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Abstract—Analyzing primitive extraterrestrial samples from asteroids is key to understanding
the evolution of the early solar system. The OSIRIS-REx mission returned samples from the
B-type asteroid Bennu, providing a valuable opportunity to compare them with the Ryugu
samples collected by the Hayabusa2 mission. This study examines the representativeness of a
fraction of the Bennu samples, which was allocated from NASA to JAXA, by nondestructive
characterization of their physical and spectral properties without atmospheric exposure. The
reflectance and observed spectral features in the visible-to-infrared range of the Bennu sample
resemble those from the spectroscopic analysis of different fractions. Additionally, we found
differences in the slope of the visible range and band-center of ~2.7 um band between the
samples and the asteroid surface, which could be explained by the degree of space weathering.
A comparative analysis of the Bennu and Ryugu samples revealed spectral similarities,
including absorption features indicative of Mg-rich phyllosilicates, organics, and carbonates,
without any evidence of sampling bias or terrestrial alteration. This finding can be used as a
benchmark for subsequent Ryugu—Bennu comparative studies.

INTRODUCTION Resource Identification,

Security-Regolith  Explorer

Research on the nature of multiple asteroids can
strongly constrain the formation and evolution of stony
and icy dust particles, pebbles, and planetesimals in the
early solar system. The Origins, Spectral Interpretation,
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(OSIRIS-REX) mission of the National Aeronautics and
Space Administration (NASA) launched a spacecraft on
the B-type asteroid (101955) Bennu in 2016 and started a
proximity operation in 2018. Samples were collected from
the Bennu surface on October 20, 2020, and the sample
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capsule was returned to Earth on September 24, 2023
(Lauretta et al., 2024). A fundamental aspect of the
characterization of the asteroid Bennu involves a
comparison with the data from the asteroid (162173)
Ryugu, which was explored by the Hayabusa2 spacecraft
(Tachibana et al., 2022; Yada et al., 2022). These
asteroids exhibit fundamental similarities (Tatsumi
et al., 2021), thereby providing crucial reference points
for the early solar system.

The origin of the asteroids Bennu and Ryugu can be
constrained by combining remote sensing data with the
analyzed data of the returned samples from each asteroid
object. The remotely sensed spectra of both Ryugu and
Bennu exhibit a flat, dark profile with no noticeable
absorption bands in the visible range (DellaGiustina
et al., 2019; Sugita et al., 2019; Yumoto et al., 2024).
These spectral characteristics, along with their cratering
records and dynamic evolution simulations, suggest that
these asteroids originate from a common collisional
family—the Polana—FEulalia family (Bottke et al., 2015,
2020; de Ledn et al., 2016; Walsh et al., 2024). This
implies that the parent bodies of Ryugu and Bennu can
be traced back to a common ancestral body. However,
direct evidence from remote sensing observations
confirming this hypothesis is lacking. For instance, the
different types of exogenic boulders found on these
asteroids indicate that their immediate parent bodies—
the ones from which they directly accreted—were
different (DellaGiustina et al., 2021; Tatsumi et al., 2021);
however, this does not necessarily indicate that their
earlier generation parent bodies were also different. The
origin of the asteroid Ryugu was assessed by analyzing its
bulk isotopic and elemental compositions (Nakamura
et al., 2023; Okazaki et al., 2023; Yokoyama et al., 2023)
as well as its mineralogy and texture (Loizeau et al., 2023;
Nakamura et al., 2023; Pilorget et al., 2022, 2024). The O
and nucleosynthetic Ti—Cr isotopic systems have
indicated that Ryugu has originated from the outer solar
system (Nakamura et al.,, 2022; Okazaki et al., 2023;
Yokoyama et al., 2023). The presence of CO, fluid
inclusions (Nakamura et al., 2023) and ammonium-rich
salts (Pilorget et al., 2024) in the Ryugu samples also
supports the formation of the parent body in the outer
solar system. Comparative analyses of samples from
Ryugu and Bennu are required to clarify whether the two
asteroids originated from a common collisional family
sharing a single parent body.

To facilitate a comparative analysis of the Ryugu and
Bennu samples, the samples need to be maintained in a
pristine environment to prevent any contamination by
Earth’s atmosphere during sample processing. For instance,
immediate alteration of the sample by the terrestrial
atmosphere and adsorption of terrestrial water have been
reported in the Ryugu sample analysis (Imae et al., 2024;

Nakamura et al., 2023). Consequently, characterization of
the Bennu sample without atmospheric exposure is critical
for comparative studies of the Ryugu and Bennu samples.
Constraints on the features of the Bennu sample can be
obtained through sample characterization. First, especially
in the case of samples shared between multiple curation
facilities, the representativeness of the samples must be
assessed to interpret their nature. Bulk sample description is
performed using an optical microscope and spectroscopy at
the visible and infrared wavelengths. This process is used to
verify the representativeness of the samples (Fukai
et al., 2024; Hatakeda et al., 2023; Yada et al., 2022). In
addition, this information establishes a seamless connection
between remote sensing and sample analysis. The spectral
variation at the surface of the asteroid Bennu has been
observed across the visible range (DellaGiustina et al.,
2020), near-infrared (NIR) range (Clark et al., 2023), and
thermal infrared range (Hamilton et al., 2021). Overall, it is
essential to consider the relationship between bulk-scale
samples and the asteroid surface when assessing the nature
of the samples in question. Second, the variation observed
within the Bennu samples should provide valuable insights
for interpreting the intrinsic nature of the samples. Finally,
a spectroscopic comparison with the Ryugu samples is
valuable for assessing the origin and evolution of these
asteroids.

In this study, we provide a preliminary description of
the portion of the Bennu samples curated by the Japan
Aerospace Exploration Agency (JAXA) using data from
a series of microscopic nondestructive analyses, including
Fourier Transform Infrared Spectroscopy (FT-IR),
conducted within clean chambers without risking
atmospheric exposure. These data were used to assess the
representativeness and variability of the Bennu samples
transferred from NASA to JAXA by comparing the data
obtained from the Bennu samples in the JAXA curation
facility with published data (Connolly and Lauretta
et al., 2025; Lauretta and Connolly et al., 2024).

METHODS
Samples

A total of 0.5 wt% (Table 1) of the bulk Touch-
and-Go Sample Acquisition Mechanism (TAGSAM)
Bennu samples (121.6 g) was allocated to JAXA in
accordance with the Memorandum of Understanding
(MOU) between JAXA and NASA. The sample selection
process for the bulk samples is described in the Supporting
Information. The JAXA fraction was derived from OREX-
800058-0, OREX-800111-0, OREX-800116-0, OREX-
800120-0, and OREX-800125-0. The JAXA curation team
renamed the fraction of OREX-800058-0 to ORX-19000,
OREX-800111-0 to ORX-29000, OREX-800116-0 to
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TABLE 1. Data from the five bulk samples.

ORX-19000  ORX-29000  ORX-39000 ORX-49000 ORX-59000  Total
Sample weight (mg)' 182.43 + 0.03 134.89 £+ 0.04 152.40 + 0.04 47.07 &+ 0.03 147.60 £ 0.04 664.39 + 0.08
CSFD? index 2.36 + 0.08 2.55 +£0.12 221 £0.10 3.18 £ 0.15 1.71 £ 0.07 2.29 £+ 0.05
Reflectance (0.550 pm) 0.0219 0.0232 0.0242 0.0230 0.0237 0.0231 £+ 0.0008
2.7-um band center position 2.714 2.713 2.713 2.713 2.713 2.713 £ 0.001
(um)°
2.7-um absorption depth (%)*  15.0 15.4 13.4 14.6 13.6 144 £ 0.9

The errors represent the standard error (ISE) from the five replicate measurements.

“Cumulative size—frequency distribution.
3The error due to the resolution of wave number is +£0.0007 pm.

“The difference between the maximum and minimum reflectance value between 2.0 and 3.0 um, normalized by the maximum reflectance in the

same range.

ORX-39000, OREX-800120-0 to ORX-49000, and OREX-
800125-0 to ORX-59000 on the Bennu sample database
(https://darts.isas.jaxa.jp/app/curation/bennu/)  published
by JAXA.

Facility

The clean chamber (CC) for the Bennu samples was
installed in an International Organization for
Standardization (ISO) class 6 clean room within the
curation facility at the Institute of Space and
Astronautical Science (ISAS), JAXA. The CCs dedicated
to the Bennu samples are CC5-1 and CC5-2; they are
mainly made of electropolished 304 stainless steel and
continuously purged with purified nitrogen gas. A
companion paper describes the curation facility for the
OSIRIS-REx samples, including the clean room and CCs
(Tahara et al., 2025).

Instruments

An optical digital microscope (Keyence VHX-8000)
has been positioned above the CC5-2 window to capture
optical sample images. We obtained mapping data with
the depth compositions of five bulk dish samples at a
magnification of 100x. The CC5-2 is equipped with
a microbalance A&D AD-4212D that can weigh | pgina
minimal digit display to measure weights of bulk and
individual samples with a customized outer cover and a
windshield of 6061 aluminum alloy. The net sample
weight is obtained by subtracting the tare dish weight
from the gross weight (see Tahara et al., 2025). The
sample weight is determined as the mean of five repeated
analyses. The sample weight error corresponds to the
standard error (1SE). A p-FT-IR JASCO IRT-5200/VIR-
200 microscope has been installed over a chamber
attached to CC5-2 to obtain NIR to mid-infrared (MIR)
spectra (2.0 to ~13.0 pum in wavelength) through a BaF,
viewport. The spectral resolution is 4 cm™', and the

number of scans is 100. The background reflectance
spectrum was obtained using a gold mirror that is not
adapted to quantitatively determine the absolute
reflectance value. The reflectance spectra of each bulk
dish sample were obtained by averaging the mapping
data consisting of 65-74 fields of view, each acquired with
a 500-um square aperture, except for the area where the
surface of the sapphire dish was largely exposed
(Figure S1). In addition, we remeasured the reflectance of
relatively large particles in the point-by-point mode, and
these measurements were also included in the averaging,
as the mapping data for these grains were generally
unfocused in the overall mapping mode. A multiband
spectral microscope can also be installed above the CC5-
2. This microscope, equipped with a monochrome CMOS
camera and six-band filters at 0.39, 0.48, 0.55, 0.59, 0.70,
and 0.85 pm, is identical to that used for the initial
descriptions of the Ryugu samples (Cho et al., 2022). This
set of wavelengths is compatible with the Optical
Navigation Camera (ONC) filters onboard Hayabusa2.
The incidence, emission, and phase angles of the
multiband microscope were set as 30°, 0°, and 30°,
respectively. The camera’s field of view (FOV) was
5.6 mm x 2.9 mm, with an effective spatial resolution of
~10 um. For each dish, 12 FOVs were measured to cover
the entire ~180 mm? area of the samples. The data from
these measurements were averaged to produce a single
representative spectrum for each dish. The MicrOmega
chamber unit connected to CC5-1 is equipped also with a
NIR hyperspectral microscope (MicrOmega) to conduct
further sample characterization. The MicrOmega results
are presented in a separate paper (Pilorget et al., 2025).

RESULTS
Sample Weight

The total weights for the five bulk dish samples are
664.39 + 0.08 mg. The weights for the individual dish
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(a) ORX-19000 (d) ORX-49000

r

- 5 mm

(c) ORX-39000

5 mm

FIGURE 1. Photographs of the (a) ORX-19000, (b) ORX-
29000, (c) ORX-39000, (d) ORX-49000, and (e) ORX-59000
samples.

samples obtained are 182.43 + 0.03 mg (ORX-19000),
134.89 + 0.04 mg  (ORX-29000), 152.40 £+ 0.04 mg
(ORX-39000), 47.07 + 0.03 mg (ORX-49000), and
147.60 + 0.04 mg (ORX-59000). Errors indicate standard
errors from replicate measurements (Tahara et al., 2025).

Optical Microscope Observation

Particles in the five bulk dishes (Figures 1 and S2-S5)
show a variety of morphological characteristics, including
angular, hummocky, and mottled grains, as reported by
Lauretta et al. (2024) for the bulk samples. As consistent
with Connolly et al. (2025), signatures of chondrules
(ellipse-shaped inclusions; e.g., Simon et al., 2018) and
refractory materials (typically fractured outline and white
to brown color; e.g., Fukai et al., 2025; Tait et al., 2016),
which wusually exist within carbonaceous chondrites
except for CI, were not identified in the bulk Bennu
samples through the visual inspection of microscope
images (Figures S2-S5).

ORX-19000
ORX-29000
ORX-39000
ORX-49000
ORX-59000

combined

Lauretta et al.
(2024)

Cumulative Number

l ‘ \[ Hw:

1 n
10t 102

10°
Particle size (mm)

100 l

6= 1o

FIGURE 2. Particle size—frequency distribution of Bennu
grains in the ORX-19000, ORX-29000, ORX-39000, ORX-
49000, and ORX-59000 samples. The particle size—frequency
distribution is derived from DellaGiustina et al. (2019).

We identified at least 30,000 Bennu particles from the
microscopic images of five bulk sample dishes using a
machine learning method (Shimizu et al., 2025). Figure 2
shows the relationship between the cumulative number of
particles and the maximum Feret diameter of the
particles in the individual bulk dishes. The power-law
index values in the size—frequency distribution of the
individual bulk dish samples were obtained by fitting for
specific size ranges (Table 1). The power-law index values
of the bulk dish samples range from —1.71 + 0.07 (i.e.,
ORX-59000; particle size: 0.32 to 4.10 mm) to
—3.18 £ 0.15 (i.e., ORX-49000; particle size: 0.32 mm to
1.60 mm).

Reflectance Spectroscopy

We obtained the reflectance spectra of five bulk
samples in the visible-to-infrared wavelength range
(Figures 3 and 4). The average reflectance of five bulk
samples at 0.55 pm is 0.0231 4+ 0.0008 (Table 1), with the
range representing the standard deviation across the five
bulk samples (Figure 3a). After normalizing the spectra at
0.55 um, the average spectral slope within the 0.48-0.85
pm range is 0.22 + 0.04 um~' (Figure 3b). The NIR
spectrum of the five bulk samples shows absorption bands
at ~2.7 um attributed to OH stretching, at ~3.4 um
attributed to CH aliphatic stretching, and at ~3.4 and
3.95 pm indicating the presence of carbonate minerals
(Figure 4a; Amano et al., 2023; Yada et al., 2022). The
relative band depth of the ~2.7 um feature in the average
spectra for each dish ranges from 13.4% to 15.4%
(Table 1). The average band center of the ~2.7 um band
for the five bulk dishes is 2.713 + 0.001 pm (standard
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FIGURE 3. Reflectance spectra of the Bennu bulk samples in the visible range (a) before and (b) after normalization at
0.55 um. The spectra are compared with measurements from the Reflectance Experiment Laboratory (RELAB; Lauretta
et al., 2024) and remote sensing observations by OSIRIS-REx Visible and Infrared Spectrometer (OVIRS; Lauretta et al., 2024).
The spectrum of a Bennu aggregate sample (OREX-800029-0) was measured at RELAB under the same photometric angles used
in this study: (incidence angle, emission angle, phase angle) = (30°, 0°, 30°). The OVIRS spectra were photometrically corrected

to the same (30°, 0°, 30°) condition.

deviation; Table 1), which indicates the presence of
Mg-rich phyllosilicates (Beck et al., 2010; Takir
et al., 2013). In the MIR wavelength range, we observed
the absorption features around ~6.0 um by C=C and/or
COy>~ and/or H,O (Figure 4b; Amano et al., 2023; Bishop
et al., 2021; Kebukawa et al., 2020). Also, the Christiansen
feature (CF) and the main Reststrahlen band (RB) of five
bulk sample spectra appear at ~9.1 and ~ 9.8 pm,
respectively, which indicates the presence of phyllosilicates
(Figure 4c; e.g., saponite; Salisbury et al., 1987). Finally,
the infrared reflectance spectra of several large grains in
the ORX-19000, ORX-29000, ORX-39000, and ORX-
59000 samples (spots on the right panels of Figure S1)
show a variation for the peak positions and shapes of the
~2.7 um band (~2.70-2.73 pm; Figure S6). The spectral
variety of grains in the bulk dishes is also detailed in a
separate paper focused on the MicrOmega results (Pilorget
et al., 2025).

DISCUSSION
Representativeness of the Bennu Samples

Optical Microscope Observation

The microscopic images of the Bennu bulk samples
(Figure 1) show similarities to the Advanced Imaging and
Visualization of Astromaterials (AIVA) data of the Bennu
samples in TAGSAM during the OSIRIS-REx curation
phase. The ORX-19000 to ORX-59000 samples include
three main types of morphologies (angular, hummocky,

and mottled grains; Figure S1), as defined by the
OSIRIS-REx science team (Lauretta et al, 2024). In
addition, no apparent signatures of chondrules or
refractory materials are evident within the samples, which
are consistent with the results of previous studies (Connolly
et al., 2025; Lauretta et al., 2024). Collectively, these
morphological features indicate that no significant sample
bias exists between the NASA and JAXA collections.

High-resolution mapping data of the Bennu bulk
dish samples acquired using the digital microscope are
valuable for obtaining the particle size—frequency
distribution. Particles from all the bulk dish samples
show a distribution in which the power-law index ranges
from —3.18 &£ 0.15 (ORX-49000) to —1.71 + 0.07
(ORX-59000), and the data combined with all the
detected grains show —2.29 4+ 0.05 (Figure 2; Table 1).
This averaged value overlaps within error with the
size—frequency distribution based on the longest axis of
particles obtained from the AIVA data reported by a
previous study (—2.18 + 0.06; Lauretta et al., 2024). This
suggests that the five bulk dish samples primarily
represent the full size distribution, although the size scale
used for the fitting differs between this study (~0.3 to
~4.0 mm) and the aforementioned previous study (~2.0 to
~10.0 mm; Lauretta et al., 2024). Notably, the power-law
indices reported in this study and Lauretta et al. (2024)
are both lower than those of the global boulders on
Bennu (DellaGiustina et al., 2019), suggesting that a
higher proportion of coarse particles is present in the
returned samples.
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FIGURE 4. Near- and mid-infrared reflectance spectra of the
Bennu bulk samples and their averages at (a) 2.5-4.5, (b)
4.0-8.0, and (c) 8.0-13.2 um. Reflectance spectra were
obtained with a gold mirror background.

Spectral Comparison Between Collected Samples and
the In-space Surface of Bennu

NIR-MIR

To assess the bulk-scale sample homogeneity, we
compared the reflectance spectra of JAXA’s fractions
(ORX-19000 to ORX-59000) with those of NASA’s
fractions (OREX800029-0) measured at the NASA
Reflectance Experiment Laboratory (RELAB) at Brown
University (Lauretta et al., 2024). In the NIR range, the
peak position, band depth, and spectral shape of the
~2.7-um feature of the averaged JAXA’s fraction are

reflectance spectrum within the 8.5-11.0-um range of averaged
five Bennu bulk dish samples (orange line) and the global
spectrum of the asteroid Bennu (dotted line; Hamilton
et al., 2019), normalized as the minimum peak of Christiansen
feature = 0 and maximum peak of Reststrahlen band = 1. The
mid-infrared reflectance spectrum of ORX-19000 to ORX-
59000 is obtained with a gold mirror background.

consistent with those of the OREXS800029-0 sample
(Figure 5). These spectral similarities between these
samples at ~2.7 um also support that the ORX-19000 to
ORX-59000 samples were not altered (i.e., no water
adsorption) during the sample transportation and initial
curation phase at the Extraterrestrial Sample Curation
Center (ESCuC). Also, the ~3.4 and 3.95 um bands are
observed both in the ORX-19000 to ORX-59000 and
OREX800029-0 samples. Overall, the ORX-19000 to
ORX-59000 and OREXS800029-0 samples consist of
similar types of components, as reflected by the
bulk-scale NIR spectroscopy.
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Nondestructive analysis of Bennu samples toward comparative studies with Ryugu samples 7

We also compared the reflectance spectra of the
ORX-19000 to ORX-59000 samples with remote sensing
observations using the OSIRIS-REx Visible and Infrared
Spectrometer (OVIRS) to assess the representativeness of
the collected samples at the asteroid scale. Figure 5 shows
the infrared spectra of the Bennu samples obtained using
FT-IR compared with the hyperspectral reflectance data
obtained using OVIRS. Data from the Bennu bulk
samples show a ~ 2.7-um OH band centered at 2.72 pum
with an asymmetric spectral shape (Figure 4a). In
contrast, there is a 20-nm difference in the band center
(2.74 + 0.01 pm; Hamilton et al., 2019), and the OVIRS
data exhibit a broader absorption band. The difference in
the ~2.7-um band center and the spectral shape is
possibly due to the degree of surface weathering between
the samples and the asteroid.

Thermal infrared spectral data from the
OSIRIS-REx Thermal Emission Spectrometer (OTES)
suggest that the peak position of CF on the global Bennu
surface indicates the presence of phyllosilicate, which is
most similar to CM chondrites (Hamilton et al., 2019).
The ORX-19000 to ORX-59000 samples show a
maximum peak position of CF that is consistent with that
of the OTES data (Figure 5b). Conversely, the maximum
peak of the RB of the averaged five bulk dishes is shifted
toward a shorter wavelength compared with that of the
OTES data by ~0.7 pm (Figure 5b; Hamilton et al.,
2019). This shift seems consistent with the interpretation
that the shift of the ~2.7-um band could be due to surface
weathering, as the weathered materials tend to show a
peak at a higher wavelength (Lantz et al., 2024). In
addition, the peaks in the MIR spectra are sensitive to
environmental conditions controlled by physical
parameters (e.g., Donaldson Hanna et al., 2012).
Previous studies suggested that the particle size and
fluctuation of the surface temperature at ~250 to ~400 K
on the Bennu surface (Rozitis et al., 2020) only affect the
peak position of RB by 0.1 um (Amano et al., 2023,
Poggiali et al., 2021). Instead, the peak shift in RB of the
five bulk samples could be due to differences in
the environmental conditions, including differences in
pure nitrogen and vacuum (Bates et al., 2021; Donaldson
Hanna et al., 2012).

Visible spectra

The visible spectra of the ORX-19000 to ORX-59000
samples are ~10% brighter than that of the
OREX800029-0 sample reported in a previous study
(Figure 3a; Lauretta et al., 2024). The difference in
reflectance between the spectra of the Bennu samples
measured in this study and that of the OREX800029-0
sample measured at RELAB does not necessarily
invalidate the representativeness of the ORX-19000 to
ORX-59000 samples. We consider the average reflectance

of each bulk dish sample to be strongly influenced by the
abundance and orientations of large millimeter-sized
particles, as significant reflectance variation was observed
among different bulk dishes (2.19-2.42%; Table 1) and
digital microscope images (Figure 1). For example, the
surface arecas of the facets oriented in specular
configurations and the shadows cast by these grains play
significant roles in determining the average reflectance of
each sample dish. In contrast, the spectral shapes of the
Bennu samples measured in this study, which are not
strongly affected by large millimeter-sized grains, are
remarkably consistent with those of the OREX800029-0
sampled at RELAB (Figure 3b), with a deviation of less
than 0.5%.

All Bennu sample spectra examined in this study
consistently exhibit positive spectral slopes as opposed to
the negative spectral slope observed through remote
sensing (Figure 3; Lauretta et al., 2024) and
ground-based observations (Clark et al.,, 2011).
Compared with the global average spectrum of Bennu,
the Nightingale sampling site exhibits darker and redder
spectra (Figure 3), which are assumed to represent
materials least affected by space weathering
(DellaGiustina et al., 2020). Furthermore, the gas
released during the sampling process exposed the
subsurface materials that are darker and redder than
those observed Dbefore the sampling (Lauretta
et al., 2022). The spectra of samples are even redder than
the post-sampling observations of the sampling site
across the entire 0.40-0.85-um range (Figure 3b). The
reflectance of the averaged five bulk sample spectra at
0.550 pm most closely aligns with that of the sampling
site observed after sampling (Figure 3a). However, the
pre-sampling reflectance remains within the range of
variation observed across the five bulk samples
(Figure 3a). This spectral discrepancy between the data in
this study and the remote sensing data may be due to
space weathering effects (e.g., Lantz et al., 2017;
Matsuoka et al.,, 2023) and/or differences in physical
properties (e.g., grain size and porosity) between the
loosely packed materials on the asteroid surface and the
subsurface from which the samples were collected (Walsh
et al., 2022).

Spectroscopic Variation in the Bennu Samples

Bennu samples have been shown to preserve processes
that may have occurred within the parent body and
asteroid surface (Connolly et al., 2025; Keller et al., 2025;
Lauretta et al., 2024; Zega et al., 2025). In the curation
phase, a preliminary characterization is performed to
determine the fundamental characteristics of the Bennu
samples, excluding terrestrial contamination and sampling
bias. The primary focus of this section is the spectroscopic
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variation, through which potential trends associated with
the physicochemical processes that occur on the parent
body and asteroid can be documented.

Generally, the ORX-19000 to ORX-59000 samples
show similar trends in spectral slope, absorption band
position, and peak depth (Figures 3 and 4). In contrast,
the power-law indices in the particle size—frequency
distribution vary among the bulk samples, as seen in the
slopes in Figure 2. The ORX-49000 sample contains the
finest particles (Figure 2) and exhibits the lowest
reflectance of RB intensity among those of the five bulk
samples (Figure 4c), in accordance with the positive
correlation between the reflectance of RB intensity and
particle size (e.g., Pisello et al.,, 2023). However, the
reflectance spectra of the bulk samples are also likely
affected by the coarser particles within the dishes. For
instance, the ORX-19000 sample exhibits a shift of the
RB band to a longer wavelength compared with those of
the other bulk samples (Figure 4c), which may be because
it contains the largest particle within our collection.

We observed variation in the center positions of the
~2.7-um band (~2.70-2.73 um) within the ORX-
19000-ORX-59000 area (Figure S6). One possible cause
of the variation in the ~2.7-um band is the change in the
-OH structure of phyllosilicates due to space weathering
(e.g., Lantz et al., 2017). Space weathering effects induce
Fe enrichment within phyllosilicates; thus, the band
center of weathered samples at ~2.7 pm tends to shift to
longer wavelengths, resulting in a broader shape (Lantz
et al.,, 2017). Broad shapes in the ~2.7-um absorption
band were obtained through the OVIRS data (Hamilton
et al., 2019), supporting the hypothesis that most surface
grains exhibit broad spectral shapes caused by space
weathering. The Ryugu samples also experienced
space weathering, showing a shift in the peak of the
~2.7-um band toward longer wavelengths (Hiroi
et al., 2023; Le Pivert-Jolivet et al., 2023). Additionally,
aqueous alteration explains the spectral variation of the
2.7-um band within phyllosilicates (Beck et al., 2010;
Takir et al., 2019). Heavily aqueously altered (i.e., Mg-
rich) phyllosilicates tend to show sharp band shapes and
shorter peak positions on the ~2.7-um band (e.g., Beck
et al., 2010). Also, hydrated phosphorus-rich inclusions
are observed within the Bennu samples (Pilorget
et al., 2025), which can broaden the -OH peak
(Pilorget et al., 2024).

The integration of this data set with a wide range of
optical and spectroscopic data is crucial for elucidating the
relationship between the spectral changes within
phyllosilicates during planetesimal evolution and surface
processes. First, the CF and RB positions can be shifted to
shorter wavelengths because of the high degree of aqueous
alteration that is similarly observed in carbonaceous
chondrites (Beck et al., 2014). Furthermore, solar wind

implantation has been demonstrated to induce a prolonged
peak shift in CF and RB, along with a 2.7-um band peak
shift (Lantz et al., 2017, 2024). Second, previous studies
have suggested that redder near-ultraviolet slopes in
asteroids are indicative of a lower degree of space
weathering (Hendrix & Vilas, 2019) or a higher degree of
aqueous alteration on the parent body (Tatsumi
et al., 2023). Finally, the relationship between morphology
and spectral variation can be discussed based on the
characterization of individual particles, as demonstrated by
the Ryugu samples (e.g., Nakato et al., 2023). However,
the precision of reflectance spectra obtained with the
multiband microscope and FT-IR at the bulk scale was
found to be insufficient to assess their correlation with the
~2.7-um band of Bennu particles. Also, the morphology of
particles could not be determined accurately at the bulk
scale. Subsequent to the bulk samples analyses, similar
analyses on individual Bennu particles are ongoing by
JAXA curation. These data sets obtained during the
subsequent curation phase may shed light on the potential
relationships among the morphology and visible, NIR, and
MIR reflectance of the Bennu samples.

Comparison with the Ryugu Samples

A comparison of the reflectance spectrum data of the
Bennu samples with those of Ryugu’s characterization
data, conducted nondestructively, is valuable because the
Ryugu samples were obtained in a separate clean
chamber with the same primary operation and
maintenance system (e.g., Yada et al, 2022). The
reflectance of the Bennu samples (Figure 6a) is consistent
with the range of variation observed among the Ryugu
samples (Matsuoka et al., 2023; Yada et al., 2022).
Furthermore, the visible spectra of the ORX-19000 to
ORX-59000 samples demonstrate positive spectral slopes
without discernible absorption bands (Figure 6b),
exhibiting a similarity to the Ryugu samples (Matsuoka
et al., 2023; Yada et al., 2022). The slightly bluer spectral
slope of the Ryugu samples may reflect their coarser grain
size (Cantillo et al., 2023). The spectra of the Ryugu
samples shown in Fig. 6 were measured on aggregates of
millimeter-sized coarse grains (Matsuoka et al., 2023),
whereas the Bennu samples analyzed in this study contain
particles spanning a finer size range.

The analysis of the ORX-19000 to ORX-59000
samples and Ryugu bulk samples reveals a consistent
presence of CI chondrite-related NIR  spectra,
characterized by the 2.7-pm absorption band, indicative
of Mg-rich phyllosilicates, and the ~3.4- and 3.95-um
absorption bands, suggesting the presence of organics
with aliphatic carbon and carbonates (Figure 7a; Pilorget
et al., 2022; Yada et al., 2022). Notably, the Ryugu and
Bennu samples exhibit significant similarities regarding
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FIGURE 6. Reflectance spectra of the Bennu bulk samples compared with those of the Ryugu samples and asteroid Ryugu
observed through remote sensing in the visible range (a) before and (b) after normalization at 0.550 um. The spectra of Ryugu
samples were measured on the surface of an aggregate composed of seven grains, each a few millimeters in size, collected from
the first and second touchdowns (Chambers A and C), using an FT-IR spectrometer under the same photometric geometry as
employed in this study (Matsuoka et al., 2023). The remote-sensing spectra of Ryugu observed by the Optical Navigation
Camera were photometrically corrected to the same (30°, 0°, 30°) condition (Tatsumi et al., 2020).

the band centers and spectral shapes of the ~2.7-um band;
in contrast, they do not exhibit a distinct 3.0-um peak
that is frequently observed in CI chondrites (Takir
et al., 2013). This finding indicates that the Ryugu and
Bennu samples are devoid of adsorbed water within their
matrices. The observed spectroscopic similarity of the
Ryugu and Bennu samples regarding the ~2.7- and
~ 3.4-um bands is consistent with the results obtained
using MicrOmega (Pilorget et al., 2025).

Finally, we compare the MIR reflectance spectra of
the ORX-19000 to ORX-59000 samples (Figure 7b,c)
with those of the Ryugu coarse grains measured during
the Hayabusa2 initial analysis phase (e.g., Nakamura
et al., 2023). Within the MIR range, Ryugu and Bennu
exhibit a similarity in the ~6-pm absorption due to the
C=C and/or COs*>~ and/or H,O (Amano et al., 2023;
Bishop et al., 2021; Kebukawa et al., 2020). In addition,
the reflectance spectrum of the averaged ORX-19000 to
ORX-59000 sample exhibits substantial CF and RB
(Figure 7c). This finding suggests a potential similarity in
the mineralogy of Ryugu and Bennu, with a prevalence of
Mg-rich phyllosilicates, as evidenced in previous studies
(Amano et al.,, 2023; Beck et al., 2014; Laurctta
et al., 2024).

The spectroscopic similarity of Ryugu and Bennu, as
observed at the bulk scale (sample weight >0.5 g) using
FT-IR and MicrOmega, implies that these samples share
similar intrinsic signatures and are free from sampling
bias and the effects of terrestrial weathering. The intrinsic
similarity of the Ryugu and Bennu samples is consistent
for both the remote sensing and chemical analyses of the

samples (Bottke et al., 2015; Lauretta et al., 2024,
Yokoyama et al., 2023). Furthermore, the Ryugu and
Bennu samples exhibit CI-chondrite-related geochemical
signatures, such as elemental abundance patterns and
oxygen isotopic compositions (Lauretta et al., 2024;
Yokoyama et al., 2023). Overall, the observed similarities
between Ryugu and Bennu support a hypothesis of
orbital evolution, with Ryugu and Bennu originating
from the same asteroid family (Bottke et al., 2015;
Campins et al., 2010).

The observed spectroscopic variations among the
Bennu bulk samples discussed in the previous subsection
and morphological variations among the distinct
lithologies present within the Bennu samples (Connolly
et al.,, 2025) constitute records of the thermal and
mechanical evolution of the parent bodies of Bennu. It is
hypothesized that Ryugu and Bennu may have
undergone a distinct evolutionary trajectory, involving
processes such as aqueous alteration, brecciation, and
surface modification, within the asteroid population. A
microscale study reveals that the Bennu samples exhibit
a higher density of solar energy particle track ages
(45,000 years) than that of the Ryugu samples (Keller
et al., 2025). This finding indicates that the history of
space weathering of the Bennu samples is more extensive
than that of the Ryugu samples. Furthermore, the Bennu
samples involve anhydrous minerals, such as olivine and
pyroxene, at the micrometer scale (Lauretta et al., 2024;
Pilorget et al., 2025). These minerals are present within a
phyllosilicate matrix, which contrasts with the rarity of
such mineral occurrences in the optical microscopic and
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FIGURE 7. Near- and mid-infrared reflectance spectra of the
averaged five Bennu bulk samples, obtained with a gold
mirror background (orange line) compared with those of the
Ryugu samples (black lines; Chambers A and C) (Yada et al.,
2023 for panel (a); Nakamura et al., 2023 for panels (a)—(c)).
(a) The spectra are normalized at 2.65 um. (b) The spectra are
normalized at 5 um. (c) The spectra are normalized as the
minimum peak of Christiansen feature =0 and maximum
peak of Reststrahlen band = 1.

infrared spectroscopic observations of the Ryugu samples
(Pilorget et al., 2022, 2025). These potential differences in
minerals between the Ryugu and Bennu samples can be
attributed to the Bennu sample recording the aqueous
alteration process with variable timing and location.

CONCLUSION

We nondestructively obtained bulk-scale data from
the Bennu samples (i.e., ORX-19000 to ORX-59000)

and assessed their representativeness. The NIR spectra
of the samples are similar to those obtained from a
different sample fraction (Lauretta et al., 2024). This
suggests that the ORX-19000 to ORX-59000 samples
represent the general characteristics of the collected
Bennu samples. In contrast, the slope observed in the
visible range within ORX-19000—-ORX-59000 is redder
than that of the remote-sensing data. Also, there is a
20-nm difference in the band center of the ~2.7 um
band between ORX-19000-ORX-59000 and the remote
sensing. The degree of space weathering may explain
the differences observed between the samples and the
asteroid.

We compared the visible and infrared reflectance
spectra of the Bennu and Ryugu samples at the bulk
scale. The peak position and spectral shape in the
~2.7-um absorption band of the ORX-19000 and ORX-
59000 samples are similar to those of the Ryugu samples.
In addition, the spectral shape of the Bennu samples in
the visible range matches well with that of the Ryugu
sample. These observations suggest that the Ryugu and
Bennu samples share a similar intrinsic signature (e.g., the
presence of Mg-rich phyllosilicate and carbonate)
without any sampling bias or terrestrial weathering
effects, which could be a benchmark for subsequent
Ryugu-Bennu comparative studies.

Characterization of the sample within the nitrogen
glovebox, using optical microscopy and spectrometry,
allowed the curation team to understand the nature of the
sample, thereby eliminating concerns about volatile
absorption. The homogeneity of this bulk sample and
intrinsic spectral variation motivate curation activities,
such as picking up particles from bulk samples and
dividing them into aliquots. The scope of the sample
analysis in various scientific fields can be derived from
multiple curatorial data sets.
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Figure S3. Typical grains in the ORX-29000 sample.
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Figure S5. Typical grains in the ORX-59000 sample.

Figure S6. Reflectance spectra of individual areas
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800012, that is, tray A3. An area circled with a blue
rectangle was requested from JAXA for the first sample
separation in October 2023. (b) An image of OREX-
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panel (a). The Advanced Imaging & Visualization of
Astromaterials team took the original images at the
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Walsh, K. J., Ballouz, R. L., Bottke, W. F., Avdellidou, C.,
Connolly, H. C., Jr., Delbo, M., DellaGiustina, D. N.,
et al. 2024. Numerical Simulations Suggest Asteroids
(101955) Bennu and (162173) Ryugu Are Likely Second or
Later Generation Rubble Piles. Nature Communications 15:
5653.

Walsh, K. J., Ballouz, R. L., Jawin, E. R., Avdellidou, C.,
Barnouin, O. S., Bennett, C. A., Bierhaus, E. B., et al.
2022. Near-Zero Cohesion and Loose Packing of Bennu’s
near Subsurface Revealed by Spacecraft Contact. Science
Advances 8: eabm6229.

Yada, T., Abe, M., Okada, T., Nakato, A., Yogata, K.,
Miyazaki, A., Hatakeda, K., et al. 2022. Preliminary
Analysis of the Hayabusa2 Samples Returned from C-
Type Asteroid Ryugu. Nature Astronomy 6: 214-220.

Yokoyama, T., Nagashima, K., Nakai, I., Young, E. D., Abe,
Y., Aleon, J., Alexander, C. M. O., et al. 2023. Samples
Returned from the Asteroid Ryugu are Similar to
Ivuna-Type Carbonaceous Meteorites. Science 379:
eabn7850.

Yumoto, K., Tatsumi, E., Kouyama, T., Golish, D. R., Cho,
Y., Morota, T., Kameda, S., et al. 2024. Comparison of
Optical Spectra between Asteroids Ryugu and Bennu: I.
Cross Calibration between Hayabusa2/ONC-T and
OSIRIS-Rex/Mapcam. Icarus 417: 116122.

Zega, T. J., McCoy, T. J., Russell, S. S., Keller, L. P.,
Gainsforth, Z., Singerling, S. A., Manga, V. R., et al.
2025. Mineralogical Evidence for Hydrothermal Alteration
of Bennu Samples. Nature Geoscience 18: 832-39.

800008, which were selected for the second sample
separation for JAXA’s allocation.

Figure S9. Color-enhanced images of (a) OREX-
800001, (b) OREX-800005, (c) OREX-800007, and (d)
OREX-800008, in which areas of sample separation
request are indicated by yellow rectangles. Three
enhanced colors of particles, namely red, green, and blue,
are included in the areas.

Figure S10. Optical images of (a) OREX-800001, (b)
OREX-800005, (c) OREX-800007, and (d) OREX-
800008 after the sample separation by the
NASA/Johnson Space Center curation team.

Figure S11. An optical microscopic image of contact
pad #22 (OREX464000-0) allocated to JAXA. The
diameter of the pad is ~3 cm.

Figure S12. Artifact spectrum found in blank
measurement and its influence on the bulk sample (ORX-
19000) spectrum. The artifact spectrum is an average of
500 spectra by spectral stacking.

Figure S13. Artifact spectra obtained on August
13-15, 18, 2025. Each spectrum is an average of 6000
spectra obtained by spectral stacking. The averaged
spectrum was used for correction.

Figure S14. Bulk sample (ORX-19000) spectrum
before and after correction. Absorption bands
corresponding to the artifact spectrum were removed by
the correction.
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Figure S15. Reflectance spectra of the Bennu bulk
samples and their average (a) before and (b) after the
smoothing process, both normalized to 2.65-4.10 um
linear continuum.

Figure S16. Reflectance spectra of the Bennu bulk
samples obtained with an InfraGold background. (a)

Normalized at 2.65 um, (b) normalized at 2.5 um, and (c)
normalized as the minimum peak of Christiansen
feature =0 and maximum peak of Reststrahlen
band = 1.

Table S1. Instrument settings for Fourier Transform
Infrared Spectroscopy mapping of bulk samples.
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