and Ni are 7.111 and 8.332 keV, respectively,
pyrrhotite without Ni is slightly brighter than pentlandite with Ni in the 7 keV image (LAC values; pyrrhotite: 413.9 cm™! and pentlandite: 430.0 cm™'), whereas
pentlandite appears darker than pyrrhotite in the 7.35 keV image (LAC values; pyrrhotite: 1289.2 cm™, pentlandite: 1084.2 cm ™). In other words, the contrast
between pyrrhotite and pentlandite is reversed in (A) and (E).
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to blade-like (bottom right panel of Fig. 6C). TEM observations have
shown that at least some of these are composed of single crystals or have
domain structures with many nanopores and dislocations (Dobrica et al.,
2023).

Plaquettes (<~5 um), stacking of platy crystals, were observed
(Fig. 6D); however, this was not very common (~1/4 of the particles
belonging to the “matrix” category contained one or a few plaquettes). A
transitional morphology from plaquette to irregular shape was also
observed (Fig. 6E). Each plate was circular to irregular in shape in its
cross section and usually contained thin voids. Some voids were faceted
(e in Fig. 6D and g in Fig. 6E), whereas others were not (h in Fig. 6E).
Some were filled with low-density material (i in Fig. 6E). Chan et al.
(2016) reported that the plates of the plaquettes in carbonaceous
chondrites including the CIs have {100} surfaces.

Framboidal aggregates, composed of submicron grains, typically ~
10 pm in whole size were also common (Fig. 6F-H) (c.f., the largest
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(monodispersive), but their average grain sizes differed from a few 100 s
nm (Fig. 6F) to a few pm (Fig. 6H). Some of these were compact ag-
gregates (Fig. 6G) and some resembled colloidal crystals with defects,
regularly surrounded by individual crystals, although no clear periodic
arrangement was observed (Fig. 6F). Facets can be seen for the con-
stituent grains of at least coarse-grained aggregates, even with the XnCT
resolution (Fig. 6H). We observed small void inclusions in a limited
number of coarse grains (n in Fig. 6H). Many framboidal magnetite
grains form trapezohedral crystals, {311}, in the Orgueil meteorite (CI)
(Hua and Buseck, 1998). Nozawa et al. (2011) reported that the crys-
tallographic surfaces were different for colloidal crystals of different
sizes in the Tagish Lake meteorite (C2-ungr): fine (~100 nm): {111},
medium (~a few 100 s nm): {110}, and coarse (~1 pm): {311} >
{110} > {100}. The face indices could not be determined from CT
images. Sometimes, we observed fine grains that were concentrated but
not aggregated as framboids or were separately dispersed in the matrix.

framboid reported in the CI chondrites is 165 pm; Alfing et al., 2019).
The constituent grains were almost homogeneous in size

Fine grains are also present as veins. Hexagonal plate-shaped framboid
aggregates, which would have suggested pyrrhotite plates breaking

Fig. 6. Absorption CT images of magnetite shown as orthogonal views, where the XY slice is on the upper left, the YZ slice on the upper right, and the XZ slice on the
lower left. The yellow lines indicate the slicing positions of each image. (A) Spherulite of near-true spherical shape (LAC 7.35 keV by ultra-high-resolution local
tomography: 800-2000 cm ™, A0O094-FIB001). a: Surrounded by dolomite. b: Surrounded by irregularly-shaped magnetite (irr-mt). (B) Polyhedral shaped spherulite
with pores at the center (LAC 7 keV: —200-600 cm’l, C105-04300100). The image on the lower right is the XY slice at different position indicated by cyan lines (c),
indicating that the spherulite is composed of needle-like crystals. (C) Aggregate of several spherulites (LAC 7.35 keV by ultra-high-resolution local tomography:
800-2000 cm ™, C0103-FC007). The image on the lower right is the slice indicated by the cyan line (d), indicating that the spherulite is composed of blade-like
crystals. (D) Plaquette (LAC 7.35 keV by ultra-high-resolution local tomography: 800-2000 cm !, A0067-FIB006). e: Faceted void in a platy crystal. f: Spheru-
litic magnetite (sph-mt) surrounded by plaquette. (E) Transitional morphology from plaquette to irregular shape (LAC 7.35 keV by ultra-high-resolution local to-
mography: 800-2000 cm ™}, AO067-FIB006). The image on the lower right is the slice by the cyan line, indicating that a platy crystal has different types of inclusions.
g: Faceted void in a platy crystal. h: Irregularly-shaped void. i: Inclusion filled with a low-density material. j: Spherulitic magnetite (sph-mt) surrounded by plaquette.
k: Spherulitic magnetite surrounded by apatite. 1: Plaquette magnetite surrounded by apatite. (F) Framboid resembling a colloidal crystal with defects (LAC 7 keV:
—200-600 cm™!, C105-04300100). (G) Framboid as a compact aggregate (LAC 7.35 keV by ultra-high-resolution local tomography: 800-2000 cm ™!, A0067-CT001).
m: Pyrrhotite surrounded by framboid. (H) Framboid as a loose aggregate (LAC 7.35 keV by ultra-high-resolution local tomography: 800-2000 cm ™, A0067-CT001).
n:Very small void inclusions. (I) Coarse and euhedral grain (LAC 7 keV: —200-600 cm ™!, C0002-FC009). Four large and four small angles (« and f, respectively)
between the two edges are positioned with respect to each other. The angles measured by the CT image (142-144 and 126-130°) are consistent with {311} (143.1°
and 126.9"), as shown in the illustration on the bottom right. (J) Rod-shaped elongated grain with facets (LAC 7.35 keV by ultra-high-resolution local tomography:
800-2000 cm™?, C105-04300900). If we assume that this rod is elongated in the (100) direction, the measured angles between the side faces in the CT image (a ~ p
~135) appear to be explained by {100} and {110}, as shown in the illustration on the bottom right. (K) Irregularly-shaped elongated grain with voids (LAC 7.35
keV by ultra-high-resolution local tomography: 800-2000 cm ™!, AO094-FIB001). o: This grain surrounded by dolomite. (L) Irregularly-shaped grain with spherulitic

157



A. Tsuchiyama et al.

Geochimica et Cosmochimica Acta 375 (2024) 146-172

features (LAC 7.35 keV by ultra-high-resolution local tomography: 800-2000 cm ™}, C105-04300100). (M) Cube probably composed of {100} faces (LAC 7 keV:
—200-800 cm ™!, C0076-FC005). mt cube: magnetite cube.
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Fig. 6. (continued).

down into framboids, were not observed.

Some samples had coarse and euhedral grains (<~10 um) (Fig. 6I).
The facets were composed of {311} planes, which were estimated from
the angles between the facets in the ultra-high-resolution CT (LCT) im-
ages. Rod-shaped elongated grains with facets (~<2 um in width and ~
10 um in length) (Fig. 6 J) were also observed. The elongation was along
(100) with the side faces of {100} and {11 0}, deduced from the angles
between the facets. Coarse, irregularly shaped elongated grains were
also present (~10 s pm) (Fig. 6K) (c.f. up to 27 pm in CI chondrites;
Alfing et al., 2019). They usually have voids inside and appear to be
transitional from spherical aggregates (Fig. 6L). Rod- and irregular-
shaped grains were abundant in one grain (C0105-04300400).

In addition to the above morphologies, we also observed fine cubic
grains (Fig. 6M). They are almost ~ 1 pm in size and may be composed of
{100} faces. Numerous cubes were present in the veins in one sample
(C0076-FC005), and some were observed in others (e.g., C0002-FC009,
C0076-02-CT002, and C105-04300200). A whisker 4.1 pm in length and
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0.2 pm in width was observed in A0104-0000700 (Fig. 7). We extracted
a section containing this whisker and observed it using TEM. This was
elongated in the (100) direction, and no dislocations were observed.
Four more whiskers (mostly 0.2 ~ 0.4 pm in width with the aspect ratio
of 5 ~ 17) were observed in A063-FC010, A0104-0001000, C105-
04300400, and C105-04300900, but their phases were not determined
by the DET-SIXM method for these thin needles.

3.2.5. Dolomite (grayish-blue-green in RGB-CT images)

Dolomite grains of different sizes (<~60 pm) and abundances
(mode: 1.2 (0.0 ~ 18.1) vol.%; Table 2) were present in the matrix
(Fig. 1D, 6 K, and 8). One sample is composed of two large dolomite
grains (Fig. 8A). Dolomite contains some Mn and Fe (e.g., Nakamura
et al., 2023; Nakato et al., 2022), which are shown in the LACs-RID
histogram (Fig. S3). Chemical zoning from an Fe- and Mn-poor core to
Fe- and Mn-rich rim can be seen (the rim is brighter than the core in the
left crystal: right bottom panel of Fig. 8A). Corroded structures rimmed
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(D)
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Fig. 7. Magnetite whisker (mt-wsk) in A0104-00000700 (~4.1 pm long and ~ 0.2 pm wide). (A) RGB-CT image corresponding to (B) the bright-field TEM image. (C)
SAED pattern of the whisker indexed to magnetite. (D) Elemental maps obtained using TEM-EDS. A spherical phyllosilicate object surrounded by small pyrrhotite

grains is also observed in (A).

by gypsum, which are usually seen in CI chondrites (Morlok et al.,
2006), were not observed. Dolomite occurs mostly as euhedral or sub-
hedral grains or as aggregates. Some had large pores inside the aggre-
gates (Fig. 8B). Simple euhedral grains were rare but present and
showed flattened rhombohedrons (Fig. 8C) with an aspect ratio of ~
0.85, suggesting that the crystal is composed of {104} faces. This cor-
responds to the equilibrium form of calcite, which is composed mainly of
{104} faces (Bruno et al., 2013). Aggregates of fine dolomite grains
were also present in the matrix (Fig. S4E and Fig. S6).

3.2.6. Apatite (purple-blue in RGB-CT images)

Apatite was present in the matrix as small grains (<~10 pm) less
abundant than dolomite (mode: 0.2 (0.0 ~ 0.7) vol.%; Table 2). This is
hydroxyapatite identified by EPMA and TEM (Nakamura et al., 2023;
Nakato et al., 2022; Noguchi et al., 2023b) (c.f. largest “phosphate” in CI
chondrites is 10 ~ 20 pm: Alfing et al., 2019). Apatite is usually an
aggregate of smaller subhedral to euhedral crystals (Fig. 1D, 6E, and 9).
Some grains had many voids and were partially dendrite-like (e.g., a and
b in Fig. 9A). A hexagonal prism (3.0 pm in length and 2.8 pm in height)
was observed (Fig. 9B). This is probably composed of {100} and {001}
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faces and might correspond to the equilibrium form (c.f., the equilibrium
form of monoclinic hydrous apatite is composed of {100} and {001}
faces in the hexagonal setting; Aquilano et al., 2014).

3.2.7. Breunnerite (Fe-bearing magnesite; yellowish-green in RGB-CT
images)

Breunnerite was found as relatively large grains (<~1 mm) in coarse
sample particles (Nakamura et al., 2023) (c.f. largest breunnerite in CI
chondrites is ~ 3 mm; Fredriksson and Kerridge, 1988). In fact, it was
found as independent particles (30-100 pm) (Fig. 10A), but small grains
(<~10 pm) were also observed in two particles of the “matrix” category
(A0067-FIB005 and AO0067-CT001). The two independent grains
examined (A0067-FC003 and A0067-FC004) had nearly euhedral
rhombohedral shapes that were more flattened than dolomite crystals.
The chemical composition of (Mg ¢.0.7F€p.4.0.3)CO3 obtained from the
LACs-RID histogram is consistent with the EPMA analysis (Nakamura
et al., 2023) and exhibits zoning with an Fe-rich rim (yellowish in the
RGB-CT images) (Fig. 10A).
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Fig. 8. CT images of dolomite shown as orthogonal views, where the XY slice is on the upper left, the YZ slice on the upper right, and the XZ slice on the lower left.
The yellow lines indicate the slicing positions of each image. (A) RGB CT image of a sample particle containing two large grains (C0076-FO006). The XY slice of the
RID image (5-9.25 x 10°) is also shown on the lower right. Magnetite, pyrrhotite, apatite, carbonaceous material (possibly IOM), and void inclusions are present.
The sample is held using an amorphous carbon fiber (C fiber) with glue (glycol phthalate). The CT slices where the RID images were not taken are shown in different
colors from the RGB images. CM: carbonaceous material. (B) RGB CT image of a grain with a large void connected to the outside (A0063-FC006). The XY slice of the
LAC 7 keV image (-150-400 cm 1) is also shown on the lower right. (C) LAC 7 keV image (-200-600 cm ) of a flattened rhombohedral grain (C105-04300400). A
bird’s-eye view of this grain is shown on the lower right.

pyrrhotite rrhotite
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Fig. 9. CT images of apatite shown as orthogonal views, where the XY slice is on the upper left, the YZ slice on the upper right, and the XZ slice on the lower left. The
yellow lines indicate the slicing positions of each image. (A) RGB CT image of coarse dendrite-like grains with many inclusions (voids or IOMs) (A0063-FC006). The
XY slice of the LAC 7.35 keV image (-150-500 cm ™) is also shown on the lower right. Hexagonal facets are observed in the XY slice. Some portions resemble coarse
dendritic aggregates, as indicated by a and b. Pyrrhotite is surrounded by apatite, as indicated by c. The CT slices where the RID images were not taken are shown in
different colors from the RGB images. (B) LAC 7 keV image (-200-600 cm ') of a hexagonal prism grain (C105-04300400). A birds-eye view of this crystal is shown
on the lower right.

3.2.8. Mg-Na phosphate phase (dark green in RGB-CT images) discriminate olivine from low-Ca pyroxene using the DET-SIXM method.

This phase, recognized by Nakamura et al. (2023) using SEM and One is a small anhedral grain of forsterite or enstatite of almost Foygg or
EPMA, was observed as an independent particle (~30 x 30 x 100 pm: Enjgp (1.5 x 2 x 3 pm in size) (Fig. 11A). The other is a relatively coarse
C0046-FO018) in this study (Fig. 10B). This irregularly shaped particle grain (9 x 18 x 18 pum in size; c.f. the largest olivine/pyroxene in CI

has a shriveled structure with large cracks running along nearly two chondrites is 25pm (Alfing et al., 2019); largest olivines in CIs and
perpendicular directions and many small cracks surrounded by large Ryugu are ~ 30 and 20 pm, respectively (Kawasaki et al., 2023)). This
cracks. The mean RID value indicates a low density of ~ 1.3 g/em® grain is relatively rich in Fe (Fogs or Enys based on the LAC values) and
(Table 1). This may be a pseudomorph of the HyO-bearing precursor has a euhedral shape with facets and macro growth steps (Fig. 11B).
phase, in which cracks are formed by dehydration (Nakamura et al., Sulfates (gypsum and epsomite) and ferrihydrite, which are usually
2023). found in CI chondrites (e.g., Tomeoka and Buseck, 1988; Brearley and

Jones, 1998), were not identified. This was expected since these phases
3.2.9. Minor phases were long ago suggested to have formed on Earth (Gounelle and

Two grains of olivine or low-Ca pyroxene (emerald-green in RGB-CT Zolensky, 2001).

images) were present as minor phases, although we could not
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(A) pyrrhotite

& magnetite
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matrix

apatite

Fig. 10. CT images of minor minerals shown as orthogonal views, where the XY slice is on the upper left, the YZ slice on the upper right, and the XZ slice on the lower
left. The yellow lines indicate the slicing positions of each image. (A) RGB CT image of breunnerite grain with a flattened rhombohedral shape (A0067-FC003). A
bird’s-eye view of this grain is shown on the lower right. Magnetite, pyrrhotite, apatite, carbonaceous materials, and void inclusions are present. The carbonaceous
material was identified as IOM using micro-Raman measurements (Supplementary Material, S10 and Fig. S9). Framboidal magnetite is surrounded by breunnerite, as
indicated by a. (B) LAC 7.35 keV image (-100-300 cm ™) of an Mg-Na phosphate grain, which may be a pseudomorph of the H,O-bearing precursor phase (Nakamura
et al., 2023) (C0046-FO018). The XZ slice of the RGB CT image is shown on the lower right. Pyrrhotite is not surrounded by the Mg-Na phosphate but the matrix
containing pyrrhotite grain is simply attached to the phosphate crystals. A crack between Mg-Na phosphate and matrix is indicated by b.

dolomite E) o
»* #® dolomite
s, Poday

»

forsterite
/enstatite

Fig. 11. CT images of olivine or low-Ca pyroxene shown as orthogonal views, where the XY slice is on the upper left, the YZ slice on the upper right, and the XZ slice
on the lower left. The yellow lines indicate the slicing positions of each image. (A) RGB CT image of forsterite or enstatite (A0104-00000500) with irregular shape.
This is probably forsterite estimated from the LAC-RID histograms, but the possibility of enstatite cannot be excluded. A spherical phyllosilicate object surrounded by
small pyrrhotite and dolomite grains is also observed in the YZ slice. The XY slice of the LAC 7.35 image (-150-500 cm ™) is also shown on the lower right. (B) The
LAC 7.35 image (-150-500 cm ™) of olivine (Fogs) (A0063-FC010) with facets. This is probably olivine, but the possibility of low-Ca pyroxene (Enys) cannot be
excluded. A small dolomite grain is surrounded by olivine (or low-Ca pyroxene), as indicated by a. Mineral phases and their chemical compositions were determined
using their LAC-RID values. A bird’s-eye view of this grain is shown on the lower right. The crystal is faceted and exhibits a euhedral shape near the hexagonal plate.
Macro growth steps were also observed, as indicated by b.

3.2.10. Carbonaceous materials (dark green in RGB-CT images) 2023), but we would not be able to distinguish them from soluble

Carbonaceous materials were observed as small, isolated objects organic matters (SOMs) if they are large enough to be observed by XnCT.
(sub-micron to a few pm) in the matrix of almost all the sample particles In addition, small IOMs were not easily distinguished from voids due to
(Fig. 1C and 4B(d)). Many of these particles may correspond to insoluble the poor spatial resolution of the RID images and refraction artifacts in
organic matters (IOMs) as reported in the Ryugu samples (Yabuta et al., the LAC images. Therefore, the abundance of carbonaceous materials
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was not determined. They were also present as inclusions in some
minerals (e.g., pyrrhotite and breunnerite), and IOM inclusions in
breunnerite were confirmed by micro-Raman spectroscopy, as described
later.

3.3. Specific objects

We occasionally observed dark pink objects in RGB-CT images with
irregular shapes (~10 um) in the matrix (Fig. 1D, 3C (c), and 12A).
These objects consisted of fine-grained materials, which were suggested
to be a mixture of relatively Fe-enriched anhydrous silicates based on
their LAC and RID values. Alternatively, they might be composed of
dehydrated phyllosilicates and fine grains of Fe(-Ni) sulfides. Relatively
coarse grains of Fe(-Ni) sulfides are sometimes accompanied. We refer to
this clast as an Fe-enriched clast.

Very porous objects (VPO) with irregular shapes (~5 pm in size)
were occasionally observed in the matrix (Fig. 12B). Similar objects
were observed in the ultra-porous lithology (UPL) of the primitive
carbonaceous chondrite of Acfer 094 (C-ungrouped), where its matrix
experienced only a limited degree of aqueous alteration (Matsumoto
et al., 2019). The UPL is a mixture of fine grains of the Acfer 094 matrix
itself and pores with sizes ranging from 100 nm to a few pm, and it was
proposed that ice used to be present in the pores. By contrast, VPO
contains low-density materials with pores. They might have originally
been objects similar to UPLs that experienced aqueous alteration.

A relict of a barred olivine chondrule (~30 pm in diameter) that
underwent aqueous alteration was also observed in 3D (C0076-02-
CT002). Details have been reported by Nakamura et al. (2023).

Fe-rich glass with vesicles was observed on the surfaces of some
sample particles (e.g., Fig. 12C). This glass corresponds to melt splashes
on the particle surface caused by meteoroid impacts (Noguchi et al.,
2023a; Matsumoto et al., 2024; Matsumoto et al., 2023). Their density,
estimated from the RID values in Eq.(1), is from 2.1 to 2.4 g/cm3
(Table 1).

3.4. Pores and cracks

Pores and cracks were identified in the CT images. Thick cracks
(maximum width of ~ 2 pm) were observed in some particles (e.g.,
Fig. 3A, B, G, and H), whereas no cracks are observed in the other
samples.

Three flaky particles (A0104-00000400 with S/L = 0.278 and I/L =
0.646, A0104-00000800 with S/L = 0.239 and I/L = 0.589, and C0076-
FC005 with S/L = 0.233 and I/L = 0.444, where S, I, and L are the
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shortest, intermediate, and longest lengths of the bounding box for a
particle, respectively) had cracks running almost parallel to their flat
shapes (Fig. 13A). A similar structure has been reported for larger par-
ticles (>1 mm) owing to impact (Nakamura et al., 2023). Similar
morphological features have also been reported for flying particles
during touchdown operations in Ryugu (Tachibana et al., 2022). All the
cracks and most of the pores were connected outwards, and the porosity,
including these cracks and pores (some of them might be infilled with
carbonaceous materials), was roughly estimated for individual sample
particles using LAC images at 7.35 keV (3.0 ~ 23.3 vol% and 12.2 + 4.2
vol% on average) (Table 2). These values are smaller than the nano-
porosity of 19.7 to 51.8 % (average: 36.1 + 8.9 %) estimated from the
mean matrix density using RID images and the assumed density of
phyllosilicate. This difference is primarily because the porosity was
obtained from cracks and pores larger than the effective spatial resolu-
tion of the LAC images (~200 nm), whereas the nanoporosity includes
nanopores smaller than this resolution.

In addition to impacts, another possible cause of crack formation is
the volumetric shrinkage of the water-containing matrix during drying.
There is also a significant possibility that the cracks were enlarged due to
thermal fatigue (Delbo et al., 2014) caused by thermal cycling on the
surface of the object.

3.5. Unique sample particles

Two unique sample particles were observed. One is composed of
fragmented calcite grains <~a few pm in size (blue in RGB-CT images)
and phyllosilicates embedded in a matrix mainly of AlySi;O5(OH)4
(kaolinite, nacrite, or dickite) (green in RGB-CT images) (A0104-
00001500: Fig. 13B). Calcite and AlySi;O5(OH)4 were determined by
TEM/EDS, but we could not discriminate kaolinite, nacrite, and dickite,
even by SAED (Supplementary Material, S9 and Fig. S8). Phyllosilicates
appear to be serpentine and/or saponite, but we did not determine the
phase(s) by SAED.

The other unique sample was composed of CaCOs (calcite or
aragonite), phyllosilicate (probably serpentine and/or saponite), and
tochilinite-cronstedtite intergrowth (TCI) embedded in the matrix of
carbonaceous material (C0076-FO001, Fig. 13C). CaCOs grains (blue in
RGB-CT images) <~20 pm in size were euhedral to subhedral in shape.
The phyllosilicate (light green) was Mg-rich and formed subhedral to
euhedral grains <~10 pm in size. Some were banded. These are likely
pseudomorphs of Mg-rich silicates. TCI-like objects ~ 10 pm in size
(brownish-orange) were irregular in shape and not very abundant. A
large tabular grain of carbonaceous material (~50 x 40 x 6 pm) with

Fig. 12. CT images of different objects shown as orthogonal views, where the XY slice is on the upper left, the YZ slice on the upper right, and the XZ slice on the
lower left. The yellow lines indicate the slicing positions of each image. (A) RGB CT image of Fe-enriched clast (C0103-FC007). The XY slice of the LAC 7 keV image
(-150-400 cm ™) is also shown on the lower right. (B) LAC 7.35 keV image (0-300 cm™ ) of very porous object (VPO) with an irregular shape (4 x 5 x 7 pm in size)
(C0076-02-CT002). The RGB CT image of the XY slices is also shown on the lower right. (C) LAC 7.35 keV image (-600-1600 cm ') of melt splash obtained by ultra-
high-resolution local tomography (C105-04300900). Glass with many spherical voids is attached to the sample surface.
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Fig. 13. CT images of a particle with a specific shape and unique particles shown as orthogonal views, where the XY slice is on the upper left, the YZ slice on the
upper right, and the XZ slice on the lower left. The yellow lines indicate the slicing positions of each image. (A) LAC 7.35 keV image (-200-100 cm™!) of thin particle
with cracks running almost parallel to the flat shape (A0104-00000800). (B) RGB CT image of a unique particle with calcite and phyllosilicate embedded in
Al,Si;05(0H), (kaolinite, nacrite, or dickite) matrix (A0104-00001500). The XY slice of the LAC 7 keV image (-150-400 cm ') is also shown on the lower right. The
TEM images are shown in Figure S8. (C) RGB CT image of a unique particle composed of CaCO3 (calcite or aragonite), phyllosilicate, and tochilinite-cronstedtite
intergrowth embedded in a carbonaceous material matrix (C0076-FC001). Different carbonaceous material objects (~1.2 g/cm3) are also present in the IOM ma-
trix (~1.1 g/cm3). The XY slice of the LAC 7 keV image (-150-400 cm ™) is also shown on the lower right. TCI: tochilinite-cronstedtite intergrowth and CM:

carbonaceous material.

small vesicles inside was also present in the matrix of carbonaceous
material. The mean RID values of carbonaceous material matrix and
tabular object indicate densities of ~ 0.91 g/cm® and ~ 1.06 g/cm?,
respectively (Table 1), clearly showing that they are not graphite.

3.6. Inclusions in minerals

Pyrrhotite crystals sometimes contained pentlandite inclusions
(Fig. 5A). Additional small bright inclusions were also observed; how-
ever, we could not discriminate the phase (unknown in Fig. 5A) because
they were observed only at 7 keV. These crystals usually have low-
density inclusions, probably of pores, carbonaceous materials, or fluid
inclusions. Most were small (~< 1 pm) and irregular in shape. Elongated
inclusions or tubes connected to the outside, nearly parallel to the
pseudo-hexagonal flat face, were also observed (a in Fig. 5A). Some have
two different contrasts in an inclusion (lower right panel of Fig. 5A);
brighter and darker contrasts correspond to carbonaceous materials
(possibly IOMs) and pores, respectively. We found COz-bearing fluid in a
relatively large inclusion (a few pm) (b in Fig. 5A) by TOF-SIMS in
C0002-FC012 (Nakamura et al., 2023). Many inclusions with darker
contrast might be empty, even if they used to be occupied by fluid.

Mineral inclusions were not observed in the magnetite crystals. Only
inclusions observed in some spherulites (Fig. 6B), plaquettes (Fig. 6D
and E), framboid resembling colloidal crystals (Fig. 6F), relatively large
crystals in framboids (n in Fig. 6H), and complex crystals (Fig. 6C, K, and
L) have low contrast and are likely pores. One magnetite plaquette
contained inclusions filled with low-density materials (i in Fig. 6E). No
pore inclusions were observed in coarse equant grains (Fig. 6I). Dobrica
et al. (2023) found abundant nanopores with facets and dislocations in a
spherulite using TEM. These nanopores were too small to be identified
by XnCT.

Dolomite crystals usually contain mineral inclusions of magnetite
(spherulite, framboidal, and plaquette), pyrrhotite, and apatite
(Fig. 8A). Abundant low-density inclusions were also observed (Fig. 8A
and C). These are probably pores and/or carbonaceous materials and not
fluid inclusions. Yabuta et al. (2023) reported organic matter in car-
bonate grains based on STEM-electron energy loss spectroscopy (EELS)—
EDS analysis. A large pore space with facets open to the crystal surface is
also observed (Fig. 8B).

Small mineral grains appear to be included in apatite in 2D, but they
connect to the crystal surface in 3D (e.g., pyrrhotite, c in Fig. 9A). Low-
density inclusions, probably pores and/or carbonaceous materials, were
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also observed in apatite (Fig. 9A).

Breunnerite contains inclusions of magnetite (spherulite and fram-
boid), pyrrhotite, and apatite (Fig. 10A), and low-contrast inclusions.
Relatively large inclusions in A0067-FC003 and A0067-FC004 were
examined using micro-Raman spectroscopy. These inclusions were IOMs
and pores, and no fluid was detected (Supplementary Material, S10 and
Fig. S9). No inclusions were observed in the Mg-Na phosphate phase.

The observed inclusions were primary, and no secondary inclusions
distributed in a planar pattern were observed. The included relation
among minerals is summarized in Table 3.

3.7. Specific textural relationships among minerals and magnetite
morphologies

We examined specific textural relationships among mineral phases in
3D, where a convex grain of a mineral is surrounded by a concave sur-
face of another mineral grain, suggesting that the convex grain grew
earlier than the grain with a concave surface. These relationships are
summarized in Table 3, along with the relationship between inclusions.
The other mineral grains were not surrounded by magnetite. Among
magnetite grains with different morphologies, spherulites were sur-
rounded by plaquettes (f in Fig. 6D), framboids (a in Fig. 14A), irregular
magnetite (b in Fig. 6A), and dolomite (a in Fig. 6A and c in Fig. 14C). A
pre-existing spherulite appears to restrict the growth of a rod-shaped
magnetite (b in Fig. 14B). The framboids were surrounded by pyrrho-
tite (e in Fig. 14D), dolomite (d in Fig. 14C), and breunnerite (a in
Fig. 10A). Exceptionally, a small grain of pyrrhotite appears to be sur-
rounded by framboids (m in Fig. 6G). Rods are surrounded by irregularly
shaped magnetite, and the irregulars are surrounded by dolomite (o in
Fig. 6K). The equants were surrounded by dolomite.

The pyrrhotite grains were surrounded by apatite (c in Fig. 9A), and
the growth of dolomite appeared to be restricted by pre-existing pyr-
rhotite (f in Fig. 14E). The apatite grains are surrounded by dolomite (g
in Fig. 14F). Dolomite grains were surrounded by coarse phyllosilicate
aggregates (h in Fig. 14G) and breunnerite. A small dolomite grain with
facets was also surrounded by Fe-bearing olivine or low-Ca pyroxene
(Fogs or Enys) (a in Fig. 11B). Based on the detailed observation of the
CT images in 3D, we can rule out the possibility that small grains of
olivine or low-Ca pyroxene were reassembled to surround the dolomite
grain and that the dolomite replaced part of the olivine or low-Ca py-
roxene grains. The euhedral shape with macro growth steps of the grain
(Fig. 11B) strongly suggests that it precipitated from the aqueous
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Table 3
Textural relationships among minerals and magnetite morphologies.
Sph Plag Frm Rod Irg Eqt Pen Po Ap Dol Brn c-PS Ol/Px
Magnetite
Spherulite (Sph) — Sur* Sur Sur Sur Sur Inc** Inc/Sur
Plaquette (Plq) — Inc
Framboidal (Frm) — Sur Inc/Sur Inc/Sur
Rod (Rod) — Sur
Irregular (Irg) — Sur
Equant (Eqt) — Inc/Sur
Pentlandite (Pen) — Inc
Pyrrhotite (Po) (pseudo-hexagonal) — Inc/Sur Sur Inc
Apatite (Ap) — Sur Inc
Dolomite (Dol) — Sur Sur Sur
Breunnerite (Brn) —
Coarse phyllosilicate (c-PS) —
Olvine (Fo85) or pyroxene (En75) (Ol/Px) —
carbonaceous material Inc Inc Inc Inc
Void Inc Inc Inc Inc

*Spherulite is surrounded by plaquette.
** Sperulite is included in dolomite.

Abbriviations of magnetite morphologies and minerals (e.g., Sph) in the first line are given in the first column.

apatite

\

dolomite

dolomite

Fig. 14. CT images showing textural relationships among the minerals. (A) LAC 7 keV image (-200-600 em ™) of C105-04300900. a: Spherulitic magnetites (sph-mt)
surrounded by framboidal magnetites (frb-mt). (B) LAC 7 keV image (-200-600 cm 1) of C105-04300900. b: The growth of rod-shaped magnetite (rod-mt) appears to
be restricted by pre-existing spherulitic magnetite (sph-mt). (C) LAC 7 keV image (-200-600 cm ') of C105-04300900. c and d: Spherulitic magnetite (sph-mt) and
framboidal magnetites (frb-mt) surrounded by dolomite, respectively. (D) LAC 7 keV image (-200-600 cm ™) of C105-04300400. e: Framboidal magnetites (frm-mt)
surrounded by pyrrhotite. (E) LAC 7 keV image (-200-600 cm™!) of C105-04300500. f: The growth of dolomite appears to be restricted by pre-existing pyrrhotite. (F)
RGB CT image of C105-04300200. g: Apatite surrounded by dolomite. (G) RGB CT image of A0063-FC0005. h: Dolomite surrounded by coarse phyllosilicates

(c-physil).
solution after dolomite precipitation.
3.8. Foliation and lineation

Some mineral grains have elongated shapes (magnetite rods and
whiskers) or plate-like shapes (mostly pyrrhotite). Some fine magnetite
grains were present in the veins. We examined foliation or lineation due
to these mineral grains or magnetite veins in 3D, but no such structures
were observed. The distribution of these mineral grains and magnetite
veins was also unrelated to cracks parallel to the flaky particles.
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4. Discussion

4.1. Ryugu samples

The present results on mineralogy and 3D texture are consistent with
previous studies where the Ryugu samples correspond to CI chondrites
or Cl-related materials and features without terrestrial weathering (such
as Mg-rich phyllosilicates, the presence of Fe(-Ni) sulfide nanograins,
and the absence of corroded pyrrhotite, sulfates, and ferrihydrite). Space
weathering products were also observed, including melt splashes on the
particle surfaces.

The microporosity of the particles and nanoporosity of the matrix
were estimated to be approximately 12 % and 36 %, respectively.
Nakamura et al. (2022) estimated the macroporosity of the Ryugu



A. Tsuchiyama et al.

sample to be about 41 %, which is larger than the present value. How-
ever, the volume and particle density used for their estimation had large
errors and may have been overestimated. On the other hand, the present
value would be underestimated because large cracks and voids were not
taken into consideration for the small particles (<100 pm) used in this
study. The CI porosity ranges from 35.0 % (Consolmagno and Britt,
1998) to 23.6 % (Hildebrand et al., 2006). Because these were measured
by He pychnometry, they can be considered the sum of the macro-
porosity and nanoporosity. Since the nanoporosity in this study is
limited to the matrix (considering the mode of the matrix as 82 %j;
Table 1), the corresponding value for porosity measured by He pychn-
ometry should be approximately 40 %, which is slightly larger than the
CI values. However, as Cls are subject to terrestrial weathering, direct
comparison is not possible. The porosities in the present study had large
errors, and more precise measurements are required in the future.

Nakamura et al. (2023) classified the lithologies of the Ryugu sam-
ples based on their mineral assemblages in relation to the aqueous
alteration degree as follows: least-altered, less-altered, and highly-
altered major lithologies. They found amorphous silicate objects that
contained abundant nanograins of Fe sulfides in the least-altered li-
thology. These textures and compositions are similar to those of glass
with embedded metal sulfides (GEMS) in anhydrous chondritic inter-
planetary dust particles (IDPs) (e.g., Bradley, 1994), but do not contain
nanograins of Fe-Ni metal, and thus are called GEMS-like objects. More
abundant olivine and low-Ca pyroxene grains and Fe-Ni phosphide were
also observed in the least-altered lithology than in the other lithologies,
and such features were not observed in the CI chondrites. CI chondrites
before terrestrial weathering would correspond to the highly altered
major lithology.

Other primitive materials that were not observed or were rare in the
CIs were also found in the Ryugu samples. Chondrules are apparently
absent in the CIs (Nakashima et al., 2023). Only a single CAI has been
reported in a CI chondrite (in Ivuna by Frank et al., 2023). In contrast,
chondrule-like objects and multiple CAIs have been found in Ryugu
samples (Nakamura et al., 2023; Nakashima et al., 2023). We found
magnetite whiskers, which were not observed in the ClIs, in the highly-
altered major lithology. This may have been formed by direct precipi-
tation from the aqueous solution under specific conditions or by the
replacement of whisker crystals formed by gas condensation, such as
enstatite whiskers observed in anhydrous chondritic IDPs (Bradley et al.,
1983).

The Ryugu samples contained two unique particles. One is calcite
and phyllosilicate grains embedded in a matrix composed of
Al»Sin05(0OH)4 (kaolinite, nacrite, or dickite) (A0104-00001500;
Fig. 13B). Calcite and the kaolinite group mineral were determined
using TEM (Fig. S8). Calcite and kaolinite are stable phases in a chemical
equilibrium calculation model that attempts to reproduce the observed
aqueous alteration assemblage of the Ryugu samples (Nakamura et al.,
2023) although the stable ranges of the water/rock ratio are different:
0.12 ~ 0.3 for calcite and >~1 for kaolinite. The calcite and
Al,Si,05(0H)4 assemblage might be explained by the reaction of Ca-, Al-
, and Si-rich minerals (e.g., anorthite, gehlenite, and kushiroite) with
CO2-H,0 liquid (or fluid) during aqueous alteration.

The other was an aggregate of CaCO3 (calcite or aragonite), phyllo-
silicate, TCI, and carbonaceous material (possibly IOM) (C0076-FC001:
Fig. 13C). This mineral assemblage is not consistent with the equilib-
rium model for Ryugu but is similar to that of the majority of Mighei-
type carbonaceous chondrites (CM chondrites). However, the two
types of carbonaceous materials (matrix and tabular materials with
slightly different densities; ~0.91 and ~ 1.06 g/cm®, respectively) and
their large abundance are unique, even for CMs. Tochilinite was
observed in the least-altered lithology (Nakamura et al., 2023), indi-
cating that the aqueous alteration of Ryugu samples begun under CM-
like conditions. However, the origin of the CM-like materials is un-
known, and further analysis is required.

We cannot completely exclude the possibility of contamination for
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these unique samples. However, many minerals and objects (calcite,
phyllosilicate, pseudomorphs of Mg-rich silicates, tochilinite, and
carbonaceous materials) were found in Ryugu samples. Furthermore, we
do not know of any other materials that are similar to these unique
samples. Kaolinite has been reported in aqueously-altered CAls in the
Allende meteorite (CV3) (Che and Brearley, 2021) and a chondritic
porous interplanetary dust particle (Rietmeijer and Mackinnon, 1985).

4.2. Lithology and its heterogeneity of the present samples

The mineral assemblages and textures are essentially the same
among the samples belonging to the “matrix” category and correspond
to the highly-altered major lithology of Nakamura et al. (2023). We
obtained two particles containing olivine or low-Ca pyroxene grains.
The one containing Mg olivine or low-Ca pyroxene (A0104-00000500;
Fig. 11A) may belong to the less-altered lithology, but the olivine or
pyroxene abundance is very small, and the matrix is similar to that of the
major lithology. Fogs olivine (or Enys pyroxene) in the other particle
could be an aqueous alteration product as already mentioned (A0063-
FCO010; Fig. 11B). Therefore, we did not observe the least- and less-
altered lithologies in this study.

The sample had heterogeneities among the particles and in single
particles on the scale of <~30 pm, as shown in Figs. 3, 4, and S-2 and
A0104-00000300 in Table 1, even though they belong to the major li-
thology. Some of the boundaries between objects with different colors in
the RGB-CT images (e.g., ¢, d, and e in Fig. 3) may indicate clasts, but
most of the boundaries are ambiguous, indicating that such heteroge-
neity with different porosities and chemical compositions (e.g., Mg#)
was originally present before aqueous alteration.

It is expected that surface materials contain a higher number of
space-weathered particles than subsurface materials from Chamber C
(Noguchi et al., 2023a). Melt splashes can be observed on the surfaces of
space-weathered particles, provided that they are large enough for XnCT
resolution (Fig. 12A). However, the number of particles that have melt
splashes (or their candidates) from Chambers A and C exhibited the
opposite trend: three from Chamber A (A0104-00001200, A0104-
00001900, and A0104-00002100) and eight from Chamber C (C0046-
FOO015, C0061-FC005, C0105-04300100, C0105-04300500, C0105-
04300500, C0105-04300600, C0105-04300800, and CO0105-
04300900). This was likely due to a sampling bias. No clear difference
was observed in the internal textures of the samples from Chambers A
and C.

4.3. Precipitation sequence

The major minerals in the matrix (pyrrhotite, magnetite, dolomite,
apatite, and breunnerite) have crystal shapes with facets and should
have precipitated from aqueous solutions together with phyllosilicates
during aqueous alteration (e.g., Nakamura et al., 2023). The precipita-
tion sequence was obtained from the textural relationships between
these minerals. For example, magnetite spherulites were included in
dolomite grains (Fig. 8A), indicating that the spherulites precipitated
prior to dolomite precipitation. The textural relationships are essentially
common among minerals and magnetite morphologies (Table 3) with
exceptions (e.g., pyrrhotite surrounded by framboidal magnetite; m in
Fig. 6G). This suggests that the precipitation sequence was basically
magnetite (spherulite — plaquette/framboid — rod/equant) — pyrrho-
tite (pentlandite — pyrrhotite) — apatite — dolomite — breunnerite
(Fig. 15) although precipitation at overlapping times occasionally
occurred. Coarse phyllosilicates and Fe-bearing olivine/low-Ca pyrox-
ene probably formed later than dolomite. The Mg-Na phosphate phases
showed no inclusions and may have precipitated earlier. However, the
grain shapes of this phase were irregular, and cracks were consistently
present between the matrix attached to this phase (b in Fig. 10B). Cracks
were also observed between the phosphate grains and matrix in the SEM
image of a larger particle cross-section, with the grains (20-50 pm wide
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Fig. 15. Schematic illustration of the aqueous alteration model, including starting materials and precipitation sequence. In this illustration, only the starting ma-
terials as accretionary materials and the final products as the highly-altered lithology are shown. CO in dolomite and breunnerite is from ice, Ca in apatite and
dolomite from amorphous silicates, Mg in dolomite and breunnerite from amorphous silicates, forsterite, and enstatite, and P in apatite from Fe-Ni metal and Fe-Ni
phosphide. AmSil: amorphous silicates, Fo, forsterite, En: enstatite, Po: pyrrhotite, Pen: pentlandite, M—S—H: Mg silicate hydrate, PhySil: phyllosilicates (f: fine, c:
coarse), Sap: saponite, Fe-Ol: Fe-bearing olivine, LPx: low-Ca pyroxene, Sph: spherulitic magnetite, Plq: plaquette magnetite, Frm: framboidal magnetite, Eqt: equant
magnetite, Rod: rod magnetite, Breun: breunnerite. [1] Yokoyama et al. (2022) and Nakamura et al. (2023).

and 50-150 pm long) appearing to be distributed along the cracks pre-
sent throughout the entire particle (Fig. S9 in Nakamura et al., 2023).
Therefore, it could be the last phase to precipitate in the relatively large
voids, and the timing of the precipitation is uncertain.

Carbonaceous materials, most likely including IOMs, were present
before pyrrhotite precipitation. This is consistent with the proposal that
the organic matter (IOMs) in Ryugu likely comprises primordial mate-
rials that formed during (or before) the early stages of the Solar System
formation, which were subsequently modified by heterogeneous
aqueous alteration on the Ryugu parent body (Yabuta et al., 2023).

Magnetites from CI chondrites have been considered as early phases
in aqueous alteration based on their high A70 values (Rowe et al.,
1994; Leshin et al., 1997). For the Ryugu samples, the precipitation
sequence of magnetite and carbonates was estimated based on their
A0 values as magnetite ~ calcite —» dolomite — breunnerite (Fujiya
et al., 2023; Kita et al., 2024). Higher A0 values of spherulitic mag-
netites than those of equant magnetites suggest that the spherulites
formed earlier than the equants (Kita et al., 2024). The A0 values of
magnetites with different morphologies from hydrated fine-grained
Antarctic micrometeorites (AMMs) suggest a precipitation sequence of
spherulite — framboid/subhedral — plaquette (Dobrica et al., 2019).
These sequences for both Ryugu and CIs are consistent with those pro-
posed in this study, suggesting that the model for oxygen isotopic evo-
lution assuming Rayleigh-type fractionation is correct.

Aggregates of fine magnetite grains with a shape resembling that of
pseudo-hexagonal pyrrhotite have been reported in the CIs (Alfing et al.,
2019), suggesting the subsequent oxidation of pyrrhotite to form
magnetite. However, their observations were made only in 2D and their
hexagonal shape in 3D was not verified. We did not observe such ag-
gregates in this 3D observation. It is likely that these were aggregates of
framboidal magnetite, such as framboids resembling colloidal crystals
(e.g., Fig. 6F), which were incidentally observed as hexagonal
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pseudomorphs in 2D. However, this alteration assemblage has been
observed in C1 lithologies in the Kaidun meteorite (M. Zolensky, per-
sonal communication). Fe-(Ni) sulfides were replaced by ferrihydrite
and proposed that these are aqueous alteration products (Tomeoka and
Buseck, 1988; Bullock et al., 2005). However, we did not observe any
objects composed of ferrihydrite, which is a terrestrial weathering
product.

Mg-rich olivine and low-Ca pyroxene observed in the less-altered
lithology were considered to be the primary minerals that survived
aqueous alteration (Nakamura et al., 2023). Kawasaki et al. (2023)
found that primary olivine (and low-Ca pyroxene) in the Ryugu samples
and CIs, are divided into 160.rich (A170=~-23 %) and 16O-poor a0
= -7 ~ 0 %o0), and claimed that they originate from ameboidal olivine
aggregates (AOAs) and chondrules, respectively. Most of these are rich
in Mg (Mg#>0.97), except for some of the 16O—poor ones
(Mg#=~0.6-0.9). The Mg olivine (or low-Ca pyroxene) found in the
present study corresponds to the primary olivine. On the other hand, the
Fe-bearing olivine (or low-Ca pyroxene) (Fogs or Enys) should be a
secondary mineral formed by aqueous alteration (Fig. 11B) based on the
3D texture, as mentioned earlier. Therefore, not only primary olivine
(and low-Ca pyroxene), but also secondary olivine would exist in the
aqueously-altered lithologies, although their abundance is low. While
fayalite (Fags.9g) produced by aqueous alteration is known for CO3 and
CV3 chondrites (Krot et al., 2000, 2022), Mg-rich olivine produced by
aqueous alteration has not yet been reported. Aqueous alteration in
Ryugu and possibly in the CIs would have produced Mg-rich olivine,
suggesting high Mg activity in the fluid. To confirm this, the oxygen
isotopic composition should be measured.
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4.4. Formation and evolution of the main lithology of the Ryugu sample: a
model for aqueous alteration in Ryugu parent body

Here, we propose a model for the aqueous alteration in the Ryugu
parent body based on our observations, the mineralogy in the least-
altered lithology (Nakamura et al., 2023) as the starting materials,
and the mineralogy and precipitation sequence for the alteration pro-
cesses (Table 3). A schematic illustration of this model, discussed in
detail below, is shown in Fig. 15.

GEMS-like materials composed of amorphous silicates and Fe sulfide
nanograins, Fe-Ni metal, Fe-Ni phosphide, olivine, and low-Ca pyroxene
were observed in the least-altered lithology (Nakamura et al., 2023). The
COq-bearing fluid inclusions observed in pyrrhotite are aqueous fluids
incorporated into growing pyrrhotite crystals during their growth
(Nakamura et al., 2023). Brunetto et al. (2023) show that the least-altered
lithologies have infrared spectra similar to the D-type asteroid Hektor (a
Jupiter Trojan), to comet Hale-Bopp, and to some anhydrous chondritic
interplanetary dust particles of probable cometary origin. Therefore, we
assume that the Ryugu parent body formed beyond Jupiter’s orbit by
accretion of CO5-H50 ice, GEMS-like materials, Fe-Ni metal, Fe(-Ni)
sulfide, Fe-Ni phosphide, olivine, low-Ca pyroxene, and organic mate-
rials (e.g., [IOMs). Amorphous silicates in GEMS-like materials serve as
sources not only for the major elements Mg, Fe, and Si but also for less
abundant lithophile elements like Ca. P-bearing Fe-Ni metal (with P
originally condensed into the metal) and Fe, Ni phosphides were the
sources of P, which underwent oxidation through reactions with water.

Aqueous alteration started with the melting of CO»-H50 ice (Fig. 15),
which might have been caused by radiogenic or impact heating. The
temperature of the aqueous alteration was proposed to be ~ 40°C based
on the oxygen isotope compositions of dolomite-magnetite pairs
(Yokoyama et al., 2022). The estimated diameter of the Ryugu parent
body of <~100 km (Nakamura et al., 2023) indicates a pressure of
<~50 bar. COg-bearing H,0 (e.g., CO2/H20 = 0.08 by Nakamura et al.,
2023) under these conditions are not “fluid” above the critical point but
“liquid” based on the phase diagram of CO2-H20 (Longhi, 2005).

Amorphous silicates in GEMS-like materials easily react with the
liquid to form an aqueous solution (Fig. 15), which is highly supersat-
urated with hydrous Mg-rich phyllosilicates (serpentine and saponite)
and Mg silicate hydrate (M—S—H), which is a semi-amorphous Mg-sil-
icate phase with characteristic broad peaks observed by XRD but
without specific Mg/Si ratio and structure (e.g., Roosz et al., 2015)
because amorphous silicates have high reactivity owing to their higher
free energy than crystalline phyllosilicates and M—S—H (e.g., Bernard
etal., 2017; Igami et al., 2021). A poorly crystallized, phyllosilicate-like
phase, M—S—H, with two weak rings of d spacings of ~ 0.15 and ~ 0.25
nm in SAED pattern is reported in the matrix of a primitive carbonaceous
chondrite (Acfer 094) (Matsumoto et al., 2019) and a similar phase is
also reported in the GEMS-like material in the Ryugu sample (Nakamura
et al., 2023). In natural samples, such an M—S—H-like phase would
contain some Fe replacing some of the Mg. This aqueous solution should
also have become highly supersaturated with Fe oxide minerals such as
magnetite because of the Fe component in the amorphous silicate (e.g.,
Mg/(Mg + Fe) = Mg# = 0.65 ~ 0.9, for GEMS-like material in the Ryugu
samples; Nakamura et al., 2023) and the reaction with metal and
probably some Fe(-Ni) sulfides (in particular, nanograins in GEMS-like
material). Mg-rich phyllosilicates (as M—S—H and poorly crystallized
phyllosilicates) and magnetite (in the form of spherulites) were formed
from a highly supersaturated solution generated by the reaction of
slightly Fe-rich amorphous silicates and metallic iron (possibly with
some iron sulfide) with water. This process can be explained by chemical
equilibrium calculations considering the aqueous alteration of materials
with CI compositions. In these calculations, Mg-rich serpentine and
magnetite are stable at water/rock ratios (W/R) of approximately 0.2 to
0.9, which corresponds to the conditions observed in the Ryugu samples.
As the W/R ratio increases, serpentine becomes Fe-rich and magnetite
disappears (Nakamura et al., 2023).
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TEM observations indicate that the matrix in the highly altered major
lithology is mainly composed of two materials: (1) poorly-crystallized
fine phyllosilicates (fine matrix), and (2) coarse phyllosilicates (coarse
matrix) (Matsumoto et al., 2024). The fine matrix contained Fe(-Ni)
sulfide nanograins, whereas the coarse matrix was not abundant in the
Fe(-Ni) sulfide nanograins. Both types of matrices were porous with
different porosities, and there appeared to be no clear porosity differ-
ence between the fine and coarse matrices. Because the spatial resolu-
tion of TEM and XnCT images is different, the fine and coarse matrices
observed in TEM are probably not clearly distinguishable in XnCT,
except for the coarse phyllosilicate veins (e.g., b in Fig. 3B). However,
because the dark and bright green matrices in XnCT have low and high
densities, respectively, if both are composed of solid materials with
approximately the same density, the former is more porous, and the
latter is less porous. Taking this into account, together with the distri-
bution of Fe(-Ni) sulfide nanograins, where the nanograins tend to be
abundant in the dark green matrix and fine matrix, some of the dark
green matrix would correspond to fine matrix, while whereas the bright
green matrix would correspond to fine and coarse matrices. M—S—H and
poorly crystallized fine phyllosilicates formed first from the highly su-
persaturated solution (Fig. 15). This process occurred because the
dissolution of amorphous silicates (GEMS-like material) was rapidly
followed by the precipitation of M—S—H and fine phyllosilicates, as
observed in the in-situ aqueous alteration experiments by Igami et al.
(2021). Coarse phyllosilicates were later formed, as discussed below.

Magnetite crystals of very fine-grained aggregates (spherulites, pla-
quettes, and framboids) were first precipitated from a highly supersat-
urated solution. These crystals have high surface area/volume ratios and
thus high surface/bulk energy ratios and are considered to crystallize
under high degrees of supersaturation or conditions of high Péclet
number (Pe = LR/D, where L is the characteristic length of the system, R
is the growth rate, and D is the diffusion coefficient) for growing crystals,
resulting in the morphological instability of Mullins-Sekerka (Mullins
and Sekerka, 2004). Hereafter, we refer to crystals of such morphologies
as “irregularly-shaped crystals” and relatively coarse crystals with facets
and low surface area/volume ratios as “regularly-shaped crystals.” In
fact, spherulites were the first magnetite aggregates to precipitate based
on XnCT observations (Table 3 and Fig. 15). TEM studies of some
spherulites, including abundant nanosized pore inclusions, have also
revealed non-equilibrium crystallization products (Dobrica et al., 2023).
The dissolution of relatively Fe-rich amorphous silicate in the GEMS-like
material (Mg# = 0.65 ~ 0.9) and precipitation of relatively Mg-rich fine
silicates (Mg# ~ 0.85: Nakamura et al., 2023; Noguchi et al., 2023b)
made the aqueous solution more supersaturated with respect to
magnetite. Based on the XnCT observations (Table 3), plaquettes and
framboids were the next magnetite aggregates to precipitate (Fig. 15).
This is consistent with the surface area/volume ratios of plaquettes and
framboids, which should be smaller than spherulites.

The degrees of supersaturation for phyllosilicates and magnetite in
the aqueous solution were decreased by the precipitation of fine phyl-
losilicates (and M—S—H) and irregularly-shaped crystals of magnetite,
respectively. Similarly, the degrees of supersaturations for apatite,
dolomite, and breunnerite were lowered by the precipitation of phyl-
losilicates and magnetite. This reduction occurred because the amounts
of Ca for apatite and dolomite, and Mg in dolomite and breunnerite in
the aqueous solution, were decreased by phyllosilicate precipitation,
while the amount of Fe for breunnerite was decreased by magnetite
precipitation. Mineral grains of regularly-shaped crystals (equant and
rod magnetite, pyrrhotite, apatite, dolomite, and breunnerite) precipi-
tated under low degrees of supersaturation from the aqueous solution or
under conditions of low Pe without morphological instability. If water
escapes during aqueous alteration, such as through evaporation, the
degree of supersaturation increases. The present findings, where the
crystal shape of the mineral that precipitated later corresponds to a
lower supersaturation, suggest that water escaped after the aqueous
alteration was almost complete.
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For magnetite, the morphological change to equant and/or rod
would be sequential because there are transitional morphologies be-
tween the irregular and euhedral morphologies (e.g., Fig. 6C, E, K, and
L). It is likely that the dissolution of magnetite crystals with higher
surface energy and the reprecipitation of those with lower surface en-
ergy occurred during aqueous alteration (Ostwald ripening). However,
we still do not know the detailed conditions for the different morphol-
ogies, including the fine cubes (Fig. 6M) and whiskers (Fig. 7), such as
the minor elemental composition, pH, and/or temperature of the
aqueous solution, interaction with phyllosilicates and/or organic ma-
terials, and magnetic field. Magnetite grains with different morphol-
ogies sometimes coexisted (Fig. 6D and 6E, 14A, and 14B). This may
suggest that conditional changes occurred at the same location.

In contrast to magnetite, pyrrhotite appears almost exclusively as
pseudo-hexagonal plates of different sizes (Fig. 5A and Fig. S7), except
for the Fe(-Ni) sulfide nanograins in the matrix. The key difference from
magnetite is the existence of pyrrhotite as Fe(-Ni) sulfide nanograins at
the onset of aqueous alteration. Nucleation of pyrrhotite was not
necessary since it grew from pre-existing nanograins. The growth of a
pseudo-hexagonal plate with relatively low surface energy does not
require large supersaturation, owing to the dissolution and reprecipi-
tation of pyrrhotite crystals via Ostwald ripening. This is consistent with
the later precipitation of newly-formed pseudo-hexagonal crystals of
pyrrhotite than that of irregularly shaped crystals of magnetite (Fig. 15).
The precipitation order among regularly-shaped crystals of magnetite
and hexagonal-shaped pyrrhotite is not known because we do not know
any textural relationship between them (Table 3). Pentlandite occurs as
an anhedral inclusion in pyrrhotite and as small, fragmented particles
that are sometimes overgrown by pyrrhotite (Fig. 5A, D, and E,
respectively). At least, the separated pentlandite grains may have been
formed by replacing some Ni-bearing minerals, such as schreibersite
((Fe,Ni)P3), present before aqueous alteration, and some of them were
later overgrown by pyrrhotite. We cannot exclude the possibility that
some pentlandite inclusions in pyrrhotite could have been formed by
exsolution from pyrrhotite.

Apatite typically appears as aggregates of faceted crystals. Some
resembled coarse dendritic aggregates (a and b in Fig. 9A). Simple
euhedral crystals with hexagonal prisms (Fig. 9B), probably the equi-
librium form, are rare. This suggests that many apatite crystals precip-
itated at relatively high supersaturation. Dolomite also appeared as
aggregates of faceted crystals (Fig. 8A and B). However, euhedral crys-
tals of flattened rhombohedra (Fig. 8C), probably as the equilibrium
form, are not rare. Therefore, the degree of supersaturation of these
dolomite crystals may be slightly lower than that of apatite crystals.
Aggregates of fine dolomite grains in the matrix (Fig. S4E and S6) may
have been an early product of precipitation. Breunnerite occurred as
relatively large euhedral crystals with flattened rhombohedra (Fig. 10).
This may suggest late crystallization under low-supersaturation condi-
tions. The later precipitation of apatite, dolomite, and breunnerite than
that of pyrrhotite can be explained by the nucleation needed for apatite,
dolomite, and breunnerite rather than pyrrhotite. The precipitation
order of these newly-formed phases appears to correspond to the dif-
ference in the degree of supersaturation, where the earlier phase
(apatite) generally precipitated under higher supersaturation than the
later phase (breunnerite) under lower supersaturation.

Coarse fibrous phyllosilicates in the coarse matrix (a, b, and f in Figs.
3A, B, and D, c in Fig. 4A, and h in Fig. 14G) were formed by the
dissolution of fine phyllosilicates and their reprecipitation under low
supersaturation conditions (Fig. 15), where the (Fe,Ni)S nanograins in
the fine matrix changed to larger pseudo-hexagonal plates of pyrrhotite.
The texture of the coarse fibrous phyllosilicates and dolomite grains (h
in Fig. 14G) indicates that coarse phyllosilicates formed later than
dolomite (Table 3). Olivine and low-Ca pyroxene with different Mg#s
reacted with the aqueous solution to form objects composed of phyllo-
silicates having different brightness (from dark to bright green) without
n(Fe,Ni)S (Fig. 4C, S4C, and S4D) as pseudomorphs. Some Fe-bearing
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olivine or low-Ca pyroxene (e.g., Fogs or Enys, Fig. 11B) precipitated
later than dolomite, probably after the formation of coarse phyllosili-
cates due to later changes in aqueous alteration conditions with high Mg
activities in the fluid although the cause is not clear.

Nakamura et al. (2023) calculated chemical equilibrium for the
aqueous alteration and showed that the mineral assemblages in the
different lithologies (least-altered, less-altered, and major strongly-
altered) of Ryugu samples can be basically explained by this model
with different water/rock ratios (W/R). However, equilibrium might not
have been reached in the Ryugu samples as proposed by Nakamura et al.
(2023), because the mineral assemblages in the Ryugu samples do not
necessarily match those in the chemical equilibrium model, even with
different W/R ratios. The kinetics may have controlled the precipitation
sequence as discussed above. Since the difference between the three li-
thologies (least-altered, less-altered, and highly-altered) lies in in W/R
ratio, the precipitation sequence in the present highly-altered lithology
cannot be directly applied to the least-altered and less-altered lithologies.
However, it should be noted that apatite, dolomite, and breunnerite,
which are the late-precipitated minerals in this model, are not found in
the least-altered and less-altered lithologies (Nakamura et al., 2023).

Suttle et al. (2021) proposed a model for the aqueous alteration of
CM chondrites, mainly based on the phases in the CM chondrite lithol-
ogies (CM2 and CM1). They assumed a theoretical CM3 lithology as the
starting material for the alteration. This may correspond to the starting
material of aqueous alteration in the Ryugu parent body (should be
named theoretical CI3). Their mineral assemblages are almost the same,
although the proportion of GEMS-like material to anhydrous silicates for
CI3 is larger than that for CM3 because chondrules are rare to absent in
the CIs and Ryugu samples. The evolution from CM3 to CM2 and CM1
corresponds to the evolution of the lithologies of Ryugu samples, from
CI3 to least-altered (CI3/2?), less-altered (CI2?) and strongly altered
major lithologies (CI1). As an analogy to the change in the mineral
assemblage from CI3 to CI1, the change from CM3 to CM1 was not
related to the precipitation sequence of minerals. The major difference
between CM2 and CM3 from Ryugu samples is the presence of cron-
stedtite and tochilinite and the absence of saponite, which could be the
result of aqueous alteration conditions (e.g., Brearley, 2006). However,
a minor amount of tochilinite was present in the GEMS-like materials in
Ryugu (Nakamura et al., 2023), suggesting that a CM-like condition was
present at the beginning of aqueous alteration in the Ryugu parent body.
The CM-like particles in the Ryugu samples (Fig. 13C) may be related,
although the details are unknown.

5. Conclusions

Fine particles of Ryugu samples, 10-200 pm in size, were examined
using X-ray nanotomography (XnCT). In this study, the 3D distribution of
the mineral phases was obtained using combined dual-energy tomography
(DET) and scanning-imaging X-ray microscopy (SIXM) (e.g., Matsumoto
etal., 2022) with an effective spatial resolution of ~ 200 nm (Figs. 1 and 2).
The mineralogy and petrology in 3D are consistent with those of previous
studies on Ryugu samples (e.g., Yokoyama et al., 2022; Nakamura et al.,
2022; Ito et al., 2022; Nakamura et al., 2023; Noguchi et al., 2023a) and
similar to those of CI chondrites, where minerals such as pyrrhotite,
magnetite, dolomite, breunnerite, and apatite are present in a matrix
composed mainly of phyllosilicates (saponite and serpentine).

The 3D features of the constituents are as follows. (1) The matrix is
heterogeneous (Figs. 3, 4, and S4) and roughly divided into two areas:
fine phyllosilicates with abundant Fe(-Ni) sulfide nanograins and rela-
tively coarse phyllosilicates with poor Fe(-Ni) sulfide nanograins,
together with objects that appear to be pseudomorphs of anhydrous
ferromagnesian minerals (e.g., olivine and low-Ca pyroxene) with
different Fe/Mg ratios. These features are largely consistent with TEM
observations (Matsumoto et al., 2024). (2) Almost all pyrrhotite crystals
of 1-60 pm appear as pseudo-hexagonal plates (probably a combination
of {100} and {001}) (Fig. 5A and Fig. S7). The Fe(-Ni) sulfide
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nanograins in the matrix have irregular shapes. (3) Magnetite shows a
large variety of morphologies from irregular shapes (spherulite, pla-
quette, and framboid) to regular shapes (equant ({311}) and rod
(elongated in (100) )) (Fig. 6). Composite morphologies transitional
from irregular to regular shapes were also observed. Magnetite whiskers
(elongated in (100) ) (Fig. 7) and fine-grained cubes (Fig. 6M) were also
observed. (4) Dolomite (<~60 pm) (Fig. 8), breunnerite (30-60 pm)
(Fig. 10), and apatite (<~10 pm) (Fig. 9) exhibit rhombohedral shapes
(probably {104}), more flattened rhombohedrons, and hexagonal
prisms (combination of {100} and {001}), respectively). Dolomite and
apatite usually appear as aggregates of euhedral to subhedral crystals
with facets. Apatite sometimes shows dendrite-like features, and a
simple hexagonal prism is rare. (5) Unique objects were also observed.
One is an Fe-enriched clast with irregular shapes (~10 um), composed of
relatively Fe-rich anhydrous silicate and probably fine grains of Fe(-Ni)
sulfide (Fig. 1D, 3C (c), and 12A). The others are very porous objects
with irregular shapes (~5 pm) (Fig. 12B), which might be similar to the
ultra-porous lithology (UPL) in Acfer 094 (Matsumoto et al., 2019), and
which experienced severe aqueous alteration. A relict of a barred olivine
chondrule (~30 pm in diameter) that underwent aqueous alteration has
been observed as reported by Nakamura et al. (2023). Fe-rich glasses
with vesicles, corresponding to melt splash on the particle surface, were
also observed (e.g., Fig. 12C).

Mineral inclusions were observed in 3D (Table 3). The pyrrhotite
crystals contained aqueous fluid inclusions (Nakamura et al., 2023),
carbonaceous materials (possibly IOMs), pentlandite, and voids (Fig. 5).
Dolomite (Fig. 8) has magnetite inclusions, breunnerite (Fig. 10) has
magnetite, pyrrhotite and apatite inclusions, and apatite (Fig. 9) has
pyrrhotite inclusions (Table 3). These minerals also contained carbo-
naceous materials and void inclusions. The textural relationships among
the minerals, including magnetite morphology, were also examined in
3D (e.g., Fig. 14) and are summarized in Table 3. Based on these textural
relationships, the precipitation sequence for the aqueous alteration was
as follows: magnetite (spherulite — plaquette/framboid — equant/rod)
— (pentlandite — ) pyrrhotite — apatite — dolomite — breunnerite. A
small dolomite grain surrounded by euhedral Fe-bearing olivine or low-
Ca pyroxene (Fogs or Enys, Fig. 11C) suggests that some Fe-bearing
olivine or pyroxene crystallized after the dolomite.

Based on the precipitation sequence and the mineral morphologies
examined in this study, together with observations of the least-altered
lithology of Ryugu samples (Nakamura et al., 2023), a model for
aqueous alteration in the Ryugu parent body was proposed (Fig. 15).

(1) CO2-H30 ice, GEMS-like materials (relatively Fe-rich amorphous
silicates with Fe(-Ni) sulfide nanoparticles), Fe(-Ni) sulfides, Fe-
Ni metal, forsterite/enstatite, Fe, Ni-phosphide, and carbona-
ceous materials were aggregated to form the parent body of
Ryugu.

(2) The aqueous alteration was initiated by melting ice to form a
CO3-bearing aqueous liquid.

(3) Amorphous silicates with extremely high reactivity, Fe(-Ni) sul-
fide nanoinclusions, and Fe-Ni metal quickly dissolve into the
liquid to form a highly supersaturated aqueous solution of phyl-
losilicates and magnetite.

(4) Magnesium silicate hydrate (M—S—H), a precursor of Mg-rich
phyllosilicates, first precipitated from a highly supersaturated
solution, followed by relatively Mg-rich fine-grained phyllosili-
cates and spherulitic magnetite.

(5) The degree of supersaturation of magnetite decreased owing to
precipitation, followed by plaquette/framboidal magnetites and
the formation of coarse equant/rod magnetites. Relatively coarse-
grained phyllosilicates also formed.

(6) Fe(-Ni) sulfide was dissolved in the solution and pyrrhotite
pseudo-hexagonal plates were reprecipitated under relatively low
supersaturation.
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(7) At least some of pentlandite may be a pseudomorph after Fe-Ni
phosphide and formed before pyrrhotite crystallization.

(8) Subsequently, apatite, dolomite, and breunnerite precipitated in
this order in response to decreasing supersaturation.

(9) Phyllosilicate pseudomorphs after olivine and pyroxene formed.
Coarse-grained phyllosilicates also formed.

(10) Fe-bearing olivine or low-Ca pyroxene precipitated from an

aqueous solution with high Mg activity in a later stage after
dolomite precipitation.

The crystallization processes are largely affected by kinetics.

In addition to materials similar to CI chondrites, we observed two
unique particles. One was an aggregate of calcite and Al;SioO5(0OH)4
(A0104-00001500) (Fig. 13B and Fig. S8). The other is an aggregate of
CaCOgs, phyllosilicate, and tochilinite-cronstedtite intergrowth (TCI),
embedded in the matrix of the carbonaceous materials (C0076-FO001)
(Fig. 13C). These seem to be from Ryugu, although we cannot
completely rule out the possibility of subsequent contamination. The
former may be consistent with the CI mineralogy, while the latter cor-
responds to the CM2 mineralogy. However, we do not know their origin
or relationship with the main CI or CI-like materials.
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Appendix A. Supplementary material

The supplementary material includes: (S1) Textural information in
3D by XCT compared with SEM, (S2) The relation between RID value
and density and estimation of matrix density, (S3) Phase discrimination
of selected objects in RGB-CT images, (S4) Phase maps and estimation
modes of minerals, (S5) Textures of matrix and specific objects in matrix,
(S6) Detailed texture of an object like olivine pseudomorph in C0103-
FCO005, (S7) Detailed texture of an fine dolomite aggregate in A0063-
FCO010, (S8) 3D shape features of pyrrhotite pseudo-hexagonal plates,
(S9) Mineralogy of calcite-Al;Si»Os(OH)4 aggregate as a unique sample
particle in A0104-00001500, and (S10) Raman microscopy of a breun-
nerite grain in AO067-FC003. Supplementary material to this article can
be found online at https://doi.org/10.1016/j.gca.2024.03.032.
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