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ARTICLE INFO ABSTRACT
Associate editor: Martin Lee In order to better constrain the alteration history of the Ryugu parent body, we performed a multi-analytical
study combining scanning electron microscopy, transmission electron microscopy and infrared spectroscopy
Keywords: on sections extracted from the three fragments A0064-FO019, A0064-FO021 and C0002-FO019 returned from
;yugu. Ryugu by the Hayabusa2 space mission. The three sections show large differences in terms of structure,
eteorites

mineralogy and infrared signature. Section AO064-FO019 resembles the major Ryugu lithology with the presence
of both fine-grained phyllosilicates (fg-phyllos) with embedded nanosulfides and coarse-grained phyllosilicates
(cg-phyllos), whereas section C0002-FO019 belongs to the group of the less altered lithologies with the presence
of anhydrous minerals embedded in a partially amorphous matrix. Section A0064-FO021 also belongs to this
group but shows two different lithologies, a compact amorphous one and a more porous and very fractured one
showing the presence of Na-rich phosphate, calcite and olivine. The two less altered lithologies (sections A0064-
FO021 and C0002-FO019) show the presence of numerous mineralogical features similar to those observed in
cometary interplanetary dust particles, ultra-carbonaceous Antarctic micrometeorites or in the CM Paris
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meteorite, i.e. amorphous and partially crystallized matrix with GEMS-like ghosts objects, whisker olivine,
phosphide, or FeNi metal. This supports an outer solar system origin common with that of cometary material for
the Ryugu parent body. Combined with the results of Nakamura et al. (2022b) reporting the presence of a li-
thology showing the presence of GEMS-like objects, we propose that section C0002-FO019 represents the onset of
aqueous alteration of such primitive materials. The cg-phyllos and fg-phyllos of section AO064-FO019, i.e. of the
major Ryugu lithology, representing the advanced stage of alteration, exhibit distinctive IR signatures with a
higher abundance of oxygen-rich functional groups in the organic matter (OM) from the cg-phyllos. We thus
suggest the following chronology of formation and evolution for Ryugu: (1) accretion of highly porous aggregate
of GEMS-like units with fine-grained high-temperature anhydrous silicates, (2) onset of alteration with the
dissolution of primary nanosulfides and development of amorphous/partially crystallized material in the pores,
(3) crystallization of fg-phyllos with a second generation of sulfides, (4) later formation of cg-phyllos devoid of
nanosulfides and their associated oxygen-rich OM in a more water-rich environment.

1. Introduction

In December 2019, the Hayabusa 2 sample return mission brought
back to Earth 5.4 g of precious material from the Cb-type asteroid
162,173 Ryugu (Watanabe et al., 2019; Yada et al., 2022). The Hay-
abusa2 spacecraft performed two touch-down operations and sampled
two different landing sites (Morota et al., 2020; Tachibana et al., 2022),
one at the surface and the other one near the crater that the spacecraft
made (Arakawa et al., 2020), stored in chamber A and C of the sample
container (Sawada et al., 2017), respectively. This first collection of C-
type carbonaceous asteroids, which are abundant in the asteroid belt
and undersampled in our meteorite collections, will help to link mete-
orites and their parent asteroids and to better characterize the outer
solar system bodies. Initial in situ laboratory analyses of Ryugu samples
show that Ryugu, mainly composed of a phyllosilicates-rich matrix with
abundant sulfides (pyrrhotite, pentlandite), carbonates, and magnetite,
shares many mineralogical, chemical and isotopic similarities with CI
chondrites (e.g. Yada et al., 2022; Nakamura et al., 2022a; Nakamura
et al., 2022b; Yokoyama et al., 2023; Yabuta et al., 2023; Kita et al.,
2023). Many analyses show that Ryugu material has suffered extensive
aqueous alteration similar to CI chondrites, with a fluid temperature
around 30 °C to 100 °C. However, they also show differences with CI
chondrites, and in particular Ryugu material shows a higher porosity
and more reduced characteristics. This may indicate that CI chondrites
suffered additional modification/oxidation on Earth. In addition, Fe
isotopic studies have revealed that Ryugu material sampled a reservoir
different from other carbonaceous chondrites (Hopp et al., 2022). Ob-
servations of COy-bearing fluid inclusions suggest a formation of Ryugu
in the outer solar system, beyond the CO5 snow line (Nakamura et al.,
2022b) and O-isotopic studies of anhydrous minerals (olivine or CAI-
type minerals) point toward a link with cometary material (Liu et al.,
2022; Kawasaki et al., 2022; Nakashima et al., 2023). Organic matter
(OM) from Ryugu is also comparable to that in CI chondrites with the
presence of organic nanoparticles and diffuse OM intimately mixed with
phyllosilicates (Yabuta et al., 2023; Le Guillou et al., 2022). However,
organic matter in the Orgueil CI chondrite presents more oxygenated
functional groups than in Ryugu, which could point to different condi-
tions of alteration on the parent body or alteration of OM on Earth (Le
Guillou et al., 2022).

Remote observations of the surface and analyses of the returned
samples point toward a formation of Ryugu by a re-accumulation of
material ejected from a larger parent-body by an impact (Nakamura
et al., 2022b; Yamaguchi et al., 2023; Yabuta et al., 2023). In particular,
observations of the returned samples show that Ryugu is a breccia
containing different clasts/lithologies with varying degrees of alter-
ation. The most altered lithology shows the presence of Fe-bearing Mg-
rich phyllosilicates mixed with sulfides whereas the least altered li-
thology shows the presence of anhydrous silicates with GEMS (Glass
with Embedded Metal and Sulfide)-like objects (Nakamura et al.,
2022b). Ryugu thus contains mixed materials with distinctive alteration
histories revealing different local alteration conditions, maybe related to
different origins inside its primary parent body.

At Université Paris-Saclay and SOLEIL synchrotron (France), we
performed a multi-analytical sequence on several micrometer-sized
fragments of Ryugu grains allocated during the initial analysis period
(Rubino et al., 2023; Aléon-Toppani et al., 2021; Dionnet et al., 2023).
Reflectance infrared measurements of 8 allocated fragments followed by
their InfraRed computed micro-tomography (IR-CT) analysis were per-
formed as a first non-destructive characterization of the mineral and OM
and their distribution in the grains (Dionnet et al., 2023). Although few
grains were analyzed, IR reflectance signatures revealed a variability of
the mineral and OM among the grains (Dionnet et al., 2023), which
could indicate that those grains sample different lithologies. An IR-CT
and X-ray 3D computed tomography (XCT) campaign was performed
on four of the allocated fragments and results are reported by Dionnet
et al., 2023. Here, we present a multi-analytical study combining scan-
ning electron microscope (SEM)/Transmission electron microscope
(TEM)/IR on slices extracted from three other allocated fragments
(different from the ones analyzed by XCT) showing very different IR
signatures in order 1/ to better understand the origin of this IR signature
variability, 2/ if related to different lithologies, to better characterize
those different lithologies. Combining these different techniques (SEM/
TEM/IR) is a powerful tool as it allows linking molecular studies of the
mineral and OM with more classical chemical and mineralogy from the
micrometer to the nanometer scale. The present multi-analytical study
aims thus at better characterizing the brecciated nature of Ryugu.

2. Methods

This study is part of a larger campaign performed in the framework
of the initial analysis group “STONE”, led by T. Nakamura. First results
were presented in Nakamura et al., (2022b) and Dionnet et al. (2023).
We received more than 20 fragments (ranging from 30 to 80 pm in size)
from Tohoku University that spontaneously detached or were scratched
from ~three millimeter-sized grains A0064, C0046 and ~eight-milli-
meter-sized grain C0002. A0064 was sampled at the first touch-down
site, and C0046 and C0002 at the second touch-down site. All these
fragments have been initially characterized inside N sample holder as
described in Rubino et al. (2023).

In this study, we followed part of the previously developed multi-
analytical procedure (Aléon-Toppani et al., 2021; Dionnet et al., 2022)
shown in Fig. S1. Details of the preparation procedure for each step can
be found in Aleon-Toppani et al. 2021. Eight fragments characterized by
IR surface reflectance were each welded to a tungsten or aluminum
needle in order to characterize the 3D distribution of organics and
minerals by IR-CT. Both IR surface reflectance and tomography mea-
surements of the 8 fragments presented in Dionnet et al. (2022) and
Dionnet et al. (2023) were used to choose 1/ the fragments from which
slices will be extracted and 2/ the localization of the slices. The 3 chosen
fragments were then recovered from the metallic needles and 2.5 ym
thick slices were extracted using FIB-SEM (Focused Ion Beam-SEM).
Because of time limitation during the initial analysis period, only one
or two slices were extracted from each fragment. The extracted slices
were subsequently analyzed by SEM and 2D IR mapping to combine
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mineralogical, chemical and molecular information on organic and sil-
icate matter. Those slices were then thinned down to 100 nm and
analyzed by TEM to get information at a nanometer scale.

2.1. Choice of the sample and localization of the slicing

IR reflectance spectra of the 8 fragments are reported in Fig. 2 in
Dionnet et al. (2023). A precise list of attributed main IR spectral sig-
natures for those 8 fragments can be found in table 1 of Dionnet et al.
(2023). Overall, they show the presence of IR vibrational features
characteristic of the presence of OM (between 2900 and 3000 cm~! for
the CH stretching vibrations and between 1200 and 1400 cm ™! for the
CH bending and aromatic C—=C vibrations, as well as a small feature at
1260 cm ™! attributed to C-O stretching vibrations), molecular water-OH
and phyllosilicate structural M—OH stretching vibrations (between
3000 and 3700 cm ! and around 3660 cm™! respectively), carbonates
(vibrations at 880 cm ™!, 1437 cm™!, 2533 cm ™! and ~ 2902 cm ™! in the
fragment A0064-FO023) and silicates (major band between 996 and
1020 cm ™! depending on the grain). The presence and the intensity of
those features vary between the different fragments. A subset of the
fragments was dedicated combining IR-CT and X-CT measurements
whereas the other subset was dedicated to mineralogy and IR mea-
surements with a better spatial resolution.

We chose to slice the ones showing large differences in (1) the degree
of hydration based on the intensity of the M—OH band, (2) the quantity
of OM based on the intensity of the aliphatic CH stretching band and
finally (3) the nature of the silicates based on the shape/position of the
Si-O vibration band. We chose fragment A0064-FO019 because of the
presence of an important structural M—OH stretching band and of an
asymmetric silicate band with a maximum around 1014 cm ™. Fragment
A0064-FO021 was chosen because of the presence of a very weak
M—OH band and the presence of an important molecular water-OH
band. We finally chose to slice the C0002-FO019 fragment because of
the presence of the silicate band with a maximum around 996 cm™?,
which was very different from the other slices (1014 em~! and 1002
cm™! for fragments A0064-FO019 and A0064-FO021, respectively). The
choice of this fragment was also driven by its origin from the C-batch.
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2.2. FIB preparation of the SEM and TEM samples

Samples were prepared using a FEI ThermoFisher Helios Nanolab
660 SEM-FIB at Centrale-Paris (Université Paris-Saclay) following the
procedure presented by Aléon-Toppani et al. (2021). Using FIB-SEM
(Fig. 1), a) the fragments were welded using Pt at the tip of W needles
to perform IR micro-tomography and IR surface reflection measure-
ments, (2) the fragments were recovered from the W needle and
deposited on gold conductive plate in order to cut them in several slices.
After extraction, the thick slices were welded on TEM grids for 2D-IR
spectroscopy and SEM characterization. After analyses, they were
thinned down to 100 nm for TEM observations. Details of analytical
parameters are given in Aléon-Toppani et al. (2021).

Two consecutive slices were extracted from the bottom part of
fragment A0064-FO019 (in the region showing Si-O-Si band peak po-
sition varying between 999 and 1007 cm ™, see Fig. 3 by Dionnet et al.,
2023). Two slices were extracted from both ends of the C0002-FO019
fragment, and finally only one slice was cut in fragment A0064-
FO021. Because SEM and IR results were very similar on the two sli-
ces extracted from each of the fragments A0064-FO019 and C0002-
FO019, only one slice for each fragment was chosen and thinned
down to 100 nm.

2.3. SEM

Characterization of the thick slices was performed using a Zeiss
Supra 55 VP FEG SEM and Zeiss Sigma HD SEM (ICMMO, Univ. Paris-
Saclay) equipped with an EDAX energy dispersive detector. Because
the TEM grids holding the thick slices were deposited on a Al holder, a
slight contamination in Al could be possible depending on the orienta-
tion of the holder. EDS (Energy-dispersive X-ray spectroscopy) mapping
was performed at 5 keV to increase the spatial resolution, minimize
phase mixing and holder contamination. Uncertainties for heavy ele-
ments (e.g. Ca) can thus be large, and some elements such as Mn were
not measured. In addition, although phase mixing was minimized,
contamination of adjacent phases can be possible because of the sub-um
size of the phases. EDS analyses were extracted from the EDS maps using
IDFix-Maxview software.

Fig. 1. Secondary electron images of a) grain A0064-FO021 welded on a tungsten needle for IR measurement, b) grain A0064-FO021 recovered after IR mea-
surement, deposited on gold plate and coated with platinum before slicing. ¢) grain A0064-FO021 sliced and d) final ~2.5 pm thick slice welded to a M—FIB grid.
Arrow in (b) indicates the remaining of the cut tungsten needle at the top of the grain. All scale bars correspond to 10 um.
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. cg-phyllos

Fig. 2. a) SEM-BSE image of the thick slice extracted from grain AO064-FO019. The white layers surrounding the section correspond to the platinum deposit. b) SEM-
BSE image of the fg-phyllos sulfide-rich region. Notice the euhedral morphology of the sub-um sulfides. ¢) BSE image of the cg-phyllos. Cg-phyllos show large and
oriented packets of layers radiating inward the void. d) composite X-ray map of O (red), Si (green) and C (blue) showing the very low concentration in C in the cg-
phyllos. e) composite X-ray map of Mg (red), Si (green) and Al (blue). f) composite X-ray map of S (red), Fe (green) and Ni (blue) showing the presence of both Ni-rich
and Ni-poor sulfide and g) X-ray map of Na distributed heterogeneously in the sample. On BSE image (a), red and black dashed-line circles indicate cg-phyllos- and fg-
phyllos-rich regions, respectively. The black dashed-line rectangle indicates the analyzed zone corresponding to the X-ray maps (d-g). The numbered white rectangles
correspond to zones analyzed by EDS (Table 1). Abbreviations: FeS for sulfide, cg-phyllos for coarse-grained phyllosilicates, fg-phyllos for fine-grained phyllosilicates.

2.4. TEM

Thinned samples were characterized using 1/ a 200 kV JEM-2100+
microscope (Univ. Paris-Saclay) equipped with a Gatan CMOS RIO 16
camera and an EDS-SDD system using the EDS SAMx analysis system,
and 2/ a Titan3 G2 80-300 microscope (FEI ThermoFisher) (Centrale-
Supelec, Univ. Paris-Saclay) equipped with a super X EDS detector (with
4 SSD detectors). Observations and analysis were performed at 300 keV
with the Titan TEM.

Imaging was carried out in a conventional mode (bright field) as well
as in scanning mode (STEM) using the high angle annular dark field
(STEM- HAADF) and the annular bright field detectors (STEM-ABF) of
the Titan TEM. Chemical analyses were obtained in conventional mode
on the JEOL TEM and in STEM mode on the Titan TEM. The STEM-EDS
mapping was performed during a total time of acquisition of 10 to 30

min using a probe size of 1 to 10 nm depending on the map. The
elemental maps represent a sum of signal over the total time of acqui-
sition. Compositional data were extracted from the STEM-EDS maps
using Esprit software by adding pixels from the data cubes in given re-
gions of interest.

Element abundances were quantified from EDS spectra by fitting
peaks for all elements detected and applying a Cliff-Lorimer thin-film
correction procedure (Cliff and Lorimer, 1975). SAMx and Esprit soft-
wares were used respectively for analyses obtained with the JEOL and
TITAN microscopes. Relative uncertainties for the major elements are
typically 5—10 % whereas those for minor elements (~<1%) are
around 20 %. Elemental abundances were normalized to 100 %. Oxygen
abundances should be viewed with caution because of variable amounts
of self-absorption by the sample. Imaging and EDS were carried out with
low dose conditions to minimize sample damage.
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Fig. 3. TEM images from section A0064-FO019. (a-d) Bright field TEM images of phyllosilicates. (a) Contact between cg-phyllos and the fg-phyllos-rich matrix. (b)
Detail of another contact between cg- and fg-phyllos. (c) Fg-phyllos-rich region. (d) High resolution image of a cg-phyllos. The interlayer width is ~ 0.71 nm,
corresponding to that of a Fe-bearing serpentine-group mineral. (e-f) HAADF-STEM images of two different regions of section A0064-FO019 showing (e) the presence
of nanosulfides and a C-rich nanoglobule (circled in white) embedded in a fg-phyllos-rich region between two cg-phyllos patches, and (f) of sub-um sulfides
embedded in a fg-phyllos-rich region. (g-h) Bright field TEM images of C-rich nanospheres with a vesicular core embedded in fg-phyllos-rich regions of section
A0064-FO019. The numbered white or black rectangles correspond to zones from which EDS analyses were extracted from STEM-X-ray maps 2 and 1 (Table 3).
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2.5. IR spectroscopy

IR micro-spectroscopy of the thick slices was performed using an
Agilent Cary 670 Fourier-Transform IR (FTIR) microscope equipped
with a Focal Plane Array Detector (FPA) (SOLEIL, France) in trans-
mission mode. The spectral resolution was 4 cm™!. The spectral range
extended from 800 to 3950 cm™!. A 25x objective was used in combi-
nation with a high magnification system placed in front of the 128x128
or 64 x 64 pixels FPA detector. The projected pixel size was ~0.66 pm
and the field of view was ~84 ym or ~42 um, respectively. The spatial
resolution was diffraction-limited in the whole spectral range. Acquisi-
tion time was limited to 512 scans. Before each analysis, a background
spectrum of an empty field of view was acquired (no sample).

In order to determine the distribution of different bands, we draw
linear baselines and calculated band areas without Gaussian fit in
different spectral ranges. Spectral integration of band areas was per-
formed in Quasar (https://quasar.codes) using the Orange Spectroscopy
toolbox (Toplak et al., 2017).

3. Results

In the following, we will present the results concerning the SEM and
IR mapping observations of the 3 representative thick sections extracted
from fragments A0064-FO019, C0002-FO019 and A0064-FO021
(Figs. 2, 5 and 10). They were subsequently observed by TEM in the
thinned zones. EDS analyses realized with both TEM and SEM are re-
ported in Tables 1, 2 and 3. Matrix and sulfides analyses are reported in
ternary diagrams in Fig. 4. Localizations of the TEM/SEM analyses are
reported in the different figures.

3.1. Mineralogy and chemical composition of the 3 slices

3.1.1. Fragment A0064-FO019

The thick section of fragment A0064-FO019 is approximately 10 um
by 17 pm (Fig. 2a) large. It shows the presence of Fe-bearing Mg-rich
coarse-grained phyllosilicate (named hereafter cg-phyllos) distributed
in several patches from 1 pm to over 10 um long and of a Fe-bearing Mg-
rich fine-grained phyllosilicate-rich matrix (named hereafter fg-
phyllos). Fg-phyllos mostly appear as randomly oriented packets of
layers with a heterogeneous width <10 nm to 30 nm (Fig. 3c). Cg-
phyllos show larger widths (30 to 100 nm) and more oriented packets
of layers. In addition, they seem to fill voids with a growth perpendicular
to the surface of the voids (Figs. 2 and 3a, 3b). Some TEM observations
of the cg-phyllos show the presence of serpentine (Fig. 3d) phyllosilicate
with a width interlayer around 0.7 nm.

EDS-SEM analyses of different regions of the matrix show variation
of the content of Fe and S, but a relatively stable Mg/Si ratio which is
principally linked to the abundance of sulfides in the analysed regions
(Table 1). However, local STEM analyses (Fig. 3c, d, e, f, Table 3) show a
difference in the chemical composition between the cg-phyllos and the
fg-phyllos with the cg-phyllos showing a higher (Mg + Fe)/Si ratio than
the fg-phyllos (1 and 0,7 respectively) which can be attributed to a
higher Mg content in the cg-phyllos. Those local STEM analyses reveal
content in Fe around 3 at%, while the Mg/(Mg + Fe) ratio of both fg- and
cg-phyllos varies between 0.7 and 0.9 with a mean around 0.8. In
addition, local STEM analyses of fg- and cg-phyllos are reported in a
Si+Al-Fe-Mg ternary diagram (Fig. 4). Fg-phyllos plot along the saponite
solid solution line with a slightly enriched content in Si whereas cg-
phyllos lie between the saponite and serpentine solid solution line,
both with enrichment toward the Fe endmember. Al and Na contents of
different regions of the matrix vary from ~1 at% to 3-4 at% and from
~1 to 3 at%, respectively, with the fg-phyllos region being the richer in
Al and Na (see Mg-Si-Al X-ray Map — Fig. 2e). The Na distribution seems
to be heterogeneous at the um scale with some small regions (<500 nm)
showing enrichments up to 5 at% in Na (Fig. 2g).

No sulfide was observed in the cg-phyllo patches, whereas in
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addition to the tiny sulfides (100 to 200 nm) heterogeneously distrib-
uted in the matrix, several larger euhedral sulfides from 500 nm up to
several um were observed in the section (Fig. 2f). As shown by EDS local
analyses and chemical maps (Table 1, Fig. 3 and Fig. 2f), the large sulfide
present in the bottom part of the section is a pyrrhotite (zone Z7-
Table 1). Smaller pyrrhotites were also observed in addition to small Ni-
rich sulfides (zone Z6 — Fig. 2). In this section, the fg-phyllo matrix
shows a region (zone Z3- Fig. 2) very rich in 100-200 nm sized sulfides
whereas in other parts of the section, the fg-phyllos matrix shows also
larger 500 nm-sized sulfides in addition to fewer tiny sulfides (e.g. zone
Z11- Fig. 2). TEM observations reveal that the sulfides seem largely
rounded to euhedral (Fig. 3f) with a size down to tens of nm. The few
analyses of the different observed sulfides (either acquired with TEM or
SEM) were reported in a Fe-S-Ni ternary diagram and lie along the
pyrrhotite solid solution (Fig. 4). No correct analyses of Ni-rich sulfides
were acquired (i.e. without contamination from the adjacent matrix).

The carbon map shows a heterogeneous diffuse distribution of car-
bon in the section with in particular, a very low abundance of C in the cg-
phyllos-rich regions (Fig. 2d). Several 200 to 500 nm-C rich nanospheres
with a vesicular core were observed in the fg-phyllos-rich regions
(Fig. 3g, h), with some in contact with the cg-phyllos (Fig. 3h). One C-
rich nodule was analyzed with EDS-TEM (~82 % at C, 15 % at 0) and is
enriched in Na (1,5% at). EDS-SEM analyses show also a peak in nitro-
gen, showing its presence but quantification was too uncertain.

No Ca, Fe or Mg carbonate, magnetite or phosphate was observed in
this section.

3.1.2. Fragment C0002-FO019

The thick section of grain C0002-FO019 is approximately 20 um by
20 um large (Fig. 5). It shows a completely different texture from A0064-
FOO019, with presence of anhydrous minerals embedded in a very fine-
grained porous and fibrous Fe-bearing Mg-rich matrix. This matrix
shows regions with different crystallinity, from amorphous regions
(Fig. 6a with its associated diffraction pattern) to zones with a low
crystallinity (Fig. 6b) and finally to relatively well crystallized zones
(Fig. 6¢), and different porosity. Global compositions (EDS-SEM) of
different large regions (7 by 7 um?) of the sections (see Fig. S2 for their
locations) are reported in table 1 and show 1/ small variability in Na, Al,
Mg and Si, 2/ variability in Fe and S attributed to an heterogeneous
distribution in magnetite and/or sulfide. Al and Na contents of different
regions of the matrix varies from 1 to 3.5 at% and from 0 to 1 at% at
respectively.

Local STEM analyses of the matrix reveal content in Fe around 3-4 at
%. They are reported in a Si+Al-Fe-Mg ternary diagram (Fig. 4) and lie
between the saponite solid solution line and the serpentine solid solution
line with enrichment toward the Fe endmember. Saponite-type phyllo-
silicate was observed with an interlayer width around 1 nm in one re-
gion. One small phyllosilicate-rich nodule (from 200 to 500 nm) was
also observed with an Al and Na enrichment up to 6.5 and 2 at%,
respectively.

Several olivine-rich zones (see areas within the red dashed circles on
Fig. 5a) are present with olivines from 200 nm to almost 1.5 pm. The
olivine-rich zones are several micrometers large. The olivines show
different habitus with anhedral olivine (Fig. 7a and b), rounded olivines
or elongated olivines that appear as platelet or whisker (Fig. 7¢). TEM
observations reveal the presence of vesicles in some olivines with the
number of those vesicles increasing under the electron beam (Fig. 7e).
Olivines in zone 2 (Fig. 5a from SEM and Fig. 7d for TEM observations,
respectively) seem to show a triple junction. One um-sized olivine shows
some defects (Fig. 7b). However, the observed olivine grains do not
show features of alteration. Local SEM, TEM and STEM non-
contaminated analyses all point toward F099.7 to 99.9 composition
and Mn content between 0.1 and 0.3 at%.

Several 1 to 2 um large sulfides were observed in addition to
numerous very tiny sulfide (50 to 500 nm). SEM-EDS maps (Fig. 5a)
reveal that 1/ one of these sulfides (pyrrhotite FeS-G6) is closely
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Table 1

Composition (at%) of different areas of sections A0064-FO019, A0064-FO021 and C002-FO019 extracted from SEM-EDS spectral maps. The locations of the different
areas are indicated in Figs. 2, 5 and 10 except for the global analyses of section C002-FO019, which are given in Fig. S1. The location of global analysis for section
A0064-FO021 corresponds to the dotted black rectangle in Fig. 10a. The carbon content is indicated for low-C phases but is not included in totals. It is by contrast
reported for C-rich phases where it contributes to the totals. The carbon content of olivines is around 1 to 2 at%, which gives an estimate of the C contamination of the
analyses. N content of the C-rich nanoparticles is indicated when the N peak was clearly identified in the spectra. However, quantification has to be taken with caution.
Bd is indicated when %at < 0.3. Nd is indicated when element was not quantified. LC is for low-count.

counts Cind C N o Na Mg Al Si P S Ca Fe Ni
Grain A0064-FO019
Z5-global zone 11.6 54.8 1.9 15.8 3.7 149 bd 3.1 nd 5.0 0.6
Z.3-fg-phyllos-rich. sulfur-rich matrix 10.7 47.5 1.7 13.4 3.3 13.3 bd 10.0 nd 9.9 0.7
Z11-fg-phyllos-rich matrix 14.6 53.0 2.2 15.0 4.3 14.6 bd 4.0 nd 5.8 0.9
78-fg-phyllos-rich matrix 189 50.7 2.9 14.4 5.1 14.2 bd 4.8 nd 6.8 0.9
713-fg-phyllos-rich matrix 15.4 53.4 2.2 15.4 4.2 15.0 bd 3.4 nd 5.3 0.8
79-cg-phyllos 6.3 59.2 1.3 17.4 2.6 15.6 bd 0.6 nd 3.2 bd
Z12-cg-phyllos 5.2 59.5 1.0 17.8 2.4 16.5 bd bd nd 2.6 bd
Z4-cg-phyllos 4.4 60.1 1.0 17.8 2.3 16.2 bd bd nd 2.4 bd
Z14-Na-rich zone 13.5 50.9 4.2 14.0 4.8 13.6 bd 4.5 0.6 5.1 2.1
715-Na-rich zone 25.0 36.4 4.8 9.4 3.7 9.7 bd 5.4 nd 4.5 0.8
Z6-sulfide 131 0.9 1.5 1.5 2.7 bd 32.0 1.8 19.6 25.4
Z7-pyrrothite 6.1 bd 1.0 0.4 0.7 bd 48.7 nd 41.7 1.5
710- C-rich zone 38.3 0.9 32.7 2.6 8.5 4.0 7.8 bd 1.5 0.4 2.9 0.5
Grain C002-FO019
G-global zone 14.3 53.4 0.9 14.9 3.3 16.1 bd 3.7 bd 6.6 1.2
I-global zone 17.9 54.1 0.9 14.1 3.4 15.1 bd 3.3 bd 8.3 0.8
E-global zone 9.8 53.6 0.7 15.2 2.0 13.8 bd 5.1 bd 9.0 0.7
K-global zone 12.6 56.4 0.8 15.6 0.5 15.6 bd 3.3 bd 6.9 0.8
B-global zone 19.1 53.6 1.0 14.5 3.3 15.2 bd 3.9 bd 7.4 11
C-global zone 21.0 50.5 1.3 13.5 2.8 15.2 bd 6.6 bd 8.9 1.3
E6-large olivine 1.2 55.3 bd 30.5 bd 13.6 bd bd bd bd bd
E7-olivine <1000 56.7 bd 30.0 bd 13.0 bd bd bd bd bd
12-olivine <1000 56.6 bd 29.0 bd 12.5 bd 0.7 bd 0.6 bd
I3-olivine <1000 54.5 0.6 27.7 0.7 12.8 bd 1.6 bd 1.6 0.5
g8-matrix 14.2 55.6 0.7 14.8 2.7 16.0 bd 2.9 bd 6.4 0.9
g9-matrix 13.3 57.4 0.7 15.7 1.8 15.8 bd 2.2 bd 5.8 0.7
b5-matrix 18.6 53.2 1.0 14.6 3.9 15.2 bd 3.9 bd 7.5 1.1
¢8- matrix 10.8 56.1 0.9 15.7 2.5 16.2 bd 2.3 bd 5.5 0.8
c9-matrix 23.5 51.3 0.8 14.5 3.4 15.7 bd 4.8 bd 8.8 0.7
i8-matrix 18.3 53.2 0.9 14.6 3.3 15.6 bd 3.8 bd 7.5 1.1
i9-matrix 11.3 55.9 0.6 15.5 2.9 15.8 bd 2.4 bd 6.2 0.7
k7-matrix 12.8 56.4 0.8 15.6 0.5 15.6 bd 3.3 bd 6.9 0.8
G6-pyrrhotite <1000 3.3 bd bd 0.4 0.6 bd 52.8 bd 40.3 1.9
G7-Fe,Ni metal <1000 4.0 bd 1.0 0.8 1.3 bd bd bd 32.1 58.9
C1-(Fe, Ni)3S; sulfide <1000 1.7 bd bd bd bd bd 41.4 bd 22.0 34.4
G4-magnetite <1000 58.3 0.6 21 0.9 1.7 bd 1.6 bd 34.5 0.4
16-magnetite <1000 55.2 0.8 0.8 0.9 1.1 bd 2.0 bd 38.8 0.5
K4-magnetite <1000 58.7 bd 0.4 bd 0.6 bd 0.5 bd 39.5 bd
K5-magnetite 58.6 bd 2.7 1.7 2.5 bd 0.4 bd 33.7 bd
B2-magnetite 58.0 0.4 2.6 0.7 2.6 bd 1.2 bd 34.2 bd
Cal- small carbonate <500 11.9 65.1 bd 1.4 bd 1.5 bd 1.7 16.3 1.3 0.4
C3-C-rich zone <500 52.5 0.9 32.5 0.6 5.9 bd 5.0 bd 1.3 bd 1.0 0.4
C4-C-rich zone <500 57.5 1.1 24.6 1.1 5.6 2.4 5.9 bd 1.2 bd 0.4 bd
C5-C-rich zone <500 65.7 2.1 21.5 1.1 2.5 0.0 2.1 bd 3.3 bd 1.0 0.8

Grain A0064-FO021

(continued on next page)
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counts Cind C N o Na Mg Al Si P S Ca Fe Ni
Global left zone 24.1 52.4 1.2 11.8 2.7 12.5 bd 6.6 0.2 11.5 1.1
Global right zone 15.6 54.9 1.2 129 2.1 12.4 0.6 3.8 1.2 9.0 1.1
Ol1-rounded Olivine 1.2 56.6 bd 29.4 0.0 13.0 bd bd nd 0.6 bd
Ol2-platelet Olivine 57.1 bd 28.0 0.0 13.7 bd bd nd 0.7 bd
Z3-compact matrix 11.6 57.8 2.3 14.3 1.5 13.7 bd 2.5 nd 7.0 0.7
Z11-compact matrix 8.3 58.1 1.1 14.9 bd 135 bd 3.0 nd 8.3 0.9
Z14-compact matrix 8.9 58.6 1.0 15.2 bd 13.7 bd 2.6 8.1 0.9
Z4-no-compact matrix 23.7 49.6 1.8 10.3 1.4 12.3 bd 9.3 nd 13.7 1.5
Z5-no-compact matrix 26.2 48.5 1.7 9.6 1.6 11.1 bd 10.4 nd 14.6 2.2
Caé6-large carbonate 16.6 58.9 0.4 bd bd 0.7 bd bd 21.5 0.5 0.7
Ca7-small carbonate 15.5 58.6 bd 1.1 bd 1.6 bd bd 21.1 1.2 bd
Pho8-small phosphate <1000 21.7 43.6 2.7 6.9 1.7 5.9 4.1 4.2 3.1 5.7 0.5
Phol-large phosphate 5.0 60.5 2.0 1.2 bd 0.9 10.7 bd 20.8 2.4 0.5
FeS-19-large sulfide <1000 bd bd 0.8 bd 1.1 bd 51.1 bd 45.0 2.0
FeS-22-sulfide 0.0 0.7 bd bd 1.9 bd 51.4 bd 44.7 1.1
mt20-magnetite <1000 57.0 bd 0.4 bd 1.2 nd 0.5 bd 40.8 bd
mt21-magnetite <1000 59.8 bd bd bd 0.6 nd 0.7 bd 38.5 bd
C6-C-rich zone <1000 47.2 2.0 30.9 1.4 7.1 bd 6.3 bd 1.2 bd 3.6 bd
C7-C-rich zone <500 33.7 0.8 38.7 0.6 7.6 1.8 7.5 bd 2.7 bd 5.6 0.4
C8-C-rich zone <500 29.6 0.7 42.9 1.1 9.7 1.0 8.1 bd 1.2 bd 4.8 bd
C9-C-rich zone <1000 60.8 nd 20.7 3.0 3.0 0.0 2.9 0.6 4.8 bd 3.3 1.0
C10-C-rich zone <500 55.8 nd 22.3 2.5 3.7 0.0 4.0 0.7 2.6 bd 6.6 1.8
C12-C-rich zone <500 46.8 nd 26.5 2.4 5.8 0.0 5.0 1.3 3.7 bd 7.0 1.5
C13-C-rich zone <1000 47.3 nd 24.6 2.8 4.5 0.0 6.0 0.9 5.1 bd 6.4 2.4

Table 2

Composition (at%) of different areas of sections A0064-FO021 and C002-FO019 measured using JEOL 200 kEV TEM in conventional mode. The locations of the
different areas are indicated by red circles in all figures (including Fig. S4 for analyse 12 section AO064-FO021). No compositions are reported for section AO064-FO019
due to a contamination caused by the double tilt TEM grid holder. The carbon content is indicated for low-C phases but does not contribute to the totals sum. It is
reported for C-rich phases and contributes to the totals. Bd is indicated when %at < 0.2 %.

Cind C o Na Mg Al Si P S Ca Mn Fe Ni
Grain C002-FO019
1- olivine 1.2 59.0 bd 27.0 bd 13.4 bd bd bd 0.3 bd bd
2- olivine 1.6 58.6 bd 27.3 bd 13.3 bd bd bd 0.3 0.2 bd
3- olivine 1.3 60.3 bd 26.8 bd 12.5 bd bd bd 0.2 bd bd
4- sulfide 12.6 24.8 bd 1.0 bd 1.9 bd 30.9 bd bd 39.2 1.9
5- altered sulfide 24.9 62.0 bd 8.8 0.3 10.6 bd 5.5 0.3 bd 11.7 0.5
6- sulfide 2.8 5.5 bd 0.4 bd 0.9 bd 36.7 bd bd 23.2 33.2
7- sulfide 7.0 12.0 bd 1.5 bd 1.9 bd 34.5 bd bd 21.0 28.9
8- sulfide 7.1 139 bd 1.2 0.3 1.9 bd 38.8 bd bd 42.1 1.6
Grain A0064-FO021
9- phyllo nodule 7.0 61.7 0.5 15.0 1.8 14.1 bd 1.3 bd bd 5.3 bd
10- C-rich nodule 68.3 19.0 1.2 2.4 bd 2.6 bd 2.4 bd bd 3.3 0.6
11- C-rich nodule 86.7 10.0 0.6 0.6 bd 0.6 bd 1.0 bd bd 0.4 bd
12- cg-phyllos 12.6 66.4 0.8 13.3 0.3 12.6 bd 1.3 bd bd 4.7 0.2
13- porous-fibrous matrix 20.0 64.5 0.8 12.2 0.8 11.9 bd 1.8 bd bd 7.1 0.4
14- compact matrix 15.2 63.9 0.6 11.8 0.2 11.4 bd 3.5 bd bd 7.8 0.5
15- phyllo around apatite 4.0 65.4 0.4 15.7 1.4 12.9 bd 0.4 bd bd 3.5 bd
16- apatite 6.8 61.8 1.4 0.6 bd 0.6 12.3 bd 22.6 0.4 0.2 bd
17- rectangular olivine 1.3 58.9 bd 27.3 bd 12.9 bd bd bd bd 0.2 bd

associated to a rough FeNi-rich metal mineral (FeNi-G7) reported in
ternary diagram Fig. 4 — along the taenite solid solution and 2/ another
sulfide has an chemical composition near (Fe, Ni)3S;. Such chemical
compositions were also observed within the sub-um sulfides. Nano-
sulfides tend to form clusters heterogeneously distributed in the matrix,
alternating with sulfide-poor regions where nanosulfides are absent or

isolated. TEM observations of the small sulfides reveal the presence of
both pyrrhotite and Ni-rich sulfides but also of grains that are hetero-
geneous with a Ni-rich sulfide composition for a part of the grain, and a
pyrrhotite-rich composition for the other part of the grain (Fig. S3).
Some sulfides are euhedral (Fig. S3), whereas others show different
features of alteration (Fig. 8). Some pyrrhotite and Ni-rich sulfides that
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Table 3

Composition (at%) of different areas of sections AO064-FO019, A0064-FO021 and C002-FO019 extracted from EDS-hyperspectral maps obtained in STEM mode using
the Titan 300 keV TEM. The locations of the different areas are indicated by numbered white rectangles on all figures except for analyses of section AO064-FO021 map
10. The latter correspond to the analyses of different parts of a C-rich nanosphere. The carbon content is indicated for low-C (LC) phases but does not contribute to the
totals. It is reported for C-rich phases, where it contributes to the totals. Analyses with low-counts are reported to give indications about the analysed phases.

Cind C (0] Na Mg Al Si P S Ca Mn Fe Ni
Grain A0064-FO019
MAP 1
1 - sulfide 14.0 16.2 0.2 2.8 0.5 5.0 0.0 36.0 0.2 0.2 38.4 0.6
4 - fg matrix 9.7 58.5 0.7 13.1 2.5 21.6 0.0 0.1 0.0 0.1 3.2 0.2
6 - sulfide 0.0 12.9 0.0 2.2 0.6 3.9 0.0 40.5 0.1 0.0 39.4 0.4
11 - fg matrix 17.5 60.4 1.1 10.7 2.7 20.4 0.0 1.2 0.0 0.1 31 0.4
MAP 2
3 - cg phyllos 6.5 62.4 0.5 14.6 1.7 17.5 0.0 0.3 0.0 0.0 3.0 0.1
5 — cg-phyllos 3.5 61.4 0.7 15.4 1.8 17.6 0.0 0.2 0.0 0.1 2.8 0.0
6 - fg-phyllos 14.4 60.8 1.0 10.4 2.9 19.3 0.0 1.2 0.0 0.0 4.0 0.3
7 — cg-phyllos 3.3 62.6 0.6 15.4 1.6 16.9 0.1 0.2 0.0 0.0 2.7 0.0
9 - cg-phyllos LC 4.0 61.9 0.7 15.6 1.2 17.5 0.0 0.1 0.0 0.0 31 0.0
11 - cg-phyllos 6.3 62.0 0.6 15.4 1.7 17.5 0.0 0.1 0.0 0.0 2.6 0.1
12 - fg-phyllos 15.6 61.5 1.1 11.0 2.8 18.0 0.2 1.4 0.0 0.1 3.8 0.3
18 - C-rich nodule LC 81.7 14.8 1.5 0.2 0.7 0.4 0.0 0.5 0.0 0.0 0.1 0.0
MAP 3 - fg-phyllos
1- fg phyllos 11.7 64.7 0.3 10.5 1.9 19.0 0.0 0.9 0.0 0.0 2.4 0.3
MAP 4 - cg-phyllos
3- cg-phyllos 7.2 57.5 0.6 16.1 1.5 20.2 0.1 0.2 0.1 0.0 3.7 0.1
Grain C002-FO019
MAP 2 - spiral sulfide
1 - core LC 59.6 29.5 0.0 3.1 0.0 5.7 0.0 0.8 0.1 0.0 1.2 0.0
2 - global LC 12.9 59.8 0.5 12.5 1.9 7.5 0.0 7.0 0.3 0.2 10.3 0.0
7- NiFeS-rich spiral LC 27.7 50.2 0.0 2.3 0.0 0.4 0.0 17.2 0.0 0.0 28.6 1.3
8 - FeS-rich spiral LC 6.5 61.1 0.3 11.5 1.4 5.2 0.0 7.9 0.8 0.4 11.4 0.0
9 - matrix LC 3.7 71.9 0.0 8.6 2.1 15.1 0.0 0.5 0.1 0.0 1.5 0.2
MAP 3
10 - olivine 0.0 63.2 0.1 23.6 0.1 12.7 0.0 0.0 0.0 0.1 0.1 0.0
MAP 6 - altered sulfide
1 - pyrrhotite 0.0 8.8 0.0 0.4 0.0 1.2 0.0 41.1 0.0 0.1 47.6 0.9
3 - pyrrhotite 12.7 13.1 0.0 0.2 0.6 1.9 0.0 36.0 0.3 0.7 45.4 1.9
4 - matrix 9.2 62.3 0.6 13.7 1.8 16.5 0.1 1.1 0.0 0.1 3.8 0.2
5 - matrix 10.9 58.9 0.6 12.1 2.3 17.8 0.0 0.8 0.1 0.2 7.0 0.2
6 - sulfide 0.0 15.7 0.0 0.0 0.0 0.6 0.0 34.4 0.2 0.0 46.8 2.3
8 - altered sulfide LC 0.0 51.5 0.0 5.3 0.0 0.0 0.0 10.5 1.0 0.0 30.3 1.4
9 -altered sulfide 17.8 57.7 0.8 9.0 1.9 13.7 0.1 4.1 0.5 0.0 11.9 0.4
MAP 7 - altered sulfide part 2
2 - matrix LC 8.7 59.1 1.3 15.1 2.6 16.5 0.0 1.3 0.0 0.0 3.9 0.3
5 - altered sulfide LC 0.0 18.0 3.0 9.0 2.9 8.3 0.0 15.0 0.0 2.0 39.9 2.1
MAP 9 - core sulfide
1- core LC 3.9 4.8 0.0 0.0 0.3 0.1 0.0 15.7 0.0 0.0 63.7 15.4
3 - core 10.2 7.0 0.0 0.0 0.0 0.4 0.0 21.8 0.0 0.0 54.5 16.3
4 - sulfide 0.0 5.6 0.0 0.1 0.0 0.9 0.1 40.8 0.1 0.1 32.2 20.2
6 - sulfide 4.6 6.6 0.3 0.2 0.1 0.5 0.0 37.8 0.3 0.0 26.1 28.1
8 - global 0.3 6.8 0.0 0.2 0.0 0.8 0.0 38.8 0.0 0.0 34.8 18.7
10 - sulfide rim 10.5 20.2 0.0 1.6 0.5 2.1 0.0 34.4 0.1 0.0 39.9 1.2
MAP 10 - pyrrhotite
1- pyrrhotite 2.8 8.7 0.0 0.5 0.0 1.3 0.0 45.3 0.0 0.0 43.5 0.6
2 - Ni-rich rim LC 1.7 9.0 0.6 0.0 0.0 0.0 0.0 42.0 0.2 0.0 25.0 23.1
3 - pyrrhotite 3.0 8.6 0.2 0.2 0.5 1.0 0.0 45.5 0.0 0.1 43.1 0.9
6 - pyrrhotite 3.1 6.5 0.4 0.4 0.1 0.4 0.0 44.0 0.0 0.0 47.6 0.8
MAP 12 - global
1 - pentlandite 5.1 16.0 0.0 1.4 0.2 2.4 0.0 33.4 0.0 0.1 21.1 25.3
2 - sulfide 1.8 13.3 0.0 2.0 0.5 1.8 0.0 38.5 0.0 0.2 43.2 0.5
5- olivine 0.5 58.5 0.1 26.7 0.1 14.2 0.0 0.0 0.0 0.3 0.1 0.0
7 - olivine 1.4 60.1 0.1 25.9 0.1 13.1 0.0 0.0 0.1 0.3 0.3 0.0
9 - sulfide 5.3 26.0 0.0 5.1 1.0 5.4 0.0 29.8 0.0 0.1 31.8 0.8
Grain A0064-FO021
MAP 1- phosphate zone
1- matrix LC 2.7 64.3 0.2 15.5 1.4 15.4 0.0 0.2 0.1 0.0 2.9 0.0
2 - phosphate 11.0 50.3 1.5 0.5 0.1 1.1 16.0 0.0 29.9 0.4 0.2 0.0
5 - phosphate + alteration 9.5 55.3 0.8 7.3 0.4 8.6 8.4 0.6 16.4 0.1 1.9 0.1
MAP 2- phosphate zone
1 - cg-phyllos 2.9 64.0 0.2 15.9 1.3 15.2 0.0 0.2 0.1 0.0 3.0 0.0
3 - fg-phyllos 3.2 63.9 0.4 13.5 1.7 15.0 0.0 0.8 0.0 0.1 4.6 0.1
MAP 3 - sulfide
1 - pyrrhotite int 3.1 6.2 0.0 0.0 0.0 1.2 0.0 48.4 0.0 0.0 43.6 0.5
3 - pyrrhotite rim 2.5 5.8 0.0 0.2 0.0 0.8 0.0 48.4 0.0 0.0 44.4 0.4
4 - sulfide 14.4 26.6 0.0 4.4 0.7 3.9 0.0 30.5 0.0 0.0 17.1 16.8

(continued on next page)
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Cind C (0] Na Mg Al Si P S Ca Mn Fe Ni
5 - matrix 5.2 67.6 0.4 12.9 1.5 13.8 0.0 0.3 0.0 0.0 3.4 0.0
MAP 4 - sulfide/phosphide
1- (Fe.Ni),P 2.4 4.6 0.0 0.0 0.3 0.8 31.3 1.3 0.0 0.0 15.3 46.4
2 - pyrrhotite 2.6 5.6 0.0 0.0 0.0 0.4 0.0 49.6 0.0 0.1 43.8 0.5
3 - matrix 5.2 67.8 0.1 11.7 1.5 12.1 0.0 1.4 0.1 0.1 5.0 0.1
MAP 7 - global zone
1 - pentlandite 0.0 5.9 0.0 0.5 0.3 1.4 0.0 43.7 0.1 0.1 25.5 22.4
2 - pyrrhotite 0.0 22.9 0.2 0.5 0.4 1.0 0.0 35.8 0.0 0.1 37.1 1.9
7 - pentlandite 6.4 24.6 0.4 4.7 0.8 7.5 0.0 27.7 0.1 0.0 16.0 18.2
8 - pyrrhotite 2.7 25.5 0.0 4.2 0.8 5.9 0.0 31.9 0.0 0.0 30.8 0.9
5- C rich zone 63.8 22.7 1.4 2.6 1.8 3.5 0.0 1.9 0.3 0.0 1.8 0.1
14 - phyllos 4.5 62.0 0.3 15.0 1.8 15.9 0.0 0.7 0.0 0.0 4.2 0.1
10- Ca inclusions 24.1 39.4 1.2 7.2 0.9 8.5 0.1 7.4 2.8 0.1 6.8 1.2
MAP 8 - rectangular olivine
1 - olivine 0.1 55.8 0.0 28.7 0.1 15.1 0.0 0.0 0.0 0.1 0.1 0.0
3 - olivine 0.2 55.3 0.0 29.1 0.1 15.2 0.0 0.0 0.0 0.1 0.1 0.0
MAP 9- C rich nodule
1- C-rich nodule 80.4 15.3 0.6 0.6 0.8 0.7 0.0 1.3 0.0 0.0 0.2 0.0
MAP 10 - C rich nodule
1- C-rich nodule 79.9 15.7 1.2 0.1 0.7 0.3 0.0 2.0 0.0 0.0 0.1 0.0
2- C-rich nodule 81.6 14.3 1.0 0.2 0.7 0.3 0.0 1.8 0.0 0.0 0.1 0.0
MAP 11 -
1 - pyrrhotite 0.0 2.2 0.0 0.0 0.0 0.5 0.0 48.8 0.0 0.1 47.8 0.7
4 - altered rim 0.0 3.5 0.0 0.1 0.0 0.5 0.1 48.3 0.0 0.1 46.7 0.8
5 - Ni rich rim 6.7 12.6 0.0 0.3 0.0 0.5 0.0 40.4 0.2 0.2 28.6 17.2
7 - Ni rich rim 4.3 24.9 0.0 33 0.8 4.3 0.0 31.1 0.0 0.0 28.1 7.5
8 - altered rim 2.0 6.5 0.0 0.2 0.0 0.6 0.0 45.8 0.1 0.0 45.1 1.5
11 - matrix 3.8 61.0 0.2 12.9 2.2 15.2 0.1 1.7 0.0 0.1 6.4 0.2

were initially euhedral show engulfment indicative of dissolution (Fig. 8
a, b, ¢). EDS analyses of those sulfides are reported in a Fe-S-Ni ternary
diagram (Fig. 4) and show that both pyrrhotite and Ni-rich sulfides are
depleted in S and that some sulfides are highly enriched in Ni.

Another pyrrhotite-type sulfide shows features of alteration with the
sulfide becoming progressively porous and fibrous (Fig. 8 d, e, f and
associated maps 6 and 7). Part of it is completely replaced by a mixture
of Si-Mg rich material mixed with more Fe-S-Ni rich fibrous material.
Another Ni-rich sulfide shows 1/ an altered rim of Ni-poor pyrrhotite-
type composition and 2/ a central core enriched in C, Fe, Ni and depleted
in S (Fig. 9 a, b, ¢, d).

Finally, an unusual cluster of 20 nm-sized concentrically layered
nodules with a carbon-rich core was observed (Fig. 9e), sometimes
associated with a spiral shaped linear structure. The concentrically
layered structures (Fig. 9f) are globally enriched in Fe-S-Mg and O. They
show alternating layers of heavy material (potentially Fe and S) and
more light material (potentially Mg-rich material). These layers show a
very low content in Ni although Ni can be present in the spiral-shaped
linear (Fe-Mg-S rich) structures that are associated to the nodules. The
cores of those nodules are highly enriched in C and show also a lower
concentration in O than the layered structures (Fig. 9g and h, Table 3).

Numerous 500 nm to 1.5 pm sized magnetite are observed with a
larger abundance in the right part of the section. Rounded, partly
euhedral, euhedral and plaquette magnetite were observed (Fig. 5).
SEM-EDS analyses reported in Table 1 show a O/Fe ratio above that of
magnetite (4/3) due to O-rich matrix contamination. A Si versus O/Fe
correlation gives a O/Fe ratio of the analyzed magnetite of 1.38. One ~
500 nm sized calcite grain was observed (Fig. 5). Map 12 in Fig S3 re-
veals that Ca-rich nm-sized regions are also heterogeneously distributed
within the matrix. We were not able to identify the corresponding
phases.

Relatively large (up to 500 nm) C-rich zones were observed at SEM
scale (Fig. 5) but only one C-rich nanosphere was observed at TEM scale.
In addition, carbon map shows a diffuse distribution of carbon at small
scale in the section (e.g. Fig. S3). Due to the small size of the C-rich
zones, their EDS-SEM analyses are contaminated by X-ray signals from
the surrounding areas.
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3.1.3. Fragment A0064-FO021

The thick section of fragment A0064-FO021 is approximately of 40
um length over 15 to 4.5 um height (Fig. 10). It shows a completely
different texture from A0064-FO019 and C0002-FO019 with the pres-
ence of two different regions: one with a relatively compact very fine-
grained matrix (delimited by a yellow border on Fig. 10) and one with
a very porous, fractured fibrous matrix. Numerous minerals are also
observed and will be described in the following: carbonates, olivines,
phosphates and magnetites. The compact fine-grained matrix seems to
be less crystallized than the fibrous porous matrix, but they have similar
compositions (Fig. 11a and b, analyses 13 and 14 in Table 2). Saponite
and serpentine-type phyllosilicates were observed in the fibrous matrix
with an interlayer width of 1 nm and 0.7 nm. At the several micrometer
scale, the compositions of the porous and compact matrices are different
(see Table 1, analyses of zone Z4 or Z5 and Z3, Fig. 10) with a higher (Fe
+ S)/Si ratio (~2.5 and 1.5 respectively) in the porous matrix related to
its higher content in sulfide and a higher C content in the porous matrix
(up to 2 times richer). In the fibrous porous region, some cg-phyllos were
observed but with a relatively limited patch size (<1 pm) (Fig. S4). A few
observed interlayer widths (around 7 A) suggest that the observed cg-
phyllos is from the serpentine phyllosilicate family. Local STEM ana-
lyses of the matrix reveal content in Fe around 3-4 at%. They are re-
ported in a Si+Al-Fe-Mg ternary diagram and lie between the saponite
solid solution line and the serpentine solid solution line with an
enrichment toward the Fe endmember. The composition of cg-phyllos is
close to that of cg-phyllos from A0064-FO019 and the composition of the
fg-phyllos is close to that of fg-phyllos from A0064-FO019. The Na and
Al contents of fg- and cg-phyllos are around 0.5 and 1-2 at%.

Two large olivine minerals were observed in the porous matrix, one
(~2 pm) is anhedral whereas the other shows a rectangular shape of 2 by
1 pm (Fig. 11g). Both have an extremely low content of Fe (<0.5 at%)
(see SEM-EDS analyses in Table 1 and TEM analyses 17 in Table 2).

Two different phosphate minerals were also observed in the porous
matrix. One, (Pho-8 in Fig. 10) only observed by SEM, is about 2 by 1 um
large and is surrounded by cracks. Its EDS composition showing P, Na,
Ca, Fe, S, Mg and Si reveals 1/ that the phosphate is either very thin and/
or mixed with the matrix, 2/ that it is a Na-rich phosphate. The second
phosphate grain (Pho-1 in Fig. 10) is larger (2 x 2 um) but its TEM
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B fg-phyllo- section AO064-FO019

B cg-phyllo- section A0O064-FO019

<& fg- matrix- section C0002-FO019

A cg-phyllo- section A0064-FO021

A fg- matrix - section C0002-FO021

B Sulfides - section A0O064-FO019
¢ Sulfides - section C0002-FO019
A Sulfides - section A0064-FO021

O Sulfides - Orgueil

Fig. 4. a) Si+Al-Fe-Mg ternary diagram showing individual TEM/EDS analyses of fg-phyllos, cg-phyllos and fine-grained matrix from sections A0064-FO019, A0064-
FO021, C0002-FO019. Additional SEM/EDS analyses of cg-phyllos were added when possible. To minimize the contamination of the matrix/phyllosilicates analyses
by the nanosulfides, matrix/phyllosilicates analyses with >1,2 at% S were discarded. The upper bold pink line corresponds to the Mg-Fe serpentine solid solution and
the lower bold pink line to the Mg-Fe smectite solid solution. The black triangle is similar to that in Fig. 10 from Tomeoka and Buseck (1988) where TEM/EDS
analyses of phyllosilicate from Orgueil are reported. The black line is defined by a Fe/(Mg + Fe) = 15 atomic % as in Tomeoka and Buseck (1988). b) Fe-Ni-S ternary
diagram showing individual TEM/EDS and SEM/EDS analyses of sulfides from sections A0064-FO019, A0064-FO021, C0002-FO019. Analyses of sulfides are only
reported when contamination by adjacent matrix was minimal (e.g. O < 10 at%, very low content in Mg and Si). EPMA analyses of sulfides from Orgueil (Berger
et al.,, 2016) are shown for comparison. The red bold line corresponds to the pyrrhotite solid solution and the black bold line to the pentlandite ([Fe,NiloSg)

solid solution.

observation reveals that it is composed of several smaller euhedral
minerals (Fig. 12b). This phosphate aggregate is walled on one side by a
500 nm width rim of cg-phyllos free of sulfide grains that is surrounded
by the porous sulfide-rich fibrous matrix (see Fig. 12c). This Ca-
phosphate shows a low content of Na and Fe (2 and 2.4 at% respec-
tively, analyses 8 in Table 1, Fig. 12a). Part of Fe is related to a minor
contribution of the matrix in the analyses. Indeed, STEM-EDS map
(Fig. 12d) reveals 1/ presence of matrix-rich material (Mg, Si, Fe-rich
material) between the grains and 2/ presence of alteration features
within the phosphate minerals.

Two large calcites (from 1 to 2 um) were observed in the left part of
the section (in the same region as the olivines) within the porous fibrous
matrix. Map 7 in Fig S5 reveals that Ca-rich nm-sized regions are also
heterogeneously distributed within the matrix. We were not able to
identify the corresponding phases. In addition, several large (1 pm)
isolated euhedral magnetite grains were observed in both the porous
fibrous and the compact matrix.

Large pyrrhotite minerals were observed (up to 2 pm) in addition to
numerous pyrrhotite and Ni-rich sulfides dispersed in both the porous
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and the compact matrix. Fig. S5 show that Ni-rich sulfides, pyrrhotites
and Ni- and Fe- zoned sulfides can be present within a 1 pm large region
(analyses 1, 2, 7 and 8 in Table 3, map 7). SEM and TEM observations
show also the presence of pyrrhotite with alteration features. For
example, Fig. 11h and i show a pyrrhotite with a rim containing Ni-rich
lamellae, whose limits seem to follow a particular crystallographic
orientation, suggesting exsolution. The rim is porous and vesiculated
(Fig. 11h). Diffraction of the vesiculated rim and the center of the grain
point toward a 4C pyrrhotite structure. Finally, a P, Fe and Ni-rich but O-
depleted mineral (100 by 200 nm sized) was observed in contact with a
large (~1 um) pyrrhotite showing a “porous” rim (limits in red in
Fig. 13a). This mineral seems to be composed of several crystals. Local
STEM analyses give a stoichiometry of (Fe,Ni)sP, which could be
compatible with one of the stoichiometric polymorphs, allabogdanite or
barringerite, but no crystallographic identification was made.

Diffuse carbon and relatively large (up to 1 pm) C-rich zones were
observed at the SEM scale (Fig. 10) in the porous matrix. Some C-rich
nodules (200-300 nm) were observed by TEM both in the compact and
in the porous matrix (Fig. 11d and e and Fig. 11f, for the compact and the
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FeS FeS-K6
(imt)

Fig. 5. BSE images of a) the thick slice extracted from grain C0002-FO019. The white layers surrounding the section corresponds to the platinum deposit. b and c)
details of the two largest olivine-rich areas shown by the two red boxes in (a). Scale is similar on b and c. Red arrows indicate the sub-um sized olivines. Red circled
zones indicate additional olivine-rich zones. The numbered white rectangles correspond to zones analyzed by EDS (Table 1). The indicated minerals were identified
by X-ray analyses. Some are reported in Table 1. d) composite X-ray map of S (red), Fe (green) and Ni (blue) of the Fe-Ni-rich minerals. Abbreviations: mt for
magnetite, Ol for olivine, FeS for sulfides and FeNi for metal, Ca for calcite.

Fig. 6. (a—c) Bright field TEM images of different zones of section C0002-FO019 showing different degrees of crystallinity. The dotted white circles correspond to
zones from which the reported diffractograms were acquired. In (a), the electron diffraction pattern shows large diffuse rings indicative of the amorphous nature of
the material whereas in (b), the electron diffraction pattern shows more or less intense rings with spots and in (c) clear rings are visible. Numbers corresponds to
d-spaces.
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Fig. 7. Bright field TEM images of different olivines from section C0002-FO019. Black arrows indicate the presence of defects (b) and of pores inside the olivine (e).
The white box in (d) shows the presence of a triple junction between three sub-um olivines, also seen with a different tilt in the top right inset in (d). The numbered
red circles indicate JEOL TEM analyses acquired in conventional mode (Table 2) and the white rectangles in (e) correspond to zones from which EDS analyses were
extracted from the STEM-X-ray maps (Table 3).

Fig. 8. (a—c) Bright field TEM images of three altered sulfides in section C0002-FO019. The bottom right insert in (c) shows the STEM composite X-ray map 10 of Fe
(blue), S (pink) and Ni (yellow) of the sulfides. (d) DF-STEM of an altered sulfide in section C0002-FO019. (e) STEM composite X-ray map 6 of Mg (yellow) and Fe
(purple) of the top part of the sulfide in (d) and (f) STEM composite x-ray map 7 of Fe (red), S (green) and Ni (yellow) of the bottom part of the sulfide (white boxes in
(d) indicates the location of the two maps 6 and 7). The numbered red circles indicate JEOL TEM analyses acquired in conventional mode (Table 2), whereas the
white rectangles correspond to zones from which EDS analyses were extracted from the STEM-X-ray maps 6, 7 for section C0002-FO019 (Table 3).
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Fig. 9. (a) HAADF-STEM image and (b-d) STEM composite x-maps of Fe (blue)
and S (pink) (b), of S (pink) and Ni (yellow) (c) and of C (red) (d) of a sulfide
showing a C-bearing FeNi core in section C0002-FO019. (e) BF-STEM images of
20 nm-sized concentrically layered nodules with a carbon-rich core in section
C0002-FO019, (f-h) HAADF-STEM image (f) and STEM composite X-ray maps
of C (orange), S (green), Fe (purple), Ni (pink) (g) and of C (purple), Mg (red), Si
(green) (h) of one of these nodules associated with a spiral shaped linear
structure. The red box in the top left image (e) indicate the spiral-shaped nodule
mapped in (g-h). White and black rectangles correspond to zones from which
EDS analyses were extracted from the STEM-X-ray maps 9 and 2 bis (Table 3).

porous matrix respectively). No nanosphere with a central vesicle was
observed in this section. Local TEM and STEM analyses of C-rich nodules
are reported in Table 2 and 3 with a O/C ratio between 5 and 9. They
also show one nodule with Na and S enrichments up to 1 and 2 at%,
respectively.

3.2. IR characteristics of each slice

In the following, we will present first the main characteristics of the
mean IR spectra of each section and then we will present the combined
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results of the SEM and IR mapping of each section.

3.2.1. Mean spectra of slices from fragment A0064-FO019, C0002-FO019,
A0064-FO021

The IR mean spectra of each section are reported in Fig. 14. Overall,
the three sections show the presence of IR vibrational features charac-
teristic of the presence of OM, ad- or absorbed water, phyllosilicate
structural hydroxyls (M—OH), phosphates, and silicates. Detailed
attribution of each band is given in Table 4 for each section.

Positions of the different vibrational bands are slightly different from
those given in Dionnet et al. (2023) principally because the IR positions
given in Dionnet et al., (2023) are extracted from the mean IR reflec-
tance spectra of the whole surfaces of the fragments, whereas the posi-
tion given in Table 4 are based on the IR transmission spectra of the 2.5
um thick sections extracted from each corresponding bigger fragment.
However, as shown below, the IR variability reported in Dionnet et al.
(2023) between the three fragments is also found in the three sections.

3.2.2. IR/SEM combination results

For each section, we 1/ used the IR map of the section to better
understand the variability of the IR signature over the section and 2/
combined the SEM images with the IR mapping in order to better un-
derstand this variability. For section A0064-FO021, the IR mapping of
the section was not of a very good quality because of the thickness of the
platinum compared with the height of the section. We thus focused on
section from A0064-FO019 and C0002-FO019 grains. The IR spectrum
over the map of grain C0002-FO019 does not show large differences at
the probed pixel sizes except in regions richer in olivine. Fig. S6 shows
the olivine band area distribution over the section, which is in relatively
good agreement with the olivine distribution shown by the SEM-BSE
image. One IR spectra of an olivine-rich region is shown for example.
It shows a relatively intense 875 cm ™! band indicative of the presence of
the tiny olivines (Salisbury et al., 1991, Beck et al., 2014).

Both the IR spectra and SEM/TEM observations of section from
A0064-FO019 show at a relatively large scale two different types of
phyllosilicate structures (cg and fg-phyllos). In Fig. 15, in addition to the
SEM-BSE image of the section (Fig. 15a), we report the distribution
(Fig. 15b) of the ratio of the C—H bending (1330-1432 em™! range) over
the SiO stretching band areas (857-1154 em ! range). This ratio is a
proxy for the abundance of OM relative to silicates. The distribution
(Fig. 15¢) of the ratio of the C=O0 stretching (1685-1737 em™! range)
over the CH bending band areas (1330-1432 em! range), and the
distribution of the C-O stretching (1230-1300 cm! range) over the CH
bending band areas are also reported (Fig. 15d). These ratios are used to
study the spatial distribution of variabilities in chemical structures of the
OM. We used CH bending at ~1400 cm ™" instead of the stretching mode
(~3000 cm-1) to be as close as possible to the spectral range of the C=0
(~1700 em™ 1) and C-O stretching modes (~1260 cm’l), and of the Si-O
stretching mode (~1000 cm™Y). In this way, we get two advantages: 1/
we use a range of the spectrum where the signal to noise ratio is similar
for the four bands, 2/ the diffraction of the IR light behaves similarly for
the considered bands, minimizing potential diffraction artifacts and thus
making the visualization and the comparison of the distribution of the
different functionality of the OM more relevant. Zones with a low
CHbending/SiOstretching and high C—=Ostretching/ CHbending @nd C-Ostretching/
CHpending ratios correspond to areas rich in cg-phyllos on SEM-BSE im-
ages whereas zones with a high CHbending/SiOstretching and low
C—=Ostretching/ CHbending @nd C-Ostretching/ CHbending ratios correspond to
areas rich in fg-phyllos in SEM-BSE images. Mean IR spectra of repre-
sentative regions of each zone were extracted from the hyperspectral
map (Fig. 15e). Spectrum 1 corresponds to that of a zone very rich in cg-
phyllos whereas spectrum 2 corresponds to that of a zone very rich in fg-
phyllos. The vibrational bands and their attributions for both spectra are
given in Table 4H.
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Fig. 10. a) BSE images of a) the thick slice extracted from grain A0064-FO021. The white layers surrounding the section correspond to the platinum deposit. b)
composite X-ray map of Mg (red), Fe (green), Si (blue) and Ca (yellow) showing the presence of olivine in pink, magnetite and sulfides in green, calcite and phosphate
in orange/brown. c) composite X-ray map of O (red), Si (green) and C (blue) showing the presence of magnetite in red, calcite and phosphate in pinked red and
carbon rich zones in purple blue. d) composite X-ray map of S(red), Fe (green) and Ni (blue) showing the presence of magnetite in green, Fe-rich sulfide in orange and
Ni-rich sulfide in purple. On BSE images, red, green and purple dashed-line circles indicate olivine, calcite and phosphate rich regions respectively. The yellow dashed
line circles the compact fine-grained region. The limit of this region is not well defined in the right part of the sample. Left black dashed-line rectangle indicates the
analyzed zone corresponding to the X-ray maps (b-d). Left and right black dashed-line rectangles also indicate zones analyzed by EDS (Table 1) as global left and right
zone respectively. The numbered white rectangles correspond to zones analyzed by EDS (Table 1). The indicated minerals were identified by X-ray analyses. Some are
reported in Table 1. Abbreviations: same as Fig. 5, Ca for calcite, Pho for phosphate.

4. Discussion
4.1. Mineralogical evidence for variably altered lithologies

As expected by the three different reflectance IR signatures of the
grains (Dionnet et al., 2023), the sections extracted from those frag-
ments show very distinctive mineralogy and structure.

4.1.1. Evidence for different lithologies in sections A0064-FO019, C0002-
FO019 and A0064-FO021

Sections from grain A0064-FO019, C0002-FO019 and A0064-FO021
show large differences in terms of structure and mineralogy.

4.1.1.1. Porosity and grain sizes. Comparisons between TEM BF images
(Fig. 16) of the three sections at the same scale show clear differences in
term of grain sizes and porosity. Section C0002-FO019 has a finer-
grained and compact texture compared with section A0064-FO019,
which shows very large clusters (>several micrometers) of cg-phyllos
distributed in regions rich in fg-phyllos and small sulfides. The fine-
grained compact lithology of section A0064-FO021 compares well
with that of C0002-FO019, whereas the other lithology exhibits
numerous fractures and important porosity, is unique and not similar to
either C0002-FO019 or A0064-FO019.

4.1.1.2. Chemical composition at a global scale. EDS-SEM analyses show
that some regions of section A0064-FO019 are more enriched in Na (up
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to ~ 5 at %) than section C0002-FO019 and section A0064-FO021 (~0.9
at% and 1.5 at%, respectively). The slight enrichment of section A0064-
FOO019 in Al (~3,8 at%) with section A0064-FO021 or section C0002-
FO019 (~2,4 at% and ~ 2,5 at%) has to be taken with caution
because of the possible Al contamination from the EDS-SEM holder.
Finally, no large difference in the Mg/Si ratio (around 1 + 0.1) are
noticed between A0064-FO019, C0002-FO019 and A0064-FO021. For
Fe, S and C, the comparison is more difficult because of the very het-
erogeneous distribution of their content between the different zones.
Notice that, for all sections, zones enriched in sulfides (from Fe and S
maps) show higher carbon contents (probably due to the presence of
organics or carbonates).

4.1.1.3. Mineralogy. Major differences in term of mineralogy exist be-
tween the three sections. Concerning the silicates, section from A0064-
FO019 show well-crystallized cg-phyllos with a composition between
the saponite and the serpentine solid solution in addition to fg-phyllos
showing a higher saponite contribution (based on EDS chemical ana-
lyses). In contrast, section from C0002-FO019 shows anhydrous silicates
embedded in a fg-grained matrix poorly crystallized with a composition
between the saponite and the serpentine solid solution. Fe-Ni-S rich
phases from section C0002-FO019 seem to differ from sulfides from
section A0064-FO019 as 1/ one FeNi metal phase and one C-bearing
FeNi metal associated to pyrrhotite/Ni-rich sulfides are present in
C0002-FO019 and 2/sulfides are depleted in S and weakly enriched in
Ni. In addition, TEM observations seem to reveal that sulfides from
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Fig. 11. TEM images from section A0064-FO021. (a) Bright field TEM image showing the contact between the porous (zone 1) and the compact (zone 2) regions of
A0064-FO021 and close-up (b) of the contact showing the different degree of crystallinity between the two regions with the compact region amorphous and the
porous region more crystalline. The crystalline region shows irregular interlayer widths between 0.7 nm and 1.1 nm. (c) Bright field TEM image of a nodule of
phyllosilicate in the porous fine-grained region of section AO064-FO021. The interlayer width of the observed layers is around 0.7 nm indicative of serpentine-type
phyllosilicate. A STEM composite X-ray map of this region is given in Fig. S5. (d) HAADF-STEM image of a C-rich nanosphere inside the compact fine-grained region
of A0064-FO021. The high-resolution image in the top right insert shows the amorphous nature of the nanosphere (e) STEM composite x-ray map of Fe (yellow), Ni
(pink) and C (green) showing the presence of heterogeneous Ni-poor and Ni-rich sulfides in contact with the C-rich nanosphere. (f) Bright field TEM images of a C-rich
nanoparticle in section A0064-FO021. (g) Bright field TEM image of an olivine from section A0064-FO021. (h-i) HAADF-STEM image (h) and STEM composite X-ray
map (i) of Fe (red), Ni (green) and S (blue) of a sulfide from section AO064-FO021. The left bottom insert in (i) gives the diffraction pattern of the white dotted circle
region of the sulfide. Although determination of the superstructure of the pyrrhotite is uncertain due to analytical uncertainties, indexation of the diffraction pattern
of both vesiculated rim and center of the sulfide corresponds to a 4C pyrrhotite structure. The numbered red circles indicate JEOL TEM analyses acquired in
conventional mode (Table 2) whereas the white rectangle corresponds to the zone from which EDS analyses were extracted from the STEM-X-ray map 9 (e), 8 (g) and
11 (i) (Table 3). Abbreviations: amorph for amorphous, cryst for crystalline.

C0002-FO019 show more alteration features/chemical variability than our observations between the three sections.

sulfides from A0064-FO019. Indeed, whereas numerous sulfides from Sections A0064-FO019 and C0002-FO019 represent thus two very
C0002-FO019 show the presence of engulfment indicative of dissolu- different lithologies. For section A0064-FO021, it is more difficult to
tion, progressive replacement of sulfide by a Mg-Si-Fe-Ni-S fibrous ma- identify it with a unique lithology, and it seems that two different li-
terial, or the presence of heterogeneous Ni-contents in sulfides (e.g. thologies are also present in this section.

Fig. 8), sulfides from A0064-FO019 (e.g. Fig. 3) show more euhedral

shapes and homogeneous composition. Mineralogy of section A0064- 4.1.2. Comparison with other lithologies from Ryugu and CI chondrites

FOO021 is also very different from section A0064-FO019 and slightly

from section C0002-FOO019. It shows two different regions: one with the 4.1.2.1. Comparison with other lithologies from Ryugu. Observations of
presence of anhydrous silicates, calcite, hydrated Na-rich phosphate, Ryugu samples (e.g. Nakamura et al., 2022b; Nakamura et al., 2022a;
apatite and of a FeNi phosphide associated to a pyrrhotite embedded in a Yamaguchi et al., 2023; Matsumoto et al., 2022) reported the presence

fractured porous fg-grained matrix, where fg- and cg-phyllos are pre- of different lithologies. The lithology referred to as the major Ryugu’s
sent. The second region shows only sulfides and magnetites embedded in lithology (Nakamura et al., 2022b) consists principally of minerals
a very poorly crystallized compact fine-grained matrix. Magnetite was formed by aqueous alteration: saponite, serpentine, carbonates, sulfide

principally observed in A0064-FO021 and C0002-FO019. Concerning and magnetite. Saponite and serpentine are Mg-rich phyllosilicates (Mg/
the C-rich phase, no major mineralogical difference was deduced from
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Fig. 12. (a) HAADF-STEM image of the right part of the Ca-phosphate from section A0064-FO021 surrounded by a rim of cg-phyllos and embedded in a fg-phyllos-
and sulfide-rich matrix. (b) bright-field TEM image of the left part of the Ca-phosphate grain showing that it is constituted by several crystals. (c) HAADF-TEM image
of one part of the phosphate with (d) its associated STEM composite X-ray map of Ca (red), Si (green) and Mg (blue). The numbered red circles indicate JEOL TEM
analyses acquired in conventional mode (Table 2) whereas the white rectangles correspond to zones from which EDS analyses were extracted from the STEM-X-ray

maps 1 (Table 3).

Mg + Fe ratios between 75 and 90) and are observed either as large cg-
phyllos clusters or fg-phyllos (e.g. Nakamura et al., 2022a). Sulfide can
be observed as large crystals of pyrrhotite but also as nano- to sub-um
sized crystals of pyrrhotite and pentlandite disseminated in the fg-
grained-phyllos-rich matrix. Carbonates are dominated by dolomite
with the presence of scarcer large breunnerites while Ca-carbonate is
very rare (e.g. Loizeau et al., 2023). Magnetite occurs in very diverse
morphologies such as framboids, plaquettes or spherules. Other acces-
sory phases in this lithology were observed such as chlorite or Na-rich
hydroxyapatite. Even if carbonates or magnetite were not observed,
because of the limited sizes of our sections, the section A0064-FO019 is
clearly related to this lithology with i) the same dichotomy of size be-
tween the cg- and the fg-phyllos, ii) the same composition of the phyl-
losilicates, iii) the same distribution and the same composition of the
sulfide.

Other observed fragments of Ryugu show a very different mineralogy
from the major Ryugu lithology (Nakamura et al., 2022a; Nakamura
et al., 2022b; Yamaguchi et al., 2023; Matsumoto et al., 2022; Liu et al.,
2022; Kawasaki et al., 2022; Nakashima et al., 2023). Indeed, several
observations reported the presence of clasts (from 50 to 500 pm large)
showing the presence of olivine, low-Ca pyroxene, or smaller silicates
phases with sulfide inclusions resembling GEMS (Nakamura et al.,
2022b; Nguyen et al., 2023). This lithology has been referred to as the
least altered lithology. Micrometer-sized carbonate (calcite or arago-
nite), pyrrhotite/pentlandite, magnetite, phosphide, Al or Cr spinel,
NaMg phosphate and tochilinite were observed in this lithology. Other
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less altered lithologies related to this least altered lithology were also
observed. Olivines observed in the less altered samples vary in compo-
sition from Fo78 to Fo98. These Fo98 forsteritic olivines are < 30 um,
porous and contain about ~ 0.5 at% Mn. Olivines from C0002-FO019
clearly look like those observed in this less altered lithology with the
presence of Mn-rich (up to 0.3 at%) very forsteritic olivine (Fo > F098).
Some of the observed forsterites show the porous texture observed by
Nakamura et al. (2022) in larger olivines. but contrary to sub-um sized
olivines observed by Matsumoto et al. (2022) in one less altered grain
from Ryugu (C0002 plate-5 fragment-1), the edges of the sub-um oliv-
ines from C0002-FO019 do not show alteration features. The matrix in
which the olivines are embedded does not completely look like the one
described by Nakamura et al. (2022) in its least altered lithology with i)
a less porous texture, ii) the rarer GEMS-like structure that were not
clearly observed in our sample. However, we clearly observed anhy-
drous minerals embedded in a poorly crystallized matrix. Specific ob-
servations were not reported elsewhere: i) presence of FeNi-rich metal
associated with a pyrrhotite ii) presence of sub-um sized sulfides
showing alteration features and depleted in S. Although Na enrichment
reported in the less altered lithology by Nakamura et al. (2022b) (ratio
Na/Si twice that of the Sun) was not observed in our section, Na-rich
phyllosilicates were observed locally as in the least altered fragment
of Nakamura et al. (2022b). Finally, although the observed spiral
structure observed in C0002-FO019 was difficult to analyze, its
composition rich in Fe, S and Mg and its layered structure resemble that
of tochilinite (Fe2§(Mg,Fe2")sS6(OH)10), which structure consists of
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Fig. 13. (a) Bright field TEM image of a pyrrhotite embedded in the porous fine-grained matrix of section A0064-FO021. In the top left part of (a) is the HAADF-
STEM image of the border of the sulfide showing its nanoporous texture. The red line delimits the porous rim. (b) STEM composite X-ray map of Fe (green), S (purple)
and Ni (pink) of the right part of image (a) showing the right part of the large pyrrhotite, a Ni-rich sulfide and an altered lath-shaped sulfide. (c) STEM-HAADF image
of a phosphide attached to the bottom of the pyrrhotite with in (d) its associated STEM composite X-ray map of O (green), S (purple) and Ni (pink) and its X-ray map
of Fe, P and O. The white rectangles correspond to zones from which EDS analyses were extracted from the STEM-X-ray maps 3 and 4 (Table 3).

layers of iron sulfide alternating with layers of brucite (e.g. Villalon
et al., 2021). Tochilinite was observed in the least altered fragment by
Nakamura et al. (2022). A micro-sized calcite was also observed in
C0002-FO019. In conclusion, section C0002-FO019 is not identical to
the least altered lithology described by Nakamura et al. (2022b) but it
belongs to the group of less altered lithologies related to the most pris-
tine lithology. Finally, although the compact fine-grained lithology of
section A0064-FO021 is of small size and was not showing any anhy-
drous minerals, this lithology was showing very poorly crystalized ma-
terial and can thus be related to this group of less altered lithologies.

The porous fractured fg-grained lithology of section A0064-FO021
has many characteristics of the less altered lithologies but shares also
some similarities with the major Ryugu lithology. Indeed, as the less
altered lithologies, it shows i) the presence of um-sized forsteritic
olivine, ii) the presence of calcite, iii) the presence of Na,Mg-phosphate
(as observed by Nakamura et al. 2022b), iv) the porous/fractured
texture and v) the presence of (Fe,Ni)>,P polymorphs allabogdanite or
barringerite associated with pyrrhotite (as observed by Nakamura et al.,
2022b). The NaMg-phosphate is rimmed with cracks that seems similar
to the shrunk texture observed by Matsumoto et al. (2022) or Nakamura
et al. (2022b). However, as in the major lithology of Ruygu, we also
observed apatite surrounded by cg-phyllos, and the presence of fg-
phyllos. So, although this lithology is a bit particular, the presence of
anhydrous minerals and phosphide suggest that it belongs to the group
of the less altered lithologies.

In the three sections, the observed diffuse distribution of C intimately
mixed with phyllosilicates and the presence of nanoglobules/C-rich
nanoparticles is similar to what was observed in Ryugu grains (Yabuta
et al., 2023, Le Guillou et al., 2022).
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4.1.2.2. Comparison with CI carbonaceous chondrites. In our sections, as
observed in other Ryugu samples (e.g. Nakamura et al., 2022b), no
ferrihydrite, nor sulfate was observed in contrast to what is generally
observed in CI chondrites, where they are thought of as terrestrial
weathering products (e.g. Gounelle and Zolensky, 2001; Nakamura
et al., 2022b, Yamaguchi et al., 2023). Instead of ferrihydrite, sub-um
sulfides were observed in all sections, certainly because they escaped
terrestrial alteration (Yamaguchi et al., 2023).

Concerning the carbon distribution, carbon was observed as diffuse
matter in the matrix and as solid or hollow nanospheres and nano-
particles in CI chondrites (e.g. Le Guillou et al., 2014; Garvie and Buseck,
2006) but also in CM chondrites, Tagish Lake meteorite, and in some CR
chondrites and primitive 3.0 meteorites (e.g. Garvie and Buseck, 2004,
De Gregorio et al.,, 2013). As observed in our sample, Na and N
enrichment of the nanospheres were previously reported in an Orgueil
nanoglobule (Le Guillou et al., 2014).

Section A0064-FO019, representative of the major Ryugu lithology,
clearly shares numerous similarities in terms of mineralogy and struc-
ture with CI chondrites, and in particular with the Orgueil meteorite
(Tomeoka and Buseck, 1988; Zolensky et al., 1993; Kerridge, 1976). The
distribution of the phyllosilicates with large clusters of cg-phyllos
associated with finer less oriented phyllosilicates has been observed in
Orgueil by Tomeoka and Buseck (1988). They also reported presence of
Fe-bearing Mg-rich phyllosilicates with intergrowth of serpentine and
saponite with widely dispersed ferrihydrite. The irregularly shaped
clusters ranging from 1 to 30 um were relatively free of ferrihydrite.
Based on TEM-EDS compositions and making the assumption that major
portion of the Fe in the Orgueil matrix resides in the ferrihydrite, they
extrapolated the average composition of the matrix with a Fe/(Fe + Mg)
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Fig. 14. (a) Transmission IR spectra of the three sections C0002-FO019, A0064-FO019 and A0064-FO021. Note that the spectra were shifted for clarity. (b) and (c)
zoom on the 3620-3710 cm ™! and on the 1100-1800 cm ™! regions, respectively. Notice that for (b) and (c), the continuum was removed from the FT-IR spectra.
Colors in (b) and (c) corresponds to colors in (a). Vibrational modes of interest are labeled in the different panels.

around 15 % at and with a ratio of 50 % saponite and 50 % serpentine. In
Section A0064-FO019, Fe-bearing Mg-rich phyllosilicates were observed
with the same size distribution. However, sub-um sulfides were observed
in the fg phyllosilicates instead of ferrihydrite. In addition, EDS analyses
are almost comparable with an extrapolated Fe/(Fe + Mg) ratio around
15 % at and an average composition between the saponite and the
serpentine solid solution (ratio 50:50). TEM-EDS analyses of phyllosili-
cates in section AO064-FO019 show a content in Fe less spread toward Fe
endmember than in Tomeoka and Buseck (1988). They also show a
difference in composition between the fg and the cg phyllosilicates with
a higher saponite component in the fg-grained phyllo, which was not
reported by Tomeoka and Buseck (1988).

Sulfides observed in CI chondrites are generally larger than several
um, whereas the observed sulfides in this study are <500 nm (e.g.
Kerridge et al., 1979; Bullock et al., 2005; Berger et al., 2016). The only
large sulfide analysed in A0064-FO019 is a pyrrhotite as observed in
Orgueil. Sub-um sulfides are rarer in CI chondrites. In larger sulfides
from CI chondrites, Bullock et al. (2005) reported principally 1/ pyr-
rhotite in the Orgueil, Ivuna, Tonk and Alais chondrites and 2/ pyr-
rhotite and pentlandite in Ivuna, Tonk and Alais. Pyrrhotites have a
hexagonal or lath-shaped morphology. The pyrrhotites show varying
degrees of corrosion and pentlandite occurs as inclusions in pyrrhotite
and as isolated grains. Berger et al. (2016) reported an extensive study of
the sulfides from Orgueil, Ivuna, Tonk and Alais. They are reported in
the Fe-Ni-S ternary diagram on Fig. 4. Even if the number of sulfides
analyzed in section A0064-FO019 is low, they seem to be similar to those
observed in Orgueil with a slightly more important Fe/S ratio (close to
that of FeS) in contrast to those observed in C0002-FO019 and A0064-
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FOO021, whose compositions seem clearly different with a higher Fe/S
ratio (in particular for C0002-FO019 in both Ni-poor and Ni-rich sul-
fide). Berger et al., (2016) and Dai and Bradley (2001) studied exten-
sively the crystal structure of the sulfides in both CI chondrites and IDPs.
Whereas Berger et al. (2016) found monoclinic 4C and 6C pyrrhotites
and pentlandite in Orgueil, Dai and Bradley (2001) principally found
pyrrhotite with an hexagonal structure in IDPs. Here, the diffraction
study of the sulfides was limited and only a pyrrhotite with a 4C struc-
ture was observed in A0064-FO021, similarly to Orgueil.

Although magnetites were not observed in the section A0O064-FO019
related to the Ruygu major lithology, those observed in the two other
sections show the variety of morphologies observed in Orgueil meteorite
(Hua and Buseck, 1998). However, we observed a lot of isolated micron-
sized euhedral rounded magnetite in section C0002-FO019.

Although not abundant, anhydrous olivines are observed in Orgueil
(e.g. Kerridge and MacDougall, 1976; Leshin et al., 1997). Depending on
the observations techniques and the analysed CI chondrite, reported
abundance varies between <0.01 % (Alfing et al., 2019) for olivine >5
um to almost 3 to 6 % (Bland et al., 2004; King et al., 2015) with
presence of 2.1 % of Fol00, 2.6 % of Fo80 and 1.1 % of Fo60 (Bland
et al., 2004) for olivines of any sizes in Orgueil. The observed >5 ym
olivines in Orgueil have usually angular shape with no alteration fea-
tures and close to F098-100 composition (Alfing et al., 2019). The
observed olivines in sections C0002-FO019 and A0064-FO021 are <1
um and close to Fol00 with minor amount of Mn for those of C0002-
FOO019. Ratios of Mn/Fe at% (between 1 and 3) in the measured oliv-
ines compare with those reported in low-iron manganese-enriched
(LIME) olivines from interplanetary dust particles (IDPs), ameboid
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Maximum peak positions (ecm™?Y) and attributions of the different vibrational bands for sections AO064-FO019, A0064-FO021 and C002-FO019. Attributions of the
bands are based on Gadallah et al. (2012) and references therein, Ristein et al. (1998), Grishko and Duley (2002) and Jager et al. (2008). Abbreviation sh is for

shoulder.
Components A0064-FO021 A0064-FO019 A0064-FO019 A0064-FO019 C0002-FC019 Detailed Attributions
cg-phyllos fg-phyllos
Silicate
-Si-O stretchings 982 990 978 1000 1008
+ sh. at ~ 1100 + sh. at ~ 1100 + sh. at ~ 1100 + sh. at ~ 1100 + sh. at ~ 1100
(relatively large band) (relatively the
sharpest band)
+ sh. 880 + sh. 874
MO-H ~3680 3688 3688 3688 3675
stretchings
H,0*
HO-H 3385 3390 3390 3390 3395
stretching (relatively the highest

H-O-H bending

Organic matter
—CH,- and -CH3
stretchings

—CH,- and -CH3
bendings

double bonded C
Cc=C

H,0 abundance)
Major contributor to
the 1610 large band

2855-2860
2865-2870 (noisy)
2927

2957-2960

sh. ~ 2990 (weak)
3040-3050 (weak)
1363

+ 1381

sh. ~ 1411 (very
weak)

1457 (large band +
sh. 1465)

Contribute to the

Major contributor to
the 1614 large band

2857
2871
2927
2958
sh. ~ 2990 (weak)

sh. at 1361
+ 1380-1387
1411

1460 (large band +
sh.)

Contribute to the

Major contributor
to the 1600 large
band

2853-2857 (noisy)
(very weak)

2925
(very weak)

(noisy)
1411

1459

Contribute to the

Major contributor
to the 1611 large

Major contributor to
the 1613 large band

band
2857 2857 sym —CH stretch
2871 2869 sym —CHj stretch
2927 2927 asym —CHj stretch
2958 2956 asym —CHj stretch
olefinic = CH and/or = CH,
aromatic -CH
sh. at 1361 sh. at 1361 sym. bending of different ~-CHj3
+ 1380-1387 + 1378 moiety types
1407-1417 (noisy) sh. ~ 1411 (very olefinic = CH, bending
weak)
1461 1453 (large band + CH; + asym. —-CHj3 bending
sh. 1465)

Contribute to the
1611 large band
+ faint sh. at ~

1640
+ sh. ~ 1581
+ sh. 1537

+ weak band at
1516

Contribute to the
1612 large band

-+ faint sh. at ~ 1640
+ faint sh. ~ 1580

+ faint sh. ~ 1537

+ very weak band at
1517

Some contribution to

Mixed contributions of C = C and
possibly some C = N bonds: non-
conjugated, conjugated, and
aromatic.

(and possibly 1610 large band 1611 large band 1600 large band
C=N) + faint sh. at ~ 1640 + faint sh. at ~ 1640
+ sh. ~ 1583 + sh. ~ 1581
+ sh. 1537 + sh. 1537
+ 1516 + sh 1505 + weak band at 1516
(distinct protruding
band )
c=0 Some contribution to Some contribution to
the left shoulder of the  the left shoulder of the
1610 band 1614 band
+very weak sh. ~ +1702 + 1720 1702 + 1720
1715 (Distinct protruding (Distinct
double band) protruding double
band)
Other bands
-C-O0- + -C-C- 1260 1273 1273
stretchings + faint sh. ~ 1239 +sh. 1246 + sh. 1246
Not attributed 1312 1310 1318
precisely 1180-1185

1880, 2010 & 2070

the left shoulder of the
1613 band
1703 + 1720 +1706
(Distinct
protruding double
band)
1273 1260
+ sh. 1246 + sh. 1239
1310 1312
possible phosphate
possible C = C

" Mainly corresponding to terrestrial water molecules adsorbed on the surface of the grains constituting the sample. However, the presence of some interlayer water

in phyllosilicates is not excluded and may contribute to this band.

" Some organic ~OH modes (from alcohol and carboxylic acid moieties), may contribute to this band, but it is impossible to assess it.
" the band that is notably shifted toward 1500 cm™! may indicate that the C = C vibration correspond here to aromatic rings containing O.

olivine aggregates (AOAs), Stardust grains and meteorite matrices
(Klock et al., 1989; Weisberg et al., 2004; Zolensky et al., 2006). The
analytical uncertainties do not allow the distinction between LIME from
IDPs and those from AOAs, which are less Mn rich but rule out a
connection with chondrule olivines (e.g. Weisberg et al., 2004). The
observation of one triple junction between olivines is indicative of a high
equilibrium temperature, comparable to those observed in AOAs from
C03.0 meteorite (Han and Brearley, 2015).

Finally, observations of Ryugu sections C0002-FO019 and A0064-
FOO021 reveal the presence of phases (or the possible presence for the
tochilinite) that are not usually observed in CI chondrites. 1/ Tochilinite
and presence of Al-Na-rich phyllosilicates are usually observed in CM
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chondrites (e.g. Tomeoka and Buseck, 1985). 2/FeNi metal is observed
in ordinary chondrites (Kimura et al., 2008), CH/CB or CR chondrites (e.
g Weisberg et al., 1993; Meibom et al., 1999) and some were observed in
CM chondrites (e.g. Rubin et al., 2007; Kimura et al., 2011; Palmer and
Lauretta, 2011; Hewins et al., 2014). 3/ (Fe,Ni),P polymorphs were very
rarely observed (once observed in UCAMMs, Dobrica et al., 2012). Other
phosphides, such as schreibersite were observed in the reduced enstatite
chondrite group (e.g. Lin and ElGoresy, 2002) but also occasionally in
other carbonaceous chondrites (e.g. CM group, Kimura et al., 2011; CO
group, Rubin and Grossman, 1985). 4/ It is noticeable that we observed
in section C0002-FO019 a whisker olivine. Mg-rich olivines (Fogg.100)
and enstatite platelets/whiskers were previously observed in the Paris
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Fig. 15. Combined SEM image and IR transmission maps of section A0064-FO019. (a) BSE image of section A0064-FO019. (b) distribution of the ratio of the CH
bending over the SiO stretching band areas (between 1330 and 1432 cm ! and between 1154 and 857 cm’l, respectively). (c¢) distribution of the ratio the C=0
stretching over the CH bending band areas (between 1685 and 1737 cm ™! and between 1330 and 1432 cm ™2, respectively). (d) distribution of the C-O stretching over
the CH bending band areas (between 1230 and 1300 cm™! and between 1330 and 1432 cm ™}, respectively). (e) Mean IR spectra of areas 1 and 2 in b-c-d extracted
from the hyperspectral maps. Spectrum 1 corresponds to that of a zone very rich in cg-phyllos whereas spectrum 2 corresponds to that of a zone very rich in
fg-phyllos.

Fig. 16. Bright field TEM images of sections (a) C0002-FO019, (b) A0064-FO021 and (c) A0064-FO019. The scale bar is the same for the three images. In (a), white
dotted-lines delimit ghosts of GEMS-like structures, i.e. zones enriched in nanosulfides and the red line delimits the borders of two olivines. In (b), the red dotted line
delimits the porous fine-grained rich and the compact amorphous regions.

meteorite (Leroux et al., 2015; Villalon et al., 2021) whereas only py- Dartois et al. (2023) and those of CI chondrites (e.g. Beck et al., 2014;

roxene platelets/whiskers were observed in IDPs (Bradley et al., 1983). Dartois et al., 2023). Positions and shapes of the different peaks are
globally compatible with the presence of Mg-rich Fe-bearing phyllosi-
4.2. Evolution of the IR signature as a function of lithology licates (partially crystallized), OM and ad-or absorbed water (on the

asteroid or due to Earth contamination) (e.g. Beck et al., 2010, 2014;

The IR mean signature of the observed three sections (Fig. 14 and Dionnet et al., 2018; Kebukawa et al., 2010, 2011; Yabuta et al., 2023).
Table 4) looks like those of Ruygu reported in Nakamura, et al. (2022b), The main organic content of the 3 sections have the same “backbone”
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structure, as can be deduced from the C—H signatures (stretch. and
bend.) and the main C—C and C—=0 signatures. This “backbone” shows a
signature consistent with typical IOM spectra (e.g. Orthous-Daunay
et al., 2023; Yabuta et al., 2023) and some hydrogenated amorphous
carbon materials produced in laboratory and containing small amount of
oxygen and/or nitrogen (e.g. Gadallah et al., 2012; Jager et al., 2008;
Grishko and Duley, 2002; Ristein et al., 1998). However, they also show
a variability in the peak band position, shape or width that was also
reported in Dartois et al. (2023) on their crushed analyzed grains of
Ryugu. Here, as the sample was not crushed, the relationship between
phases distributions/compositions/mineralogy observed by SEM and
TEM are used 1/ to define the IR spectra of different lithologies and 2/ to
better interpret the IR signature variability of the sample. In particular,
based on the classification of our sections, we can define the IR signature
of section A0064-FO019 as the IR signature of the major Ryugu lithology
and the IR signature of section C0002-FOO019 as the IR signature of one
of the less altered Ryugu lithologies.

4.2.1. IR signature of the main Ryugu lithology

The mean IR spectra of section A0064-FO019 represents a mixing
between the IR spectrum of cg-phyllos and fg-phyllos (Fig. 15 and
Table 4). The cg-phyllos peak maximum position is around 978 cm™,
which is close to that of serpentine (mean peak around 955 or 988 cm ™,
secondary peak around 1079 and 1069 cm ™ for the lizardite or anti-
gorite, respectively), whereas the fg-phyllos peak maximum position is
around 1000 cm ™, which is closer to saponite (mean peak around 1003
em ™) (Beck et al., 2014; Salisbury et al., 1991). These positions of the
peak maximum are in agreement with the measured composition of the
cg- and fg-phyllos (Fig. 4), which points toward a saponite rich
component in the fg-phyllos, whereas the cg-phyllos seems to show a
serpentine rich component. The large Si-O-Si asymmetric band of sec-
tion A0064-FO019 peaks around 990 cm ™!, which can be understood as
a mixing between the two types of phyllosilicates at the scale of our
section. Reported IR spectra of Orgueil give a peak band position around
1010 em ™! (e.g. Beck et al., 2014), which is slightly different from the
Si—O—Si maximum band position of section A0064-FO019. A very
minor shoulder is also visible around 1100 cm™! which was also re-
ported by Beck et al. (2014) in Orgueil and Saponite. A secondary peak
around 1176 cm™! in Orgueil was interpreted as resulting from the
presence of sulfate in the Orgueil sample. It is not visible in our section
A0064-FO019.

Here, mean IR signatures of A0064-FO019, and of both fg- or cg-
phyllos show a position around 3688 cm™! for the maximum of the
M—OH peak. Beck et al. (2014) also reported a sharp absorption around
3690 cm ! (in reflectance) in Orgueil. IR signatures of pixels from sec-
tion A0064-FO019 show a slight correlation between the Si—O—Si peak
position with the M—OH peak position (Fig. 17). Pixels with a peak
position close to 1008 cm™* show a M—OH position close to 3683 cm ™
whereas pixels with a peak position close to 975 cm ™! show a M—OH
close to 3685 cm™! (here M—OH positions are extracted by an asym-
metric gaussian fit, which explains why they differ from the average
spectrum). As Takir et al. (2013) reported a slightly more higher
wavenumber for the M—OH peak position for serpentine polymorph
(and in particular for the lizardite — 3688 cm 1) than for saponite (3673
em™ 1), the observed correlation in section A0064-FO019 could be
attributed to the higher abundance of serpentine component in the cg-
phyllos. However, it is also known that the M—OH band probes the
local cationic environment of the hydroxyl groups in the octahedral
layer of the phyllosilicates. M—OH peak position can shift toward higher
wavenumber with a Mg-enrichment of the phyllosilicate (e.g. Calvin and
King, 1997; Beck et al., 2014). So, the M—OH position at higher
wavenumber of the cg-phyllos could also be partially attributed to their
slightly higher content in Mg compared with the fg-phyllos.

The IR signature of the molecular water-OH between 3100 and 3600
cm ™! seems to be more intense in the fg-phyllos-rich region than in the
cg-phyllos-rich region, which could be attributed to either 1/ a higher
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Fig. 17. SiO versus M—OH stretching peak positions (cm™!) of all pixels
extracted from IR transmission maps of sections C0002-FO019 and
A0064-FO019.

absorption of water in the saponite rich regions as interlayers water, or
2/ a higher adsorption of water in the fine-grained porous matrix.

In CI chondrites and Ryugu, OM occurs as diffuse fine material
intimately intricated with phyllosilicates and as individual particles
(including the nanospheres) (e.g. Le Guillou et al., 2014; Yabuta et al.,
2023). In the FIB sections of Orgueil reported by Le Guillou et al. (2014),
no difference between OM from the cg-phyllos and the fg-phyllos was
reported. Yabuta et al. (2023) and Le Guillou et al. (2022) reported that
both in Orgueil and Ruygu 1/ the diffuse OM is the main carrier of
carbon, 2/ the individual particles are more aromatic than the diffuse
OM. However, Le Guillou et al. (2022) showed that the OM from Orgueil
contains more oxygenated functional groups than Ryugu. In cg-phyllos
from section A0064-FO019, the two distinct features are the protrud-
ing double band at 1720 and 1703 cm™! that corresponds to carbonyl
(C=0) moieties and the shift and broadening of the band at 1260-1270
cm ! that probably corresponds to the -C—O- stretching mode contri-
bution. It seems to indicate an enhancement of ester and/or carboxylic
acid moieties. A slight enhancement of the band at 1410 cm™! that
corresponds to olefinic = CHy bending can also be noticed in section
A0064-FO019 which may also indicate a slight increase in olefinic
moieties. So here, both SEM-EDS (Fig. 2) and IR analysis (Figs. 14, 15)
performed in-situ at local scale show that cg-phyllos seem to present 1/ a
lower content in OM and 2/ a difference in the composition of the OM
with the fg-phyllos, with a higher content in oxygen-rich functional
groups.

4.2.2. IR signature of less altered lithologies from Ryugu

Sections C0002-FO019 and A0064-FO021 belong to less altered li-
thologies than the major Ryugu lithology and show IR spectra different
from that of section A0064-FO019.

i. The Si—O—Si vibration band widths and positions vary depending
on the lithology (i.e. of the observed sections). Si-O-Si peak is thinner
for section C0002-FO019 than for section A0064-FO019 (Fig. 14)
with a maximum around 1008 cm ! closer to the peak maximum of
saponite or of the fg-phyllos of section A0064-FO019 (Fig. 15). The
dispersion of the position of Si—O—Si vibrational band is almost
absent for C0002-FO019 whereas it spreads from 974 cm ™! to 1008
cm™! for AO064-FO019 (Fig. 17). The smaller width of the Si—O—Si
vibration band in section C0002-FO019 can be attributed to the more
homogeneous composition/structure of its matrix than section
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ii.

A0064-FO019. In contrast, A0O064-FO021 shows a large Si-O-Si
vibrational band and a position of the peak maximum around 982
em™! which is quite different from sections C0002-FO019 and
A0064-FO019. The width and the shift of the band could be possibly
related to either 1/ the presence of two different lithologies, 2/ the
structure of both lithologies that are different from the two others
sections, i.e. a very fractured porous matrix in contact with a
compact very fine-grained partially amorphous matrix, 3/ the pres-
ence of a small content of cg-phyllos.

It is important to note that sections C0002-FO019 and A0064-FO021,
which are proxies for the less altered lithologies, show the very
specific band at 870-880 cm ! (more intense for C0002-FO019)
probing the presence of the anhydrous olivine in the sections
(Fig. 14), as also shown by the SEM and TEM analysis.

The weak band at 1184 cm ™! only visible in the IR signature of
A0064-FO021 (Fig. 14) can be attributed to the presence of phos-
phate in this section (Jastrzebski et al., 2011).

The M—OH vibrational peak position varies also depending on the
observed lithology. Fig. 14 shows that peak position varies from
3688 cm™! for the major Ryugu lithology (section A0064-FO019) to
3676 cm™! for our least altered lithology (section C0002-FO019).
The difference of the mean position of the M—OH position of sec-
tion C0002-FO019 with section A0064-FO019 is difficult to explain
by different Mg/Fe content of the phyllosilicates/fine-grained matrix
as these ratios are close for both sections. It could rather be explained
by a very different structure and possibly a slightly different
composition (e.g. in Al and Na content).

In addition, the difference of M—OH peak intensity between the two
sections A0064-FO019 and C0002-FO019 (Fig. 14) could probe a
different degree of crystallinity and/or alteration degree as shown by
the mineralogy of both sections, with a higher degree of alteration
and crystallinity for section A0064-FO019. Section A0064-FO021
shows a weaker M—OH band correlated to an intense molecular
H—OH vibrational band. This larger molecular water-OH vibrational
could be explained either by the more amorphous/less altered nature
of section A0064-FO021 but also by the very porous and fractured
structure of one of its lithologies which could favor the ab or
adsorption of water. This water explains the higher intensity of the
1600 cm™! band, compared with the two other spectra.

iii. Finally, the three sections also show some differences in terms of
their OM IR signatures (Fig. 14). Section C0002-FO019, i.e. one of
the less altered lithologies shows an OM IR signature relatively
similar to the fg-phyllos-rich portion of section A0064-FO019
(Fig. 15). Similarly to the fg-phyllos of section A0064-FO019, it
shows a lower abundance of oxygen-rich functional groups than
the cg-phyllos of section A0064-FO019. Section A0064-FO021 is
also very different from the two other sections. A small aromatic
—=C—H band appears clearly at ~ 3050 cm ™2, together with a
particularly prominent 1516 cm™! band with a right shoulder at
1504 cm ™!, and a small but clear band at 1184 cm™". The band at
1516 cm ™! is faintly present in the right wing of the 1614 cm ™!
band in the two other sections. As such, it can be attributed to
some particular aromatic cycle vibration contributing to the
whole C=C band and reflecting the large diversity of configura-
tions that must exist in an IOM-like material. However, its pro-
truding shape in A0064-FO021 spectrum is particularly
intriguing. It seems more plausible to attribute it to a specific
component that is added to the IOM-like material. According to
the three distinguished bands cited above, compared to the IOM-
like material, this specific component is particularly rich in aro-
matic rings that are hydrogenated (bands at ~3050 cm™! and at
1184 cm™!) and contain oxygen similarly to polyfurans (double
band at 1504-1516 cm’l, Alakhras & Holze (2007)). Finally, it
also shows a slight decrease in the C=O vibrational band
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abundance. As section A0064-FO021 presents a very fractured
lithology which could result from an impact, we propose that its
OM could have been modified upon moderate impact heating
that, in a favorable local environment, triggered or catalyzed the
conversion of part of the carbonyl (C—=0) moieties into oxygen-
containing aromatic rings.

4.2.3. Large-scale spectroscopic implications

As shown by Dionnet et al. (2023) or Brunetto et al., (2023), IR
reflective surface measurements of Ryugu asteroid fragment show slight
variations in the positions and shape of the ~10 pm (~1000 cm’l) band.
Although those variations are easily comparable with IR signature of
other meteorites or parent bodies (Brunetto et al., 2023), the mineral-
ogical origin of those variations are usually more difficult to interpret.
Here, we have chosen grains showing variations in the reflectance IR
positions and shape of the 10 pm band (Dionnet et al., 2023). Thanks to
the correlated IR/SEM/TEM studies of our sections, we show that those
variations are related to the degree of alteration of the fragment, i.e. are
indicative of the lithology of the grains. The 10 um IR signature of the
grain could thus be used in the future to fingerprint the lithologies, their
degree of alteration and their probable mineralogy.

Similarly, a survey in IR reflectance spectroscopy of the position of
the ~2.7 um (~3700 cm 1) band has been realized on a large number of
Ryugu particles (Le Pivert-Jolivet et al., 2023). This survey showed a
variation of the position of the 2.7 um band in the IR signature of the
grains from both chambers A and C, which was mainly related to
different degrees of space weathering. We show here that variations of
the 2.7 um band may also be related to different mineralogies indicative
of different degree of alteration, i.e. different lithologies. Further studies
will thus be needed at smaller scale to better evaluate the relative
contribution of the space weathering and/or variations of the miner-
alogy of the grains to the variations of the 2.7 ym band.

4.3. Implications for the history of asteroid Ryugu

The initial analyses of Ryugu material have revealed that most of the
Ryugu parent body has been extensively altered but preservation of
anhydrous material in some lithologies indicates that some of the initial
material has been preserved from aqueous alteration. Our study of
variably altered lithologies of Ruygu gives clues on the processes that
took place at the beginning (section sections C0002-FO019 and A0064-
FOO021) and during the subsequent evolution of aqueous alteration on
the parent body (section A0064-FO019).

4.3.1. Onset of alteration on Ryugu parent body

Despite olivine being fairly sensitive to aqueous alteration, previous
studies reported the presence of 10 to 30 um sized olivines preserved in
Ryugu, suggesting that they survived the alteration processes because of
their large size (Kawasaki et al., 2022; Liu et al., 2022; Nakamura et al.,
2022b; Matsumoto et al., 2022). Here, in our least altered lithologies,
(sections C0002-FO019 and A0064-FO021) not only large but also sub-
um olivines are preserved. The presence of sub-micrometer sized oliv-
ines with no alteration features suggests an extremely low degree of
alteration, as proposed also by Matsumoto et al. (2022). This very low
degree of alteration is also consistent with preservation of FeNi metal or
phosphide, which, as suggested by Nakamura et al. (2022) indicates a
water poor and Hy-rich environment, with a very low W/R ratio. In
addition, the coexistence of phases indicative of oxidizing or reduced
conditions within the same pm-sized region (e.g. phosphate and phos-
phide, FeNi metal and magnetite) points toward a very local environ-
ment of alteration.

However, the presence of alteration features in sulfides (sections
C0002-FO019 and A0064-FO021), even more sensitive to alteration,
such as replacement by phyllosilicates (Fig. 8d), Ni-depletion in rims of
Ni-rich sulfides (Fig. 9) and vesiculation of the outer rim of pyrrhotite
(Fig. 11h and i) argues that aqueous alteration has already begun
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(Fig. 11). The formation of Ni-S-Fe enriched phyllosilicate (Fig. 8d) from
sulfide alteration may be related to the formation of tochilinite by
alteration of sulfide as suggested by Le Guillou and Brearley (2014) in
CR 3.0 carbonaceous chondrite or Leroux et al. (2015) for the Paris CM
chondrites. Tochilinite formation from sulfide was also observed in the
aqueous alteration experiments of IDPs described in Nakamura-
Messenger et al., (2011).

Nakamura-messenger et al. (2011) showed that aqueous alteration of
anhydrous porous IDPS led first to the alteration of GEMS with the
transformation of amorphous silicates from GEMS into saponite/
serpentine, the alteration of nano-sized kamacite and pyrrothite grains
into tochillinite followed by the alteration of Mg-rich pyroxene (ensta-
tite) and finally the alteration of forsterite. Here, in sample C0002-
FO019 and A0064-FO021, we only observed forsterite whereas both
low-Ca pyroxene and forsterite were observed in the least altered li-
thology from Nakamura et al., (2022b). In addition with the observation
of features of alteration in sulfides, this suggests that the onset of
aqueous alteration has already begun and led to the disappearance of
low-Ca pyroxene, with the preservation of forsterite.

The presence of amorphous and partially crystallized material (sec-
tions C0002-FO019 and A0064-FO021) is commonly observed in
primitive solar system material either in type 3.0 carbonaceous chon-
drites (anhydrous lithology in Paris, C03.0, CR3.0) (e.g. Brearley, 1993;
Greshake, 1997; Hewins et al., 2014; Leroux et al., 2015; Abreu and
Brearley, 2010; Le Guillou and Brearley, 2014) or in IDPs and UCAAMs
(e.g. Bradley et al., 1988; Dobrica et al., 2012). Nakamura et al., (2022b)
observed a very porous lithology with GEMS-like amorphous silicates
resembling the chondritic porous IDPs (Bradley, 1994), the least altered
lithology of Paris (Leroux et al., 2015) or the UCAAMs (Dobrica et al.,
2012). Other primitive type 3.0 carbonaceous chondrites present
matrices containing less porous amorphous material with embedded
sulfides (Brearley, 1993; Greshake, 1997; Hewins et al., 2014; Leroux
et al., 2015; Abreu and Brearley, 2010; Le Guillou and Brearley, 2014).
GEMS in anhydrous IDPs are amorphous silicates with embedded metal
and sulfide objects, usually embedded/rimmed with organic carbon
(Ishii et al., 2018). GEMS in UCAMMs differs from GEMS in IDPs as they
are enriched in S and present only inclusions of sulfide (Dobrica et al.,
2012). The GEMS-like objects described in Ryugu by Nakamura et al.,
(2022b) or in the least lithology of Paris (Leroux et al., 2015; Ohtaki
et al., 2021; Villalon et al., 2021) also present some differences with
GEMS from IDPs such as 1/ the absence of FeNi nanoparticle, 2/ trace of
poorly crystallized phyllosilicate, that have been interpreted as resulting
from aqueous alteration (Nakamura et al., 2022b). The genetic re-
lationships between GEMS like objects found in Paris, or C3.0 primitive
meteorites and GEMS from IDPs are discussed in details in Ohtaki et al.
(2021) and Villalon et al., 2021. The origins and the filiation of these
different types of amorphous materials are thus still under debate (e.g.
Keller and Messenger, 2011; Brearley, 1993; Bradley et al., 1999; Ohtaki
et al., 2021; Villalon et al., 2021) but are usually interpreted 1/ as
resulting from the accretion of primitive amorphous nebular conden-
sates or interstellar grains and 2/ as the initial starting material from
which meteorites formed (e.g. Brearley, 1993).

The amorphous/partially crystallized material with cluster of nano-
sulfides in section C0002-FO019 exhibit a texture intermediate between
a porous aggregate of GEMS-like material and a more compact amor-
phous/partially crystallized texture. This suggests that clusters of
nanosulfides are remnants of individual sub-um amorphous units such as
GEMS-like objects (Fig. 16). As the least altered lithology reported by
Nakamura et al., (2022b) presents highly porous aggregates of GEMS-
like material, the sulfide-poor interstitial amorphous material between
these GEMS-like ghosts can be viewed as an interstitial filling between
the GEMS-like units. If the different lithologies of Ryugu are genetically
related, this interstitial filling must have formed on the parent body at
the onset of aqueous alteration. The variable degree of crystallinity of
the matrix observed in section C0002-FO019 (Fig. 6a, b and c) suggests
the precipitation of a gel-like material in the pores that progressively
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crystallized as phyllosilicates. As proposed by Le Guillou and Brearley
(2014), the initial amorphous material was most likely hydrated, which
is supported by the micrometer scale variation in the degree of phyllo-
silicate crystallinity. This interpretation agrees with the above obser-
vations of incipient local alteration. Finally, presence of fg-phyllos and
minor cg-phyllos in the porous fine-grained lithology of section A0064-
FOO021 in coexistence with olivines argue for a slightly more advanced
stage of alteration for this lithology than for section C0002-FO019.

In nano-to micro sulfides from our least altered lithology, which
present features of alteration, the unaltered portion of those sulfides
may be inherited directly from the solar nebula. These primary sulfides
show depletion in S and enrichment in Ni, of enigmatic origin, compared
to pyrrhotite and/or pentlandite (Fig. 4). Both SEM and TEM analyses
give consistent results and sulfides from other lithologies have the usual
chondritic composition of sulfides, suggesting that these compositions
are not the result of an analytical artifact. The presence of ym- sized FeNi
metal (Fig. 5) or <100 nm C-bearing FeNi metal surrounded by pyr-
rhotite (Fig. 9) or Ni-rich sulfides, could be the trace of the sulfidation of
FeNi metal in the nebula (e.g. Lauretta et al., 1996, 1997, 1998),
although the reaction products of experimental sulfidation differs to
some extent from our observations. For example, we did not observe
different layers of sulfide surrounding a kamacite core as formed in the
sulfidation experiments of Lauretta et al. (1998). This may be due to
different sulfidation conditions or different scales of observations. Thus,
a possible explanation for the observed sulfide compositions in our least
altered lithology would be the combination of two incomplete processes:
the progressive sulfidation of FeNi metal in the nebula and the onset of
aqueous alteration in the Ryugu parent body. A dedicated study of the
structure of the sulfides and comparison with those found in CI chon-
drites and IDPs (Dai and. Bradley, 2001; Berger et al., 2016) would bring
additional information about the nebula versus aqueous alteration
processes that led to their formation.

In our least altered lithology, the presence of calcite and magnetite is
probably related to their formation during the very onset of alteration, in
line with oxygen isotopic composition of calcite and early magnetite
(Fujiya et al., 2023; Kita et al., 2022; Aléon et al., 2023). The observation
of nm-sized areas with a high Ca content heterogeneously distributed in
the matrix (Fig. S3 or S5) of sections C0002-FO019 and A0064-FO021
may be related to the presence of Ca-carbonate precursors of nebular
origin such as hydrated amorphous nanocarbonates, which have been
experimentally produced by non-equilibrium condensation of a solar gas
at low temperature (Toppani et al., 2005). Although magnetites in our
least altered lithology differ in morphology from those studied previ-
ously, they may have precipitated from a gel-like material, as suggested
from TEM observations and water content of magnetite spherulites
(Aléon et al., 2023; Dobrica et al., 2023). The onset of alteration could
also lead to the formation of various Na-rich phyllosilicates (Nakamura
et al., 2022b), as observed in section C0002-FO019. The observation of
enigmatic Fe-S-Mg-O layered nodules with a C-rich core may also be
related to this onset of aqueous alteration or be of pre-accretionary
origin. As they were not observed in the least altered lithology (Naka-
mura et al., 2022b), we favored a relationship with the beginning of
alteration, maybe related with the formation of tochilinite.

4.3.2. Advanced aqueous alteration on Ryugu

Based on studies of CI chondrites, numerous authors suggest the first
formation of cg-phyllos followed by their evolution into fine-grained
material (e.g. Tomeoka and Buseck, 1985, 1988; Buseck and Hua,
1993 and compilations in Morlok et al., 2006).

The observation of different stages of alteration from the least altered
lithology (Nakamura et al., 2022b and section C0002-FO019) to the CI-
type lithology (section A0064-FO019) rather suggests the formation of
fg-phyllos with embedded nano-sulfides before cg-phyllos. Indeed,
crystallization of the initial amorphous silicate together with alteration
of primary nano- and micro-sulfides during the onset of alteration is
expected to produce a fine-grained weakly crystallized phyllosilicate
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enriched in S. In the CI-type lithology section A0064-FO019, sub-um
sulfides associated with fine-grained phyllosilicates are different from
those of the less altered lithology (sections C0002-FO019 and A0064-
FO021). They are euhedral and have compositions of regular pyrrho-
tite observed in CI, which indicates a secondary origin. So contrary to
CM chondrites, where the mobility of S led to formation of tochilinite
intermixed with phyllosilicate (Leroux et al., 2015), the conditions of
aqueous alteration in Ryugu probably favored the precipitation of a
second generation of sulfides associated with fine-grained
phyllosilicates.

By contrast cg-phyllos are devoid of nanosulfides indicating a dras-
tically different mechanism of formation, not directly derived from the
initial S-rich amorphous silicates. We rather suggest a late precipitation
of well crystallized cg-phyllos in larger remaining fractures/veins/pores,
with phyllosilicates layers radiating inward from the edges (Fig. 3). The
presence of more oxygenated functional groups in OM associated with
cg-phyllos indeed suggests more oxidative conditions, eventually in a
more water-rich environment. The Mg-enrichment of the cg-phyllos
supports a late formation, in line with the idea that early alteration
produces more iron-rich phyllosilicates, whereas late alteration pro-
duces more Mg-rich minerals due to the late alteration of Mg-rich
anhydrous minerals, more resistant to alteration. This late formation
of cg-phyllos associated with a more O-rich OM indicates that part of the
OM in Ryugu also formed late, either during the precipitation of cg-
phyllos or by trapping of mobile organic species in the cg-phyllos,
possibly from water soluble OM (e.g. hydrophilic molecules, Vinograd-
off et al., 2017). The similarity of the OM IR signature between fg-
phyllos and fine-grained matrix from our less altered sections supports
formation of fg-phyllos from the initial amorphous matrix of the less
altered lithology before the formation of cg-phyllos and associated OM.
This implies that different generations of OM are mixed in bulk analyses
of Ryugu and possibly other Cl-related material. The occurrence of
different OM in different mineralogical context at the pm scale must thus
be taken into account in future studies.

Finally, section A0064-FO019 shows a higher concentration in
diffuse Na, which may result from the redistribution of Na from the Na-
rich phyllosilicates present in the least altered lithology, in agreement
with extremely short-scale cations diffusions at the beginning of alter-
ation whereas the late stage of alteration favor larger scale processes.

4.3.3. Impact evidence

Finally, the combination of the observation of a fractured lithology
with the presence of cracks around phosphates and the composition of
the OM in A0064-FO021 points toward a slight modification of this li-
thology by very mild shock (Nakamura et al., 2022b). The presence of
such features of impact in the less altered sample is in line with the
origin of Ryugu as a reaccumulation of material altered to different
degree coming from a parent-body that was disrupted by an impact
(Nakamura et al., 2022b; Yamaguchi et al., 2023).

4.3.4. Outer solar system origin of primitive Ryugu material

The study of our least altered lithology of Ryugu gives clues to the
nature of the initial primitive material from which the major Ryugu li-
thology could have formed.

Our observations and those of Nakamura et al., (2022b) indicate that
the least altered material is mainly composed of highly porous aggre-
gates of sub-um amorphous silicate units, akin GEMS-like object in
UCAMMs or Paris’ least altered lithology. The ubiquitous presence of
such amorphous material related to UCAMMs or Paris’ least altered li-
thology and their alteration products in Ryugu is in agreement with an
outer solar system origin for most of the material accreted in the parent
body of asteroid Ryugu (Kemper et al., 2005; van Boekel et al., 2004;
Dobrica et al., 2012).

Similarly to UCAMMs and Paris, but contrary to IDPs, the amount of
FeNi metal inclusions is limited in amorphous silicate and nano-
inclusions are instead dominated by sulfides (Dobrica et al., 2012;
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Leroux et al., 2015; Bradley, 1994). The primary nature of those sulfides
indicates that the difference between Ryugu, UCAMMS and IDPs is due
to nebular processes, for example, a different amount of sulfidation
(Dobrica et al., 2012). The occurrence of FeNi phosphide is also quite
interesting as it was very rarely observed in meteorites and even less in
carbonaceous chondrites. Its observation in UCAMMSs (Dobrica et al.,
2012) points also toward a common origin of the primitive material of
Ryugu with cometary type material.

The presence in the least altered lithology of Ryugu of sub-um
whiskers/platelets olivines and Mn-enriched olivines indicates the
preservation of nebular dust condensed at high temperature in the inner
region of the protoplanetary disk. The presence of high temperature
material is also supported by the occurrence of olivine with triple
junction annealed at high temperature. Such morphologies of anhydrous
minerals were also observed in the Paris meteorite or anhydrous IDPs
(Leroux et al., 2015; Villalon et al., 2021; Bradley et al., 1983) and argue
again for a common origin for those classes of objects. The observed
anhydrous material in our less altered lithology of Ruygu is extremely
fine-grained (sub-um), in agreement with other observations of anhy-
drous material related to refractory inclusions or chondrules (Liu et al.,
2022; Kawasaki et al., 2022; Nakamura et al., 2022b; Nakashima et al.,
2023). Together with the oxygen isotopic distribution in olivine and
pyroxene from Ryugu (Kawasaki et al., 2022), the extremely fine-
grained nature of the high temperature material observed in Ryugu is
similar to that observed in Stardust sample from comet Wild2 and IDPs
(Bradley et al., 1983, 1988; Zolensky et al., 2006). The presence of such
very small high-temperature material from the inner solar system can be
attributed to very efficient transport from the innermost toward the
outermost solar system where the parent body of Ryugu and comets
accreted.

5. Conclusion

The first combination of IR spectroscopy, SEM and TEM on slices
extracted from three fragments of Ryugu showing a different IR reflec-
tance signature revealed different lithologies. Each different lithology
has its own IR signature, indicative of the mineralogy of the section but
also of its history in the Ryugu parent body. The different observed li-
thologies are comparable to those already observed in Ryugu by Naka-
mura et al. (2022b). Two lithologies (section C0002-FO019 and the
compact fine-grained lithology of section AO064-FO021) are close to the
least altered lithology with anhydrous minerals embedded in a partially
amorphous matrix. It presents different unequilibrated phases and
shows the onset of aqueous alteration in very local micrometer-sized
regions. One lithology (section A0064-FO019) resembling the major
Ryugu lithology as well as CI chondrites shows an advanced stage of
alteration. The last one (the fractured lithology of section A0064-
F0021) belongs to the group of the less altered lithologies but shows a
slightly more advanced stage of alteration and features of very mild
impact. We suggest the following chronology of formation and evolution
for Ryugu: (1) accretion of highly porous aggregates of GEMS-like units
with fine-grained high-temperature anhydrous silicates, (2) onset of
alteration with the dissolution of the sulfides and development of
amorphous/partially crystallized material in the pores, (3) crystal-
lisation of fg-phyllos with a second generation of sulfide, (4) later
crystallisation of cg-phyllos devoid of nano-sulfides in a more water-rich
and oxidizing environment. Formation of other minor phases, such as
phosphates, carbonates or magnetite probably occurred during the last
two phases.

In the least altered lithology, the mineralogy presents similarities
with that of anhydrous interplanetary dust particles, UCAAMs and of
some very little altered carbonaceous chondrites, which suggest that the
Ryugu parent body sampled material related to comets, as suggested by
other mineralogical, or isotopic studies (e.g. Nakamura et al., 2022b;
Kawasaki et al., 2022) but also by studies investigating the link between
the reflectance IR spectra of Ryugu anhydrous ingredients with that of
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primitive asteroids and comets (Brunetto et al., 2023). Some mineral-
ogical observations, such as those of the layered nodules need more
advanced studies to be fully understood.

Ryugu thus formed from the reaccumulation of material issued from
a parent-body accreted in the outer solar system and later disrupted by
an impact (Nakamura et al., 2022b; Yamaguchi et al., 2023; McCain
et al., 2023). This material with different degrees of alteration comes
from different regions of the parent body with different local alteration
conditions, possibly issued from different depths inside the parent body.
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