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Abstract

We conducted ground-based performance evaluation tests of the Near-Infrared Spectrometer (NIRS3) onboard Haya-
busa2 spacecraft in November 2013 and from April to May 2014 and established a method for evaluating its meas-
ured reflectance spectra. Reflectance spectra of nine powdered carbonaceous chondrite samples were measured by
both NIRS3 and a Fourier transform infrared (FT-IR) spectrometer. We have established two methods for correcting
the NIRS3 data by comparing them with the corresponding FT-IR data because raw data obtained by NIRS3 under-
went spectral distortion caused by systematic offsets in sensitivity of individual pixels. The corrected NIRS3 spectra

of carbonaceous chondrite samples are comparable with their FT-IR spectra. The depth of each band component D,
is defined for each wavelength A (um) to characterize the absorption bands in NIRS3 spectra. It is suggested that the
relationship between the D, ;,/D, ;4 ratio and the D, /D, o4 ratio would be useful for estimating the degree of heat-
ing of the asteroid surface, if contributions of terrestrial adsorbed water on D, 54 and D, 4 are properly corrected. The
degrees of heating and space weathering are also comprehensively evaluated by the relationship between D, 4, and
the D, ,¢/D, o ratio. Reflectance spectra of asteroid Ryugu, the target asteroid of Hayabusa2, to be recorded by the
NIRS3 instrument are expected to reveal the characteristics of the surface materials by using the evaluation technique
proposed in this paper. Such information will be used for choosing the touchdown points for sampling and also for
investigating the distribution of the materials similar to the returned samples on Ryugu.
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Introduction

C-type asteroid 162173 Ryugu was selected as a target
of Hayabusa2 mission of the Japan Aerospace Explora-
tion Agency (JAXA) to study the origin and evolutional
history of the solar system and the origin of organic mat-
ters available for life. The asteroid explorer Hayabusa2
was launched on December 3, 2014, and is scheduled to
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and indicate if changes were made.

arrive at the target asteroid in June—July 2018. The sam-
pler of Hayabusa2 is expected to collect rock samples
from the surface of the asteroid during brief touchdowns.
Hayabusa2 has a multiband imager called Optical Navi-
gation Camera Telescope (ONC-T), Near-Infrared Spec-
trometer (NIRS3), and Thermal Infrared Imager (TIR)
among other instruments which will observe the aster-
oid in detail at a 20 km altitude (Tsuda et al. 2013). The
spectroscopic observations of the asteroid are important
for studying the compositional and physical properties
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of the asteroid surface which will help in selecting the
touchdown points for sampling and also clarifying the
relationship between the C-type asteroids and hydrous
carbonaceous chondrites. The parent bodies of carbo-
naceous chondrites are still unclear, but spectroscopic
studies for carbonaceous chondrites revealed that their
ultraviolet (UV)-visible (Vis)—near-infrared (NIR) spec-
tra are similar to those of C-type asteroids, showing that
the C-type asteroids are possible candidates as the par-
ent bodies of CM chondrites (e.g., Vilas and Gaffey 1989;
Hiroi et al. 1993, 1996; Vilas et al. 1994; Burbine et al.
2002; Lantz et al. 2013; Takir et al. 2013). Ground-based
observations of asteroid Ryugu indicated that its surface
materials would possibly consist of unheated CM chon-
drite (Vilas 2008) based on an observation of the 0.7-
um band, or heated carbonaceous chondrite because its
Vis—NIR spectrum corresponds with the spectrum of
Murchison CM2 chondrite heated at 550-900 °C. Their
spectral slopes around 0.7 pm are very similar to each
other (Sugita et al. 2013; Perna et al. 2017).

At the long wavelength end of NIR range, the 3-pm
band can be utilized to detect the condition of hydrous
materials of asteroid surface because a strong O-H
stretching vibration band appears at 2.78 pm (Clark et al.
1990) and the characteristic broad absorption is observed
on many C-type asteroids (Jones et al. 1990; Rivkin et al.
2003, 2006; Takir et al. 2013). Okamura et al. (2014) sug-
gested that the 3-pm band depth of dark asteroids reflects
the serpentine abundance based on IR spectra observed
by the Japanese infrared astronomical satellite AKARI
compared with the spectra of carbonaceous chondrites.
Takir and Emery (2012) used the 3-um band shape and
the center wavelength to divide 28 outer main-belt aster-
oids into four groups based on spectra obtained using the
SpeX spectrograph/imager at the NASA Infrared Tel-
escope Facility (IRTF). The 3-um band can also be used
to classify the meteorite types and estimate the degree of
heating (Miyamoto and Zolensky 1994; Nakamura et al.
2015). Osawa et al. (2005) also proposed a spectroscopic
taxonomy for carbonaceous chondrites using infrared
transmission spectra. The absorption band reflects the
state and concentration of water and is usually composed
of two peaks: a sharp peak centered at ~2.8 um due to the
presence of structural water and a broad peak at around
3.0 um due to the molecular water (Osawa et al. 2005).
The 3-um band of hydrous carbonaceous chondrites is
mainly controlled by the presence of hydrated miner-
als such as serpentines, saponite, and tochilinite that are
observed in primitive carbonaceous chondrites (Zolensky
et al. 1993). The shape of the 3-um band of an asteroid is
thought to depend on three main factors: the composi-
tion of hydrous minerals, heating temperature, and the
degree of space weathering. It is known that the depth

Page 2 of 12

of the 3-um band of hydrous carbonaceous chondrites
drastically decreases by heating due to the dehydration
and decomposition of phyllosilicates (Hiroi et al. 1996),
indicating that the 3-pm band depth can be applied as
an index of the heating stage. Hiroi et al. (1996) reported
that the 3-pm band of powdered Murchison becomes
shallower and rounded as heating progresses, and the
0.7-um absorption, which arises from Fe>*—Fe?* charge
transfers in Fe-rich hydrous mineral, vanishes faster than
the 3-pm absorption. On the other hand, space weather-
ing may also significantly alter the NIR spectra of C-type
asteroids. The result of a space weathering simulation
using nanosecond pulse-laser irradiation reveals that
both the 0.7- and 3-um absorption bands of Murchison
meteorite significantly weaken in accordance with the
intensity of the laser irradiation (Matsuoka et al. 2015).
Recording the reflectance spectra of Ryugu using spec-
trometers onboard Hayabusa2 spacecraft could detect
the effects of the three factors mentioned above: the
abundance and composition of hydrous minerals, ther-
mal alteration, and space weathering. NIRS3 instrument
onboard Hayabusa2 spacecraft can detect the 3-pum
band and observe hydrous minerals on the Ryugu sur-
face (Kitazato et al. 2015; Iwata et al. 2017). In this paper,
we introduce data correction and analysis methods for
obtaining the degree of hydration from the 3-pum band of
the reflectance spectra of carbonaceous chondrites meas-
ured by NIRS3 as its prelaunch test.

Experimental

Since the mechanism and performance of NIRS3 are
reported in detail by Iwata et al. (2017), here we briefly
describe its structure. NIRS3 is composed of two com-
ponent units: the spectrometric unit (NIRS3-S) and the
analog electric unit (NIRS3-AE), which are connected
with a harness cable (NIRS3-HNS). A 128-channel
indium arsenide (InAs) photodiode sensor is installed
in the spectrometric unit and cooled at 193 K (—80 °C)
using a passive radiator. The detectable wavelength range
of the spectrometer is 1.8—-3.2 um, and the spectral res-
olution is 18 nm. Integration time of each recording is
selectable within the range of 10 ps to 10 ms, and optimal
integration time is 2.0 ms in this work.

Samples of seven CM chondrites, one CI chondrite, and
one CV3 chondrite were used in this study. The meteor-
ite samples are classified into four classes according to the
degree of heating defined by Nakamura (2005) based on
the results of X-ray diffraction analyses as follows.

1. Heating stage (HS)-I: unheated (<300 °C) carbona-
ceous chondrites. A hydrous phase is mainly com-
posed of serpentine and tochilinite. Murchison CM2
and Murray CM2 are classified into this class.



Matsuoka et al. Earth, Planets and Space (2017) 69:120

2. HS-II: moderately heated (300-500 °C) carbonaceous
chondrites. Serpentine is decomposed into an amor-
phous state. Dehydration is not complete. Yamato (Y-)
793321 CM2, Jbilet Winselwan CM2, Y 982086 CM2,
and Y 980115 CI1 are in this class.

3. HS-IV: strongly heated (>750 °C) carbonaceous
chondrites. Hydrous minerals are almost completely
dehydrated, and secondary anhydrous minerals that
formed at the expense of amorphous silicates are
dominant. Belgica (B-) 7904 CM2 and Y-86720 CM2
are in this class.

4. Anhydrous: Carbonaceous chondrites consist of
anhydrous minerals almost entirely exclusive of
hydrous minerals. Allende CV3 is in this class.

Meteorite chips were powdered with a tungsten car-
bide mortar and a pestle, and passed through a 155-um
sieve for all meteorite samples and a 77-pm sieve only for
Murray, Y-793321, and B-7904. Each powder sample was
placed in an alumite-coated dish of 30 mm in diameter
and flattened by tapping on the side of the dish.

The reflectance spectral measurements of the carbo-
naceous chondrite samples were performed using the
NIRS3 flight model at Meisei Electric Co., Ltd., Isesaki,
Japan. Each carbonaceous chondrite sample was set
in an acrylic fiber desiccator, which was evacuated to a
pressure of ~0.01 MPa using a dry pump to minimize
the adsorbed water from the sample surface. A black-
body furnace (cavity blackbody source; CS1250-100
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manufactured by Electro Optical Industries), used as a
temperature-stable light source, was heated at 1250 °C.
The geometry of the optical experiment is presented in
Fig. 1. The optics comprise two gold mirrors, two CaF,
windows, and three apertures. The light beam was colli-
mated by the three apertures, and the angles of incidence
and emergence were set to 30° and 0°, respectively. The
transparent chassis was covered with a blackout curtain
during the experiment to reduce the background signal.
The size of measured area was about 30 mm in diameter
on the surface of each sample, and the reference spec-
trum was obtained using Infragold diffuse reflectance
standard manufactured by Labsphere Inc. The thermal
radiation spectrum was also measured for each meteor-
ite sample without incident light. The temperature of the
sample surface was monitored by a type-K thermocouple
during the measurement, and the increase of tempera-
ture by the incident light was estimated to be less than
2 °C. The reflectance spectra of same samples were meas-
ured using Bruker VERTEX 70v FT-IR spectrometer at
Tohoku University. The incidence and emergence angles
were set to 30 and 0°, respectively. Details of the setting
are described in Matsuoka et al. (2017).

Data reduction

The signal intensity for each pixel of the detector is
expressed by a 16-bit digital number (DN), and the rela-
tionship between the DN (S) and analog output voltage
(V) is expressed as follows.

210 mm

Gold mirror

(NIRS3)

CaF, Window

Sample
6 mmTJ

CaF, Window

Aperture

Gold mirror

142 mm

acrylic fiber box

Fig. 1 Schematic diagram of the sample chamber for spectral measurements
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S = {(1.5 x 216)/5 x V =1.966 x 10% x V} )

The S value for each pixel is converted into the reflec-
tance (R) value as follows:

R = (Smeteorite — Sthermal rad ofmet)/

@

(Sinfragold — Sthermal rad of std)

The subscripts represent meteorite, thermal radiation of
meteorite, reference, and thermal radiation of reference,
respectively. The channel number (n) of a 128-channel
linear image sensor can be converted to wavelength (1
nm) as follows:

4 = 1230.555 + 18.558251 — 0.00487084> 3)

The conversion formula was derived from the measure-
ments using a monochrometer.

Data correction methods

Because individual pixels of the sensor array have dif-
ferent sensitivity characteristics from one another and
receive light of different wavelengths, it is not easy to
obtain a correct reflectance spectrum even though
using a spectral standard such as Infragold. Indeed, the
raw data recorded by NIRS3 have considerable spectral
distortion and the spectral error may be caused by sys-
tematic offsets of the individual pixels. The two meth-
ods of spectral correction have been established in this
work, and reflectance spectra of meteorites recorded by
NIRS3 have been corrected by those methods. Although
the two methods are different, their basic strategies are
the same in that correction coeflicients are determined
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by comparing the NIRS3 and FT-IR spectra of the same
meteorite sample.

Correction method 1
Spectral data recorded by NIRS3 were corrected by the
following steps.

1. In the first step, the NIRS3 and FT-IR spectra of the
same meteorite sample were fit by linearly convert-
ing the FT-IR spectrum. When the absorption band
at around 2.9 pm is intense, there is a strong correla-
tion between NIRS3 and FT-IR reflectance values as
plotted in Fig. 2b. Their linear regression line (broken
line) was calculated by the least squares method over
the range of pixel numbers 40-100, which corre-
sponds to the range of 1.96-3.03 um in wavelength.
The inclination and y-intercept of the regression line
were used as the conversion parameters for fitting the
FT-IR spectrum to the NIRS3 spectrum in Fig. 2a.

2. The difference in the signal intensity for each pixel
between the NIRS3 and the fitted FT-IR spectra was
computed. It is empirically known that the differ-
ences in the signal intensity are not due to statistical
errors but to systematic gaps peculiar to each pixel,
and therefore they are called systematic offsets in
this paper. In order to obtain the systematic offsets,
the signal differences were calculated for all samples
measured in this work. The intensity of systematic
offset for a pixel (pixel number is n) was calculated by
the formula.

Lofset () = ReT—1R(fit) () X INIRS3 (infragold) ()

- INIRSB (meteorite) (n) (4)

a 0.06 b 0.05
FT-IR
————— FT-IR (Fit) “
0.05 | — NIRS3 (2 ms) e
o 0041 y=0.9038x—0.0023 S~
§ z R?2=0.9914
g 0.04 z &
& 0.03 g &
e
~ 0.02 g
0.02
1.0 1.5 2.0 2.5 3.0 3.5 0.02 0.03 0.04 0.05 0.06
Wavelength (um) Reflectance (FT-IR)
Fig. 2 Fitting process of FT-IR and NIRS3 spectra of Murray meteorite sample. a NIRS3, FT-IR, and fitted FT-IR spectra of Murray. a Relationship
between the reflectance values by FT-IR and NIRS3 over the range of 1.96-3.03 um in wavelength. Integration time of the NIRS3 spectrum is 2.0 ms.
The FT-IR spectrum is fitted to NIRS3 spectrum using the correlation line plotted as a broken line in b
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Denoted as I and R are signal intensity and reflectance,
respectively.

3. The systematic offsets are expressed as a linear func-
tion of signal intensity for each pixel (Fig. 3). NIRS3
spectra were corrected using these empirical laws of
offsets and became significantly smoother after the
elimination of the systematic offsets.

4. In the last step, reflectance values were corrected.
The inclinations of the linear functions calculated
in step (1) are roughly correlated with signal inten-
sity, particularly the intensity of pixel number 29
(1.76 pum in wavelength) (Fig. 4a). The relationship
between the inclinations and the signal intensity of
the pixel is modeled by an exponential function. The
y-intercepts of the linear functions are closely corre-
lated with the inclinations; and its linear correlation
coefficient is 0.902 (Fig. 4b). The NIRS3 spectra were
thus corrected using the inclinations calculated from
the exponential function and y-intercepts derived
from the inclinations. The correction process of this
method is summarized in Fig. 5.

Correction method 2

In the second correction method, reflectance spectra
recorded by NIRS3 are corrected based on the FT-IR
spectrum of the Allende sample. Since Allende meteorite
has relatively low reflectivity and its reflectance spectrum
has only a weak O—H band (Fig. 6a), this meteorite may
be appropriate as the spectral standard for correcting
spectra of other carbonaceous chondrites. Because car-
bonaceous chondrites have low reflectivity, minerals with
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high reflectivity, for example serpentine, cannot be used
as the spectral standard. NIRS3 spectra for a meteorite
sample would be corrected by Eq. (5).

RET.1R(Allende) (1) % Rairss (1)
RNIRS3(Allende) (77) 6))
= S(n) - Rirs3 (1)

NIRS3 reflectance Ry;rs3(#) of a meteorite sample is cor-
rected to R(n) using FT-IR reflectance Rpt ip(ajende)(”?) and
NIRS3 reflectance Ryrss(anende)(”?) Of the Allende sample,
where n is a pixel number. S(#) is a correction coefficient
determined by the ratio of the reflectance of Allende mete-
orite measured by FT-IR and NIRS3 instruments (Fig. 6b).
The spectra of all other meteorite samples can be cor-
rected using the correction coefficient (e.g., Fig. 6¢).

R(n) =

Results and discussion

Five diagrams depicted in Fig. 7 are reflectance spec-
tra of nine carbonaceous chondrites recorded by FT-IR
spectrometer (a) and NIRS3 (b, ¢, and d). Note that the
spectra presented in Fig. 7a are converted spectra whose
resolutions are reduced from 5 to 18 nm that corre-
sponds to that of NIRS3. Both of those two correction
methods can effectively correct the systematic offsets of
NIRS3, and the corrected spectra are comparable with
the FT-IR spectra. All carbonaceous chondrite samples
other than Allende have clear 3-um band, and the shapes
of the absorption band distinctly reflect the state of the
hydrous minerals in each meteorite. The 3-um absorp-
tion band can be attributed to the hydroxyl of SiOH in
phyllosilicates, and the terrestrial adsorbed and rehy-
drated molecular water (e.g., Yamashita et al. 2015).
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Fig. 3 Systematic offset values calculated from Eq. (4). a Offset value spectra over all the pixels for Murray, Jbilet Winselwan, and Y-793321 meteorite
samples. b Relationship between the signal intensity and the offset value for three select pixels, using data for all the meteorite samples except
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Fig. 5 Data correction process of reflectance spectrum of Y-86720
meteorite. NIRS3 reflectance data were corrected for the systematic
offsets of pixel signals (broken line) and further corrected using the
fitting parameters calculated from the signal intensity of pixel 29
(Fig. 3). The corrected spectrum (thick solid line) is very similar to the
FT-IR spectrum (thin solid line)

The depth and shape of the 3-pm bands are correlated
with the heating stage because of dehydration by heating.
Samples of Murchison and Murray meteorite, which are
classified into HS-I, have deep 3-um band, showing only
weak heating on the parent body. The HS-I chondrites
have an asymmetric 3-um band, which is composed of
two well-defined peaks: One is at 2.79 um, and the other
is at 2.95 pm, indicating the presence of structural water
and molecular water, respectively. On the other hand, the
depths of the 3-pm band of HS-II chondrites (Y-793321,

Jbilet Winselwan, Y 982086, and Y 980115) are smaller
than those of HS-I, and the peak centered at 2.79 pm is
weak except for Jbilet Winselwan. Only Jbilet Winselwan
has a spike at 2.72 pm, reflecting the presence of struc-
tural hydroxyl group of clay minerals. Of the two HS-IV
chondrites, there is a large difference between B-7904
and Y-86720; the 3-um band of B-7904 is very shal-
low, but the depth of the band of Y-86720 is comparable
with that of Y 980115, which is classified into HS-II. The
exceptional large absorption of Y-86720 is likely due to
terrestrial weathering; Y-86720 could have reacted with
Antarctic ice during the long-term storage under the
ice sheet (Miyamoto 1992). An anhydrous chondrite,
Allende meteorite, has considerably weak 3-um band,
indicating the lack of water.

In order to analyze the absorption band more quan-
titatively, we performed modified Gaussian model
(MGM) fitting calculations (Sunshine et al. 1990) for the
3-pm band of FT-IR spectra (the range of wavelength
is from 2.50 to 4.00 pm) using five modified Gaussian
bands at 2.72, 2.75, 2.80, 2.90, and 3.22 pm. The 2.72 and
2.75 um bands are due to the stretching of the structural
water in hydrous minerals, and 2.80, 2.90, and 3.22 pm
bands are due to the vibration of hydrogen bonded
water. The FT-IR spectra were well fitted by the five
bands (e.g., Fig. 8). However, the same fitting method
cannot be applied to NIRS3 spectra because their long-
est wavelength is 3.2 pum. Therefore, the depth (D))
of each band at wavelength A um is simply defined as
follows:

D; =1-R)/Ra5 6)
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where R; stands for reflectance at 1 (=2.72, 2.76, 2.79,
or 2.90 um), the nearest values to the peak wavelengths
of the modified Gaussian bands, and Ry 5 for reflec-
tance at 2.5 um in wavelength as the reference point.
Figure 9 shows the relationship between the D, ,/D, -4
ratio and the D, /D, o, ratio of the eight carbonaceous
chondrites samples. The D, ,,/D, ;4 ratio correlates well
with the D, /D, o4 ratio, and it is likely that the distance
from the origin to each data point roughly indicates
their heating stage and weathering degree. Particularly,
two HS-I chondrites (Murchison and Murray) and a
HS-II chondrite (Jbilet Winselwan) are clustered above
an arbitrary boundary line (D,,4/D,4, = 0.8) and are
distinguishable from the other chondrites. Although
the upper right cluster includes HS-I and HS-II mete-
orites, this diagram can be used to discriminate HS-I
chondrites from other heated chondrites because chon-
drites similar to Jbilet Winselwan can be classified by
its spectral shape. The figure thus can be used as a con-
venient method to evaluate the heating degree of the
asteroid surface. However, this diagram cannot be used

for discriminating between HS-II and HS-IV meteorite
groups because this plot never reflects the depth of the
3-pum band, which is their major distinguishing factor.
The D, values of NIRS3 spectra were directly com-
pared with those of FT-IR spectra in order to estab-
lish another evaluation method. Figure 10 shows the
relationships between the D, values of FT-IR spectra
and those of NIRS3 spectra corrected by method 1 or
2. The D, values of NIRS3 spectra approximately cor-
respond to those of FT-IR spectra, but the data points
are slightly shifted from the solid line (slope = 1), indi-
cating the case where corrected NIRS3 data completely
match with FT-IR data. The systematic difference in D,
values of NIRS3 data from FT-IR data could cause errors
because the most NIRS3 data corrected by method 1 are
systematically higher than the solid line in all diagrams
and the NIRS3 data corrected by the method 2 are sys-
tematically lower than the method 1 data. However, these
systematic errors can be corrected by modeling a linear
correlation line between the FT-IR data and each of the
NIRS3 data sets (Fig. 10d), and the difference between
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Fig. 8 MGM fitting of the 3-um band of FT-IR spectrum of Murray
sample

those two correction methods can also be minimized.
Figure 11 plots the D, 4, values and the D, .4/D, o, ratios
after the D, o, values of NIRS3 data were corrected by the
correlation lines (Fig. 10d). The D, 4, values represent the
depth of 3-pm band because 2.90 pm is almost the center
of the band. Note that D, ,, values used in D,¢/D5 g
ratio on the vertical axis were not corrected. There are
four clusters in this figure: HS-1 aggregated in the upper
right area, Jbilet Winselwan plotted in the left side of
the HS-I area, B-7904 plotted in the lower left area, and
other chondrites aggregated in the middle of the dia-
gram. The data are not linearly distributed unlike in the
case of Fig. 9, indicating that the distribution cannot be
explained only by the effect of normal heating.

In order to compare the data with the results of heat-
ing and laser irradiation experiments for Murchison, we
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982086, 6 =Y 980115, 7 = Y-86720, and 8 = B-7904

made another diagram. Figure 12 shows the D, o, values
and the D, ,¢/D, o, ratios of NIRS3 data of the meteorite
samples corrected by method 1, plotted with the cor-
responding data calculated from FT-IR spectra of Mur-
chison samples heated in vacuum (up to 600 °C, Hiroi
et al. 1996) and irradiated by pulse laser (Matsuoka et al.
2015). The result of the heating experiment shows a char-
acteristic shift in the figure; both D, o, and D, -4/D,
decrease proportionally from 400 to 600 °C. The spec-
tral transformation definitely relates to the mineralogi-
cal change, particularly progressive amorphization and
dehydration of hydrous minerals, but its mechanism is
not simple because the spectral transformation is con-
trolled by the temperature characteristics of dehydration
for each chemical state of water. However, the result of
the spectral shift of the heated Murchison can be used
to estimate the heating temperature of asteroid surface
and other chondrites. Y 980115 is very close to the data
of 400 °C heating, and B-7904 is between the data of 500
and 600 °C. The results may reflect their heating temper-
ature. Y-86720 is in the right side of the data of 500 °C,
which may be caused by the terrestrial weathering. Jbilet
Winselwan and Y 982086 are plotted in the left side of the
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data of heated Murchison; especially Jbilet Winselwan is
very far from the data of unheated Murchison. The large
shift of D, 4, may be due to the momentary impact or
heating.

The pulse-laser irradiation experiment on Murchison
CM chondrite was performed to simulate space weather-
ing by micrometeorite bombardments (Matsuoka et al.
2015). The laser-irradiated Murchison samples with the
output power ranging from 0 to 15 mJ clearly have lower
D, 4 values than the initial meteorite sample even though
D, ,6/D, oo ratios are almost unchanged. The character-
istic spectral change caused by the momentary heating
(or impact) is quite different from the change of long-
term heating. Although some mineralogical transforma-
tions are observed in the irradiated samples, for example
amorphization, dehydration of the hydrous minerals,
and deposition of FeS-rich amorphous silicate particles
(Matsuoka et al. 2015), spectral shape is kept during laser
irradiation in spite of a significant decrease of the depth
of 3-um band. The mechanism of the spectral change is
unclear, but it is important that the effect of momentary
heating and long-term heating can be distinguished in
the diagram because the vector of momentary heating is
distinct from that of long-term heating. In order to ana-
lyze the observed data of Ryugu, it is necessary to take
into account the effect of adsorbed and rehydrated water
on D, ;4 and D, 4, in this work, and also Figs. 11 and 12
should be modified without the contribution of adsorbed
and rehydrated water in the future.

Conclusions

We propose here an evaluation procedure for the reflec-
tance spectra of asteroid surface areas. In the first step,
the shapes of obtained spectra are simply compared with
those of powdered CM chondrite and are roughly clas-
sified into two classes such as typical CM and the other.
Particularly Winselwan-type spectrum can be easily dis-
tinguished because it has a characteristic CI-like spec-
tral shape. In the second step, heating degree is judged
by using the relationship between the D, ,,/D, ., ratio
and the D, ,¢/D,q, ratio (Fig. 9). And in the last step,
the degree of heating and space weathering are compre-
hensively evaluated by using the relationship between
the D, 4, value and the D, /D, o, ratio (Fig. 11). We can
conclude that NIRS3 has sufficient ability to evaluate the
surface property of the CM-chondrite-like target asteroid
because it has sensitivity for the wide range of wavelength
up to 3.2 um. In the previous observations, spectral het-
erogeneity of Ryugu was reported; Vilas (2008) suggested
that a 0.7-um absorption band exists; on the other hand,
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spectra recorded by Bus and Binzel (2002), Lazzaro
et al. (2013), Sugita et al. (2013), and Perna et al. (2017)
showed no such absorption. The results may indicate that
either the surface of Ryugu is extremely heterogeneous or
a short-lived resurfacing event excavated hydrous miner-
als showing the 0.7-um absorption band. It is expected

that reflectance spectra recorded by NIRS3 will decode
the mystery using the evaluation technique established
in this work. The obtained spectral information will also
provide significant information for selecting Hayabusa2’s
touchdown points. Along with observations using other
instruments on Hayabusa2, NIRS3 may reveal important
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clue for understanding the surface properties of Ryugu
and the relationship between C-type asteroids and CM
chonderites.
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