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Abstract

Surface and subsurface materials of C-type near-Earth asteroid 162173 Ryugu were collected and successfully
returned to the Earth in the Hayabusa2 mission. Fourier Transform Infrared Spectroscopy (FTIR) has been conducted
to characterize these returned samples as one of the initial descriptions in a non-destructive manner under a purified
nitrogen condition without terrestrial contamination. We selected the individual grains and aggregate samples that
were not severely influenced by the reflection of incident beam at the sapphire dish and analyzed their reflectance
spectra using the primary component analysis (PCA). The result indicates that Ryugu returned samples are highly
homogeneous with only a little heterogeneity. The average spectrum of the main PCA group is represented by four
absorption bands at 2.7, 3.05, 3.4, and 3.95 um. The spectral feature is consistent with that obtained from bulk FTIR
measurements, indicating potential presence of hydroxyl, organics, and carbonates. Rarely observed types of grains
with unique spectra are categorized into three groups: significantly high reflectance, carbonates, and hydroxyl com-
pounds with broad OH absorption.
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Introduction

The Hayabusa2 spacecraft collected a total of~54 g
of sample at the surface of the C-type asteroid 162,173
Ryugu and successfully returned to the Earth in the mis-
sion (e.g., Tsuda et al. 2020; Tachibana et al. 2022). The
collected samples were transported to the curation facil-
ity in the Institute of Space and Astronautical Science
(ISAS), Japan Aerospace Exploration Agency (JAXA),
in Sagamihara, Japan, and stored in the clean chambers
with purified nitrogen, except for a few grains picked
up under vacuum condition, to keep these samples as
physically and chemically pristine as possible. The upper-
most centimeter-scale layer of Ryugu collected during
the first touch-down sampling (TD1) was stored into
the Chamber A of the sample catcher, while the surface
to subsurface layer (a few meters) of Ryugu collected
close to the artificial crater excavated by the impact of
the small carry-on impactor (Arakawa et al. 2020) dur-
ing the second touch-down sampling (TD2) was stored
into the Chamber C. They were separately transferred
to the “bulk” dishes (23 mm in diameter) made of sap-
phire glass placed in a stainless steel container (Yada
et al. 2022). Then, initial descriptions for these returned
samples have been performed, such as weighing, optical
imaging, FTIR in 1-5 pm wavelength range (Yada et al.
2022), MicrOmega as a hyperspectral NIR microscope
in 0.99-3.65 um range (Pilorget et al. 2022), and visible
multispectral imaging (Cho et al. 2022). Individual grains
with the diameter larger than 1 mm and the aggregate
samples consisting of sub-millimeter fine grains have
been transferred from bulk dishes of Chambers A and
C to small-sized sample dishes (15 and 10 mm in diam-
eter) to be allocated for science community and also to

be archived for future research works. Initial descriptions
for these samples were performed in the same manner as
for the bulk samples.

Based on the NIR-FTIR and MicrOmega analysis on
the bulk samples, returned Ryugu samples are repre-
sented by a deep OH absorption centered at 2.7 pum
which is comparable to meter-scale remote sensing
data by Near-InfraRed Spectrometer (NIRS3) on board
Hayabusa2 (Kitazato et al. 2019), and also by absorp-
tion between 3.3 and 3.5 pm centered at around 3.4 pm
which is likely a series of overlapping vibrational features
(Pilorget et al. 2022; Yada et al. 2022). MicrOmega spec-
tral reflectance data also indicate sub-mm-scale features,
such as carbonates with 2.3, 2.5, and large 3.3-3.5 pum
absorptions and hydroxyl compounds with broad 3 pm
absorption (Pilorget et al. 2022). Here we examined the
homogeneity and heterogeneity of returned Ryugu sam-
ples with respect to the millimeter-scale NIR-FTIR spec-
tra using the individual grains and aggregate samples.

Methods

System overview

The FTIR measurement system in this study consists of
the spectrometer (VIR-300, JASCO Corporation) and the
sample chamber (Fig. 1). The spectrometer is equipped
with a Si/CaF, beam splitter and a liquid nitrogen-cooled
indium antimonide (InSb) detector working in 1 to 5 um
spectral range. The standard light generated from a Hal-
ogen lamp passes through the sapphire glass viewport
and illuminates the sample in the sample chamber with
incidence and emission angles of 16°, and then reflects
on the surface of the sample. A spot size of the incident
light beam on the sample is approx. 1 mm diameter
when the smallest aperture is used. The sample chamber
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Fig. 1 Overview of the FTIR measurement system with front and side views
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is connected to the clean chamber and kept in purified
nitrogen condition so that these samples are measured
without atmospheric and particulate contamination.
Since the spectrometer is not enclosed in the nitrogen
condition, purified nitrogen is installed by flowing in the
unit to reduce the influence of the absorptions caused in
the atmosphere.

Measurement procedure

Background signal is obtained using the diffuse gold
reflectance standard (Infragold, manufactured by Lab-
sphere) placed inside the sample chamber to assume its
reflectance value as 100%. Immediately after the back-
ground measurement, the gold standard (Infragold)
was measured relative to itself (acting as sample and
background), which should result in a spectrum hav-
ing reflectance value of 100% at all wavelengths. Then
it is noted that by doing this same measurement later
(e.g., after Ryugu samples) it can be determined how the
atmospheric conditions have evolved/changed during
the course of the sample measurements. There are five
absorption bands at 1.4, 1.85, 2.6-2.8, 3.1, and 4.2 um in
the background spectra (Fig. 2a). The absorption bands
at 1.4, 1.85, 2.6—2.8 um are derived from H,O and that at
4.2 pm from CO, in atmosphere. The absorption band at
3.1 pm is possibly due to an instrumental artifact because
in some cases the influence of H,O and CO, appear as
positive excursion in the Infragold measurement after
sample analysis, but the 3.1 pm feature always appears
as negative excursion. The other possibility is that the
3.1 pm feature comes from water—ice deposited in the
InSb detector which is sometimes a problem with a
nitrogen-cooled detector. The depths of these absorption

of the spectrometer unit and the sample chamber. Yellow and red lines

bands are less than 1% in most cases. The OH absorp-
tions are basically not observed in the sample spectra, but
shallow absorption at 2.6 um might be due to the water
in atmosphere (Fig. 2b and 2c). On the other hand, CO,
absorption often appears in the sample spectra, which
might be because the signal intensity rapidly decreases
above 4.0 um and the spectrum in that wavelength range
is easily affected by the environmental change inside the
spectrometer between the background and sample meas-
urements, especially in low reflectance materials as the
Ryugu samples (<5%). We concluded that atmospheric
OH absorptions in the sample spectra are negligible level.
On the other hand, atmospheric CO, absorption tends to
influence on the sample spectra, and therefore, the spec-
tral data at around 4.2 pm are not used in the analysis.

Samples used in this study are individual grains and
aggregate samples which FTIR measurements were con-
ducted before November 2021.

Effect of reflectance from sapphire dish

When the individual grain size is smaller than the beam
spot size, the incident light beam partly reflects on the
surface of a sample dish made of sapphire glass, which
affects the reflectance spectrum of samples (Fig. 3).
To evaluate the effect of reflected light from a sapphire
dish, we measured different areas in the aggregate sam-
ple (A9009) where grains and particles are densely to
sparsely distributed (positions 1-4) and the sapphire dish
itself (position 5) as shown in Fig. 4. The reflectance of
position 5 far exceeds 100% because the specular reflec-
tion from a sapphire dish is higher than the diffuse reflec-
tion from the Infragold. This examination is based on the



Hatakeda et al. Earth, Planets and Space (2023) 75:46

24
o

o
(=)

i
o

/\

Single beam
w
o

N
(=]

O-H
(e.g. H,O)

=\
o

0.0
102

b

101

AR A
MMWM\AW

100

reflectance[%]

——before
-after

o
=]

C

ke NP Peans!

» » »
ES o ®

reflectance[%)]

»
M)

4.0
1.0 1.5 20 25

Page 4 of 14

C-O
(COy)

104

103

Infragold (after) 10z
476 —Sample

S\ 1026
/

3.0 35 4.0 4.5 5.0

wavelength[pm]

Fig. 2 Influence of absorption in atmosphere. Absorption bands of OH (1.4, 1.85, 2.6-2.8, 3.1 um) and of CO, (4.2 ym) are detected in a background
signal, and b Infragold spectra after the sample measurement (example of A0014). Basically no absorption band is detected in the Infragold spectra
before the sample measurement. ¢ Only CO, absorption is detected in the sample spectrum (example of A0014)

assumption that most of Ryugu grains and particles are
spectrally homogeneous as described in the next chapter.

In terms of how the amount of sapphire material within
the beam spot changes, with the increasing reflectance
from a sapphire dish, the reflectance increases in entire
wavelength range, the spectral slope changes from posi-
tive to negative especially in the wavelength of 1.0-
2.5 um, and the absorption band depth decreases (Fig. 4).
Based on the result of this examination, we determined
the samples significantly affected by the reflected light

from the sapphire dish which has negative spectral slope
in entire wavelength range with less than 5% of shallow
2.7 um absorption band. We excluded those samples and
remaining118 out of 205 individual grains and 9 out of 13
aggregate samples were used for data analysis.

Results and discussion

Principal component analysis (PCA)

We used the FTIR spectra of the samples in the range of
2.65-4.1 pm instead of the measurable wavelength range



Hatakeda et al. Earth, Planets and Space

(2023) 75:46

Page 5 of 14

. «— sample

\p

sapphire
dish

Fig. 3 Incident beam spot illuminating on the individual sample (C0033) and sapphire dish. Optical images with a internal light and b incident

beam alone

of 1-5 pum, because a severe effect of reflectance from a
sapphire dish mainly appears in the range of 1-2.5 ym,
the absorption of atmospheric CO, often appears at
4.2 pm, and noisy spectra due to low signal intensity at
4.2-5 um. PCA is a straightforward technique to be used
for examination of spectral features by reducing the per-
tinent information in the spectra to a small number of
components and PCA results can also be used to divide
the data in groups (e.g., Bus and Binzel 2002; Paton et al.
2011). Total of 245 spectral data (197 for 118 individual
grains and 48 for 9 aggregate samples) were analyzed
using PCA (Additional file 1) and result is plotted in prin-
cipal component space shown in Fig. 5. The PCA result
indicates that the returned Ryugu samples are highly
homogeneous (97% of individual grains are included in a
single group) and only few samples show unique spectra.

Principal component 1 (PC1) is related to reflectance
values of samples (R*>0.99) represented by those at
2.65 um where there is no absorption band in the selected
wavelength range. Principal component 2 (PC2) seems to
be related to the spectral slope between 2.65 and 4.1 pm
(R*=0.82) as shown in Fig. 6. Contribution rates of PC1
accounts for more than 99.7% and PC2 for 0.2% (Table 1).
This indicates that the spectral variations of Ryugu sam-
ples are mostly explained by their reflectance variations,
especially of individual grains which is much larger than
those of aggregate samples (Fig. 5a). The large reflectance
variation in the individual grains would be resulted from
the effect of reflectance from a sapphire dish because the
effect is observed in wavelength range of 1.0 to 2.5 pm in
many of the individual grains.

Averaged reflectance spectrum of main group
Reflectance spectra of main groups including both indi-
vidual grains and aggregate samples were normalized to

2.65-4.1 pm continuum and averaged to examine the
spectral features. Reflectance of each spectrum was first
normalized at the wavelength of 2.0 um. Then, a straight
line continuum was made to fit in wavelength between
2.65 and 4.1 pm, and the spectrum was modified as flat
continuum between 2.65 and 4.1 um (Fig. 7).

The averaged spectrum of main group is represented
by four absorption bands at 2.7, 3.05, 3.4, and 3.95 um
(Fig. 8), which is consistent with the FTIR spectra
obtained from the bulk Ryugu samples (Yada et al. 2022).
The prominent deep absorption centered at 2.72 pm is
one of the typical characteristics of Ryugu indicating
the presence of hydroxyl, detected not only by FTIR but
also by MicrOmega (Pilorget et al. 2022) and by NIRS3
remote sensing (Kitazato et al. 2019). Absorption bands
at 3.05 and 3.4 um are indicated as possible organic mate-
rials. Pilorget et al. (2022) interpreted that the 3.05 and
3.4 um bands indicate the N-H-rich and C-H-rich com-
pounds, respectively, but carbonate absorption is also
present at 3.4 um. The absorption band at 3.95 um is only
detected by FTIR because the spectral range of MicrO-
mega is up to 3.64 um. The fact that this absorption band
always appears with that at 3.4 um in the samples ana-
lyzed in this study, the 3.95 um absorption band coex-
isting with 3.4 pm band would indicate the presence of
carbonate. Supportively Fig. 9 shows the deformation of
carbonate spectral feature by shifting the measurement
area. This is probably because the carbonate-rich area in
the incident beam spot was reduced by shifting the meas-
urement area.

Averaged reflectance spectrum of individual grains
(2.65-4.1 pm) and aggregate samples included in the
main group of PCA plot show similar spectral profiles
to that of bulk samples analyzed in Yada et al. (2022)
in terms of the presence of absorption bands at 2.7,
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Fig. 4 Effect of reflectance from sapphire dish. a Measurement areas on the aggregate sample, A9009. Grains and particles are fully occupied in
the beam spot in position 1. Measurement spots were then shifted to the edge of the aggregate sample and void ratio increases from positon 2

to 4. Sapphire dish itself is measured in position 5. b Reflectance spectra of each measurement area increasing from positions 1 to 5. ¢ Reflectance
spectra normalized at 2.6 um to compare the spectral profiles of positions 1 to 5. d Normalized reflectance spectra continuum with 2.6-3.2 um, and
e 3.3-3.6 um show the change in absorption band depth from positions 1 to 5

3.05, 3.4, and 3.95 um, and spectral slope is also similar
between the aggregate and bulk samples (Fig. 10a). On
the other hand, individual grains and aggregate sam-
ples are higher in reflectance and larger in variation of
absorption band depth at 2.7 pm compared to those of
bulk samples (Fig. 10b, c). Higher reflectance and large
variation of 2.7 um band depth of individual grains are
mainly explained by the effect of reflectance from a sap-
phire dish which is observed in the wavelength range
of 1.0 to 2.5 um in many of the samples. The difference

between aggregate and bulk samples would be caused by
the difference of incident beam spot size which is approx.
1 mm for the aggregate samples (as well as the individ-
ual grains) and approx. 6 mm for the bulk samples. The
smaller beam spot would be more sensitive to the influ-
ence of surface morphology, especially of the locally high
reflectance area. The spectral profile of the aggregate
sample is also comparable with the averaged bulk sample
spectra by MicrOmega (Pilorget et al. 2022).
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Table 1 Contribution rate of PCA (PC1 to PC5) for individual Detailed mineralogical analysis using a part of Ryugu
grains and aggregate samples samples (e.g., Ito et al. 2022, Nakamura et al. 2022a, b)

Contribution rate reported that the Ryugu grains mainly consist of phyllo-
silicate-rich (saponite and serpentine) matrix with fine

PC1 09976073 grained (10’s of pm to sub-micrometer) components,
PC2 0.0018695 such as carbonates, Fe sulfides, phosphates, magnetite,
PC3 0.0002893 olivine, and pyroxene. Carbonate minerals are commonly
PC4 0.0000875 observed in the Ryugu grains, in which fine grained dolo-
PC5 0.0000439

mite is the most abundant and breunnerite is less abun-
PC1 accounts for more than 99.7% of contribution rate dant but occurs as larger crystals (Nakamura et al. 2022a;
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b). The carbonate feature as observed in averaged spectra
of individual grains, aggregate, and bulk samples in this
study would reflect the common occurrence of carbon-
ates in the Ryugu returned samples, mainly derived from
fine grained dolomite. On the other hand, distinct car-
bonate spectral feature observed in A0059 in Fig. 9, and
C0041 (as shown below) might be derived from large bre-
unnerite grains.

Heterogeneity in the returned Ryugu samples

As the result of PCA, returned Ryugu samples rarely
contain the grains with unique spectra detected by NIR-
FTIR analysis. In this study, we obtained three types of
unique spectral features; carbonates with two deep broad
absorptions at 3.3-3.5 and 3.8-4.0 pm (Figs. 11a, 12b),
the ones represented by significantly high reflectance
(approx. 15%, Fig. 11b-d), and hydroxyl (—OH-rich)
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be the small white areas on the grain

compounds indicating broad absorption between 2.65
and 4.0 pm with maximum absorption at around 2.7 pm
(Fig. 12a). The significantly high reflectance samples
accounts for 2.5% (3 out of 118 samples) and the sam-
ple including large carbonate for 0.8% (1 of 118) of the
individual grains. On the other hand, Nakato et al. (2023)
represented that grains with white components with
more than>300um? accounted for 6% of 205 individual
grains based on the optical microscopic images. They
are considered as carbonates or compounds with broad
OH absorption, but most of them are much smaller than
the spot size (approx. 1 mm in diameter) of the FTIR
and their spectral characteristics would be hidden by
the surrounding matrix spectra. The grains with broad
OH absorption are always found as sub-mm-sized grain
and not observed in the individual grains of larger than
1 mm in size. Carbonates and compounds with broad
OH absorption were also detected by MicrOmega as sub-
mm grains or clasts/inclusions in the bulk samples (Pilor-
get et al. 2022). Extraordinary high reflectance in samples

A0038 and C0079 contain flat metallic face on their
surface. On the other hand, high reflectance of A0054
without apparent clast/inclusion might be explained by
specular reflection by flat smooth surface facing upwards
on the grain (Yumoto et al. 2022). Based on the optical
microscopic images, the metallic components in A0038
and C0079 seem to be aggregates of very fine bright par-
ticles surrounded by relatively rough and coarse grained
dark matrix. Similar structure was found in the polished
section of A0035 by Nakamura et al. (2022a). The struc-
ture called “massive domain” is light-colored region of
several 100’s um in size containing abundant fine grained
(<10’s of um) Fe sulfide distinct from the surrounding
matrix predominantly composed of phyllosilicate with
coarse grained (10’s of um to 100 um) components, such
as carbonate, phosphate, Fe sulfide, magnetite, olivine,
and pyroxene. This implies that the metallic phases rarely
found in Ryugu grains are aggregates of fine grained
(<10’s of um) components with abundant Fe sulfides.
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In conclusion, FTIR spectroscopy under the purified
nitrogen condition is a powerful tool to estimate miner-
als and chemical components in extraterrestrial materi-
als recovered by sample return missions without any of
terrestrial contamination and with non-destructive man-
ner, including the damage on samples by heat, UV, and
X-rays. In this study, hydroxyls in phyllosilicates and car-
bonates are detected in the Ryugu returned samples with
the wavelength range of 1-5 pm. More detailed charac-
terization of samples by improving the FTIR system for
the future sample return missions, such as OSIRIS-REx
and MMX, will be significantly valuable for research-
ers to select samples suitable for their investigations. It
is expected to detect a variety of organics features and
mineral components by extending the measurable wave-
length range to Mid-infrared and also to identify the spe-
cific sub-mm-sized spectral features within a single grain
by narrowing the beam spot.

Summary

Near-infrared FTIR spectrometric analysis has been
conducted for individual grains and aggregate samples
transferred from bulk Ryugu samples. We evaluated

the effect of reflectance from the sample dishes made
from sapphire and revealed that with increasing the
sapphire effect, reflectance in entire wavelength range
increases, the spectral slope especially in 1.0-2.5 pum
changes from positive to negative, and the absorption
band depth decreases. Total of 245 spectral data in 118
samples without or less affected by the sapphire sample
dish were processed using PCA, and the result indicates
high homogeneity of Ryugu samples. Averaged spectrum
of main (homogeneous) group is represented by four
absorption bands at 2.7, 3.05, 3.4, and 3.95 um which
are consistent with those of bulk samples analysis by
FTIR. The 3.95 um absorption band is only detected by
FTIR, and coexistence of 3.4 and 3.95 um bands implies
the presence of carbonate. Comparison of average spec-
tra and variability in absorption band depth at 2.7 pm
between individual grains, aggregate, and bulk samples
indicates that significantly high reflectance and large
variation of band depth in individual grains than the oth-
ers would be caused by the effect of reflectance from sap-
phire dishes, and slightly higher reflectance and variation
of band depth in aggregate samples than in the bulk sam-
ples are possibly due to the smaller spot size in aggregate
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samples which would be more sensitive to the sample
surface morphology. Samples with unique spectral fea-
tures are rarely found, and there are three types: the one
with significantly high reflectance, carbonate with two
deep broad absorptions at 3.3-3.5 and 3.8—-4.0 pm, and
hydroxyl compound with broad OH absorption peaked
at around 2.7 pm. The grains with high reflectance spec-
tra contain flat and metallic clasts/inclusions which are

considered to be an aggregate of fine grained components
dominated by Fe sulfides. Carbonate features as observed
in averaged spectra of individual grains, aggregate, and
bulk samples possibly indicate the common occurrence
of carbonate minerals mainly derived from fine grained
dolomite in Ryugu grains/particles, while distinct car-
bonate features observed in specific samples would be
derived from large clasts/inclusions of breunnerite.
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