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Abstract

The Near-Earth Asteroid 162173 Ryugu (1999 JU3) was investigated by the JAXA Hayabusa2
mission from June 2018 to November 2019. The data acquired by NIRS3 spectrometer revealed a
dark surface with a positive near-infrared spectral slope. In this work we investigated the spectral
slope variations across the Ryugu surface, providing information about physical/chemical properties

of the surface.
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We analysed the calibrated, thermally and photometrically corrected NIRS3 data, and we evaluated
the spectral slope between 1.9 um and 2.5 um, whose values extend from 0.11 to 0.28 and the mean
value corresponds to 0.163+0.022. Starting from the mean value of slope and moving in step of 1
standard deviation (0.022), we defined 9 “slope families”, the Low-Red-Slope families (LR1, LR2
and LR3) and the High-Red-Sloped families (HR1, HR2, HR3, HR4, HR5, HR6). The mean values
of some spectral parameters were estimated for each family, such as the reflectance factor at 1.9 um,
the spectral slope, the depth of bands at 2.7 um and at 2.8 um. A progressive spectral reddening,
darkening and weakening/narrowing of OH bands is observed moving from the LR families to the
HR families.

We concluded that the spectral variability observed among families is the result of the thermal
metamorphism experienced by Ryugu after the catastrophic disruption of its parent body and space
weathering processes that occurred on airless bodies as Ryugu, such as impact cratering and solar
wind irradiation. As a consequence, the HR1, LR1, LR2 and LR3 families, corresponding to
equatorial ridge and crater rims, are the less altered regions on Ryugu surface, which experienced the
minor alteration and OH devolatilization; the HR2, HR3, HR4, HR5 families, coincident with floors
and walls of impact craters, are the most altered areas, result of the three processes occurring on
Ryugu. The strong reddening of the HR6 family (coincident with Ejima Saxum) is likely due to the

fine-sized material covering the large boulder.

1. Introduction

The JAXA Hayabusa2 mission investigated the Near-Earth Asteroid 162173 Ryugu (1999 JU3) from
June 2018 to November 2019. By the examination of a primitive asteroid as Ryugu, the aim of mission

was to elucidate our knowledge about the formation and evolution of the Solar System, such as: the
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conditions that led to the formation of planets from planetoids; the material present in the primordial
Solar System and which contributed to the formation of life on Earth.

The Hayabusa2 mission (Watanabe et al., 2017) was launched on the 3" December 2014 and arrived
at the Cb-type asteroid Ryugu on the 27" June 2018. The spacecraft allowed to perform remote-
sensing analysis from the Home Position (HP, 20 km in altitude) and in-situ operations, in addition
to 2 touch-downs procedures.

Remote-sensing analyses were carried out thanks to the laser altimeter Light Detection and Ranging
(LIDAR), the Thermal Infrared Camera (TIR), the Optical Navigation Camera (ONC) and the Near-
Infrared Spectrometer (NIRS3).

By using a pulse laser with a wavelength of 1064 nm, LIDAR measured the altitude of spacecraft
with respect to the Ryugu’s surface and was used to measure shape, gravity and surface characteristics
of the asteroid. LIDAR also operated as navigation sensor for approach and touch-down operations,
since it can measure altitudes from 25 km to 30 m (Mizuno et al., 2017). TIR investigated the surface
of Ryugu in the 8-12 um spectral range with a resolution of 20 m/pixel from the HP (Arai et al.,
2017), whereas the ONC camera acquired images of the surface in the visible range. ONC was
equipped with a telescopic camera (T) and two wide-angle cameras (W1 and W2). The telescopic
camera acquired images with a spatial resolution of 2 m/pixel (HP) in 7 filters: 390 nm (u), 480 nm
(b), 550 nm (v), 589.5 nm (Na), 700 nm (w), 860 nm (x), 950 nm (p) (Kameda et al., 2017). NIRS3
is a point spectrometer and acquired reflectance spectra of Ryugu surface in the spectral range
included between 1.8 and 3.2 um. The spectral resolution of NIRS3 is 18 nm and the spatial resolution
is 40 m/pixel (HP) (lwata et al., 2017).

During the mission, in-situ analyses were performed by means of the release on the surface of two
rovers (MINERVA-II-1A and MINERVA-II-1B) on the 21% September 2018 and the lander
MASCOT on the 4™ October 2018.

The first touch-down operation was performed on the 21% February 2019 in the L08 site (-5/10 °N;

195/210 °E): surficial grains of Ryugu were successfully collected and stored in the collection
3
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chamber. During the Small Carry-on Impactor (SCI) Operation (Saiki et al., 2013), on the 5™ April
2019, an artificial crater was created in the SO1 site (5 °N; 303 °E), exposing less altered material
from the subsurface. The artificial crater was named as “Omusubi-Kororin crater”. The second touch-
down operation occurred on the 11 July 2019 in the SO1 and grains in proximity of Omusubi-Kororin
crater were collected. With high probability, grains of subsurface material exposed because of crater
formation were collected. The spacecraft departed from Ryugu on the 13" November 2019 and will
reach the Earth for the end of 2020: the collected grains will be released to Earth by means of a re-
entry capsule (Tachibana et al., 2017) and will be analysed in terrestrial laboratories.

The Near-Earth asteroid Ryugu has a semi-major axis of 1.19 au, a perihelion and an aphelion distance
of 0.96 au and 1.42 au, respectively, belonging to the Apollo group. Ryugu has a revolution period
of 1.297 yr and a rotation period of 7.63 h. The daytime surface temperature of Ryugu ranges from
330 K to 370 K when the asteroid is at the heliocentric distance of 1.01 au (Kitazato et al., 2019).
Images acquired by ONC revealed a dark top-shaped asteroid, e.g with a round shape and an
equatorial ridge. The equatorial radius is about 502+2 m, and the surface is covered by boulders and
impact craters.

The average reflectance factor of Ryugu’s surface, derived at the standard laboratory observation
angles, i.e. incidence angle 30°, emission angle 0° and phase angle 30°, is (1.88+0.17) % at 0.55 pum,
darker than any other meteorites (Sugita et al., 2019), and the geometric albedo is (4.5+0.2) % at
0.55 um (Watanabe et al., 2019). The bulk density is 1.19+0.02 g/cm?, suggesting that Ryugu is a
rubble pile object likely formed from reaccumulation of fragments generated by a catastrophic
disruption of its parent body (Michael et al., 2001; Watanabe et al., 2019). The equatorial ridge of
Ryugu shows some geological features, such as: large unaltered craters overlying it, suggesting that
equatorial craters formed after the ridge; imbricated boulders, indicating a mass wasting from the
equator to midlatitudes (Watanabe et al., 2019). Ryugu is thought to be migrated in its current Near-
Earth orbit from the Main Belt, likely through the ve resonance (Tardivel et al., 2018; Bottke et al.,

2015). Since the collision frequency is higher in the Main Belt than in near-Earth orbit, it is likely
4
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that craters with diameter greater than 100 m formed when Ryugu was in the Main Belt (Sugita et al.,
2019). In particular, larger craters could be formed in the Main Belt and they could reflect the
resurfacing processes occurred at such heliocentric distances, whereas smaller craters of about 30 m
are instead suggested to be formed in the Near-Earth orbit, whose permanence started at least 8 Myr
ago (Takaki et al., 2019).

The spectral slope estimated in the visible range, i.e from 0.48 pum to 0.86 um is bluer (negative) at
poles and equatorial ridge: they are topographic highs subjected to gradual erosion, which could lead
to the exposure of fresher surface material (Sugita et al., 2019) through mass wasting from the equator
and polar region to midlatitudes. Crater floors show redder spectral slope (positive slope) and
darkening, suggesting that such spectral modifications occur when the Ryugu material is exposed to
the space (Sugita et al., 2019). The cause of the VIS spectral reddening and darkening is not certain
and could be due to space weathering or to other processes such as coating of redder and darker dust
(Sugita et al., 2019).

Furthermore, a west/east dichotomy was observed: the western side (160°E-70°W) shows a lower
number density of large craters and therefore a smoother surface than the eastern side, explained as
the occurrence of smaller grain size of regolith in the western hemisphere (Sugita et al., 2019). Models
simulating the formation of the Ryugu’s top shape suggested that the western region could be the
result of a structural relaxation occurred when the spin rotation of Ryugu was, in the past, faster than
the actual one. Deformation at a fast spin can occur globally in a short time scale, explaining the
perfect circularity of the Ryugu’s equatorial ridge as a uniform distribution of fluidized material
(Hirabayashi et al. 2019).

Reflectance spectra acquired by NIRS3 spectrometer show a low reflectance factor coincident with
ONC results: the global averaged reflectance at 2.0 um (corrected to a standard viewing geometry
with incidence angle of 30°, emergence angle of 0° and phase angle of 30°) is (1.7+0.2)% (Kitazato
et al., 2019). However, some brighter areas have been identified on the equatorial ridge, crater rims

and individual boulders (Kitazato et al., 2019). Spectra are red-sloped in the 2.0-2.5 um spectral range
5
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and a weak and narrow absorption band at about 2.72 um is present everywhere (Kitazato et al.,
2019). The 2.72-um feature was related to hydroxyl (OH) symmetric stretching in Mg-rich
phyllosilicates (such as serpentine and saponite) and the low reflectance value could be explained
with high abundances of carbon, opaque minerals (such as magnetite) or products of shock-induced
metamorphism (dark glassy component). By comparing NIRS3 spectra of Ryugu with spectra of
meteorites, a similarity with carbonaceous chondrites (CCs) meteorites emerged, in particular Cl and
CM carbonaceous chondrites, i.e. primitive material containing organic compounds and water-
bearing minerals (Cloutis et al., 2011 and references therein). The spectrum of Ryugu seems to be
like thermally metamorphosed CI chondrites (such as the spectrum of Cl Ivuna meteorite heated at
500 °C) or shocked CM chondrites (such as the spectrum of the CM2 shocked MET01072 meteorite).
Such results suggest that Ryugu experienced a thermal metamorphism, likely as a consequence of the
collisional event that fragmented the parent body and that allowed to form as reaccumulation of
fragments (Watanabe et al., 2019): the shock and post-shock event could have caused the darkening
of the surface and the dehydration and dehydroxylation of hydrated minerals (Kitazato et al., 2019).
However, Ryugu is a body with no atmosphere or magnetic field, therefore it is constantly subjected
to space weathering effects such as solar wind irradiation and micro-meteoritic impacts, which can
alter the spectral properties of the surface (Kitazato et al., 2019).

In this work we investigated the variations in spectral slope across the surface of Ryugu, which could
provide information about physical/chemical properties of the surface.

The NIRS3 dataset is described in Section 2, whereas the tools used for the analysis are explained in
Section 3. In Section 4 the method applied to define the slope families is illustrated and Section 5
involves the spectral analysis performed. The distribution of slope families on Ryugu surface is shown
in Section 6, whereas Section 7 includes the discussion of results and conclusions are presented in

Section 8.

2. NIRS3 dataset
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The NIRS3 point spectrometer started to acquire reflectance spectra of Ryugu surface on the 21% June
2018 from a distance of 70 km. On 27" June, the spacecraft was set at an altitude of 20 km from the
Ryugu’s surface (HP). On 11" and 19" July 2018, NIRS3 operated in scanning mode, i.e, the slews
of spacecraft were combined with the rotation of the asteroid, to obtain near-global spectral
observations. On 6™ to 7" August, the spacecraft performed a descent close to the surface down to 1
km (gravity measurements) and acquired spectral data of 2 m/pixel in spatial resolution. Then,
throughout the Hayabusa2 operations (such as the release of rovers and landers, touch-down

operations), NIRS3 acquired the spectral data with a higher spatial resolution (about 1 m/pixel).

In this work we analyse the NIRS3 data acquired on 11" July 2018 (when the spacecraft was at HP)
and on 19" July 2018 (when the spacecraft was at an altitude of 13 km), since a global coverage of
the Ryugu surface was obtained with these observations. Then, we also used data acquired on the 10%"
July 2018 (HP), focused in the proximity of the equatorial ridge. The selected data are calibrated,
thermally and photometrically corrected (Kitazato et al., 2019), in order to avoid, in our analysis, the
occurrence of spectral variations due to observation viewing and thermal contribution, even if some
thermal residuals could still affect the spectra (Kitazato et al., 2019). Data acquired on 10" and 11%"
July 2018 are characterized by a spatial resolution of 35 m/pixel and data obtained on 19" July have

a spatial resolution of 23 m/pixel.

3. Tools

We spectrally analysed the NIRS3 data by estimating and comparing some useful spectral parameters.
NIRS3 spectra show an absorption band at 2.72 um, related to Mg-rich pyllosilicates (Kitazato et al.,
2019). However, a secondary absorption band at 2.8 pum is also present, as can be observed in Figure
1, where the averaged spectrum of Ryugu is shown.

The spectral range considered in this work is included between 1.8 and 3.0 um: we decided to cut the

reflectance spectra since the spectral region between 3.0 um and 3.2 um is affected by calibration
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residuals (Kitazato et al., 2019). We applied a smoothing procedure on reflectance spectra by
replacing the reflectance at each NIRS3 spectral band with the average of reflectance among the three
closest NIRS3 spectral bands. The procedure was applied to reduce oscillation in the signal (that for
dark objects as Ryugu is due to low signal-to-noise ratio) which could alter the estimation of spectral
parameters, as previously investigated for Ceres (Galiano et al., 2018).

The spectral parameters taken into account in the analysis are spectral slope, reflectance factor at 1.9
pum (R19), Band Center (BC) and Band Depth (BD) of absorption bands. These spectral indices are
usually used both in laboratory spectra and in remotely sense spectral data sets to detect the
mineralogical composition of a planetary surface and the physical properties of the surface regolith
(Clark and Roush, 1984). The spectral slope can suggest chemical variations in composition, physical
properties of regolith such as differences in the granulometry, as well as clues about space weathering
effects; the band center can be indicative of the mineral’s specie responsible of the spectral features;
the band depth can provide a qualitative information about the abundance of minerals. The band depth
value can depend of grain size distribution (Adams, 1974; Clark, 1999) and is also indicative of the
occurrence of dark component, which tend to reduce or even suppress the absorption bands of
diagnostic minerals.

The spectral slope was estimated in the spectral range between 1.9 and 2.5 um (represented by a red

line in Figure 1), by using the expression:

Rys5—Rig 1
A2s=A19 Rio’

Spectral slope =

where 25 and A1 are the wavelengths at 2.5 um and 1.9 um, respectively and Rz and Ryg are the
corresponding reflectance values.

To estimate BC and BD, the spectral features were isolated by removing the spectral continuum, fitted
by a straight line whose endpoints are located on the bands’ shoulders, following the method
described in Galiano et al. (2018). In particular, to estimate the BC of 2.7 and 2.8 um absorption

band, a unique continuum for the two bands was produced (blue line in Figure 1): the left shoulder

8
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was estimated as the maximum reflectance value between 2.5 and 2.65 pum and the right shoulder as
the maximum reflectance value between 2.85 and 2.95 um. The band center for the 2.7 um band was
forced to be detected between 2.7 and 2.75 pum, whereas the band center for the 2.8 um band was
detected in the 2.8-2.85 um range.

The band center is the wavelength corresponding to the minimum reflectance value in the isolated

absorption band (Figure 2), whereas the band depth is obtained as 1 —%, where R, is the

reflectance at the band center and R, is the reflectance at the continuum (Clark and Roush, 1984).

0.022||\[[\||||||||||}|[|

- —— Mean Ryugu 1

0.020 — —

0.018

Reflectance

0.016

Ii\ll\\'lllllilllllJltl
0’014]..8 2.0 2.2 2.4 2.6 2.8 3.0

' Waveleﬁgth(um) .
Figure 1: Mean spectrum of Ryugu surface, where the spectral slope (red line), spectral continuum

for 2.7 and 2.8 um bands (blue line) and reflectance factor at 1.9 um (R19) and at 2.5 um (R2s) are

represented.
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Figure 2: The 2.7-um and 2.8-um isolated bands, after the removal of the unique continuum
(represented by the blue line). The NIRS3 spectral bands are the grey diamonds and values of

reflectance useful for the estimation of band depths are marked.

To search for correlations between spectral parameters, we used the Pearson correlation coefficient
(PCC) (Palomba et al., 2015; Longobardo et al., 2019a). PCC estimates a linear correlation between

two variables, X and Y, by measuring the covariance of variables (cov(X,Y)) and their standard

cov(X,Y)
Ox'0Oy

deviations (oyx and ay). PCC is defined as with the resulting value included between -1

(suggesting an anti-correlation) and 1 (correlation). If the Pearson value is included between 0 and
0.3, the correlation is weak; for values between 0.3 and 0.7 the correlation is moderate; a strong
correlation is obtained for values greater than 0.7. A Pearson coefficient close to 0 suggests the
absence of any link between parameters.

In this work, we estimated the PCC by using a meticulous approach previously applied in Galiano et
al. (2019): we calculated the PCC thousand times, by selecting, each times, random values of X and

Y included, respectively in the X-ay and X+oy range and in the Y-oy and Y+agy range. Then, by

10
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taking into account the thousands of values of PCC so estimated, we obtained the mean value and
standard deviation of PCC.

We investigated the presence of possible thermal residuals in reflectance spectra by relating, for each
data, the reflectance at 3.0 um and at 1.9 um as a function of temperature. We selected these specific
wavelengths since they are, respectively, inside and outside the thermal emission region (Kitazato et
al., 2019). For each temperature bin (width of 1 K) we estimated the mean values of both reflectance
at 3.0 um and at 1.9 um. The 3.0 um shows a slight dependence with temperature, differently than
the 1.9 um, that is highlighted by performing their ratio. The percentage variation in the ratio is about
3% that corresponds to 0.001 in reflectance, that is comparable with the reflectance uncertainty due
to radiometric calibration (Kitazato et al., 2019).

Furthermore, the error introduced by the thermal removal was estimated by following the method yet
used in Tosi et al. (2018). For each pixel, we estimated the standard deviation of reflectance value at
the wavelength of 3.0 um and at 1.9 um, respectively inside and outside the thermal emission region
(Kitazato et al., 2019). The standard deviation of the reflectance value at 3.0 um is 0.008, as well as

the standard deviation of the reflectance value at 1.9 um.

These two methods allow us to conclude that the uncertainties introduced by the thermal emission
removal are negligible and we are confident that the spectral parameters estimated and used for the

analysis are not affected by thermal residuals.

4. Definition of slope families

The slope for each NIRS3 spectrum was estimated in the spectral range between 1.9 and 2.5 um,
whose values range from 0.11 to 0.28; the mean value of slope (MS, i.e. Mean Slope) corresponds to

0.163 and the standard deviation (o) is 0.022.

11
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The map of spectral slope, superposed on Ryugu shape model, is shown in Figure 3. Globally, the
positive spectral slope characterizes the Ryugu surface, even if a higher reddening occurs in localized

areas such as crater floors and saxa.

‘i. k’\ Spectral slope

—0.28

0.25
0.2

Figure 3: Map of spectral slope of Ryugu superposed on the shape model for longitude range O-

120°E (Image a); longitude range 120-240°E (Image b); longitude range 240-360°E (Image c).

Statistical analysis of spectral parameters has been demonstrated as a useful tool to study surface
properties of asteroids (e.g., Longobardo et al., 2014; 2019b). We performed a statistical analysis of
spectral slope to investigate the Ryugu surface, by defining different slope “families”.

Starting from the mean value of slope and moving in steps coincident with 1o, we obtained 9 families
(Table 1). All families are characterized by positive spectral slope, but we identified as “High-Red-
sloped families (HR)” the areas with a more positive spectral slope than MS and as “Low-Red-sloped
families (LR)” the regions characterized by a lower spectral slope than MS.

A total of 3 “LR” families and 6 “HR” families were detected. The HR1 family includes areas with
spectral slope values between MS and MS+1o; the HR2 involves regions with spectral slope values
included between MS+1c and MS+2c and so on. Similarly, the LR1 family contains areas with a
slope between MS-16 and MS, the LR2 includes areas with slope ranging from MS-2¢ and MS-1o,
and so on.

In Figure 4, the frequency of spectral slope values is shown. The greatest number of spectra (9898
spectra) belongs to the LR1 family, suggesting that the 40.7% of the Ryugu surface exhibits a spectral

slope included between 0.141 and 0.163. The LR3 family includes 109 spectra, therefore the 0.45%
12
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of the Ryugu surface reveales the flattest spectral slope, with values in the 0.103-0.119 range. The 10

reflectance spectra with the reddest slope (corresponding to the 0.04% of the Ryugu surface) belongs

to the HR6 family and the highest value reaches 0.29.

Table 1: List of the slope families defined in this work. Each column describes for each family: the

name of the slope family; the range in terms of standard deviation; the minimum and maximum value

of spectral slope included in the family; the number of thermally corrected spectra in the family and

the relative percentage.

Family Range Min Value of | Max Value of | Number of | Percentage
Spectral Slope | Spectral Slope spectra of spectra
LR3 MS-30/MS-20 0.103 0.119 109 0.45%
LR2 MS-20/MS-10 0.119 0.141 3550 14.6%
LR1 MS-1a/MS 0.141 0.163 9898 40.7%
HR1 MS/MS+1o 0.163 0.184 6964 28.6%
HR2 MS+10/MS+20 0.184 0.206 2885 11.9%
HR3 MS+20/MS+3a 0.206 0.227 733 3.0%
HR4 MS+30/MS+4a 0.228 0.249 127 0.52%
HR5 MS+40/MS+50 0.250 0.271 36 0.15%
HR6 MS+50/MS+60 0.273 0.290 10 0.04%
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The mean spectra of LR families (Figure 5) and the mean spectra of HR families (Figure 6) show

the occurrence of the absorption band at 2.72 um and at 2.8 um, as observed on the mean spectrum

of Ryugu, which is shown for comparison both in Figure 5 and in Figure 6.
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Figure 5: Mean spectra of LR families (blue spectra) compared with the mean spectrum of Ryugu

surface (black spectrum).
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Figure 6: Mean spectra of HR families (red spectra) compared with the mean spectrum of Ryugu

surface (black spectrum).

For each family, we estimated mean values and standard deviations of the spectral slope, reflectance
factor at 1.9 um (Ru.9), Band Center (BC) and Band Depth (BD) of absorption bands at 2.72 um and
2.8 um. No variation in the 2.7BC and 2.8BC occurs among the 9 slope families: the 2.7BC is located
at 2.72 pum and the 2.8BC is at 2.81 pm for all the families. This result suggests that the minerals
responsible of the 2.7 and 2.8 um absorption bands are the same across the Ryugu surface. The other
spectral parameters estimated, and the corresponding standard deviation (o) are reported, for each

family, in Table 2.

Table 2: List of spectral parameters estimated. For each family of slope, the columns represent the
mean values and standard deviations for: 2.7BD, 2.8BD, reflectance factor at 1.9 um (Ru1.9), spectral

slope estimated between 1.9 and 2.5 pm.

Family | 27BD | 65750 | 2.8BD | 05850 | Rio | 0g,, | SLOPE | 6510pk
LR3 | 0.0857 | 0.0049 | 0.0397 | 0.0058 | 0.0169 | 0.0004 | 0.1147 | 0.0035
LR2 | 0.0825 | 0.0044 | 0.0361 | 0.0051 | 0.0170 | 0.0004 | 0.1345 | 0.0049
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LR1 | 0.0825 | 0.0047 | 0.0336 | 0.0054 | 0.0171 | 0.0005 | 0.1522 | 0.0062
HR1 | 0.0829 | 0.005 | 0.0318 | 0.0056 | 0.0169 | 0.0005 | 0.1720 | 0.0061
HR2 | 0.0830 | 0.0049 | 0.0295 | 0.0059 | 0.0166 | 0.0005 | 0.1935 | 0.0060
HR3 | 0.0824 | 0.0051 | 0.0266 | 0.0058 | 0.0163 | 0.0006 | 0.2141 | 0.0059
HR4 | 0.0812 | 0.0055 | 0.0247 | 0.0059 | 0.0161 | 0.0007 | 0.2351 | 0.0058
HRS5 | 0.0803 | 0.0067 | 0.0223 | 0.0078 | 0.0153 | 0.0008 | 0.2583 | 0.0058
HR6 | 0.0778 | 0.0058 | 0.0199 | 0.066 | 0.0153 | 0.0009 | 0.2815 | 0.0066

5. Spectral analysis of slope families

By relating the R19 and the spectral slope of the slope families (green diamonds), a strong anti-
correlation can be observed (Figure 7), with a Pearson coefficient of -0.83+0.02. The LR families
show a reflectance variation of about 1%, whereas a strong darkening and reddening occurs in the
HR family with increasing spectral slope (showed by the dark line fit linking the HR1 to the HR6
family in Figure 7). For comparison, the spectral slope and reflectance factor for mean Ryugu (red
diamond) is also shown in Figure 7, that is almost coincident with the HR1 family. However, the
general trend observed is that flatter spectra (with less positive spectral slope) have a higher
reflectance value, whereas redder spectra (with a more positive spectral slope) have a lower

reflectance value: darker areas on Ryugu surface show a more positive spectral slope.

A strong anti-correlation also emerges between the 2.7BD and the spectral slope of the slope families
(Figure 8) with a Pearson coefficient of -0.83+0.01. LR3 is the family with flatter spectra and with
deeper 2.7BD, whereas the HR6 is the family involving redder spectra and with weaker 2.7 BD. As
suggested by the scatterplot, darker areas are less hydroxylated and exhibit spectral reddening,
whereas brighter areas are more hydroxylated and show a spectral flattening.

The band depth of 2.7 um absorption feature was also related to the band depth of 2.8 um one and a
strong correlation among the slope families, with a Pearson value of 0.84+0.01, can be observed in
Figure 9. The absorption band related to O-H stretching is located at about 2.8 um in spectra of some
serpentine polymorphs (hydrous magnesium iron phyllosilicates), in particular in the cronstedtite

spectra (Clark et al., 2007), a Fe-serpentine. The strong correlation between the two bands could
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suggest that they could be both related to the O-H stretching of two types of hydroxyl-bearing

minerals.
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Figure 7: Scatterplot of spectral slope versus reflectance factor at 1.9 pum for the slope families (green
diamonds) and mean Ryugu (red diamond). A strong anti-correlation links the two parameters,

suggesting that darker areas are characterized by a more positive spectral slope.
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Figure 8: Scatterplot of spectral slope versus band depth at 2.7 um (2.7BD) for the slope families
(green diamonds) and mean Ryugu (red diamond). The anti-correlation between the two parameters

suggests that the spectral reddening induces also a weakening in the OH band.
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Figure 9: Scatterplot of band depth at 2.7 um (2.7BD) versus band depth at 2.8 um (2.8BD) for the

slope families (green diamonds) and mean Ryugu (red diamond).

From the spectral analysis of the 9 slope families, the spectral reddening is related to a spectral
darkening at 1.9 um and to a weakening of the 2.7 um band, as can be easily observed in Figure 10,
where the mean spectrum of the HR6 (red spectrum; the family with the reddest spectral slope) and
LR3 (blue spectrum; the family with the flattest spectra) families are compared with the spectrum of
mean Ryugu (black spectrum). In Figure 11, the isolated and normalized OH bands for the mean
spectra of the LR3 and HR6 families are shown, compared with the isolated bands of the mean Ryugu
spectrum. As can be noted, the LR3 family (blue spectrum) shows, in addition to deeper 2.7 and 2.8
pm bands than HR6 family (red spectrum), even a wider hydroxylation band. The Half Width Half
Maximum (HWHM), i.e. the width of band between the band center and the half height of the isolated

band is 0.061 for the LR3 family and 0.05 for the HR6 family.
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358

359 6. Geomorphological distribution of the slope families

360 We combined the distribution of each slope family with the Ryugu geological map (produced in

361  Sugita et al., 2019) in order to associate the spectral variations to geomorphological features. We
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present here the distribution of the LR2, LR3, HR2, HR3, HR4, HR5 and HR6 family, which are
satisfactory to identify the trend.

In Figure 12, Image A, the LR2 family is superimposed on the Ryugu geological map, noting that
the family is mainly located on the equatorial ridge and in the northern hemisphere. This family is
almost totally coincident with the topographic highs observed in Morota et al. (2020). Spectra
belonging to LR2 family are coincident to quasi-circular depressions at higher latitudes and to the
rims of both smaller and larger impact craters, such as Urashima Crater, Kintaro Crater, Brabo Crater,
Kolobok Crater, and a crater at 30°N; 150°E.

The LR3 family, Figure 12, Image B corresponds to the topographic highs (Morota et al., 2020) in
the northern hemisphere.

Inversely to the LR families, which are mainly located in the northern hemisphere, the HR families
characterizes the southern hemisphere.

In Figure 13, Images A, B, C, D, the distribution of HR2, HR3, HR4 and HR5 families are shown
on Ryugu geological map, respectively. We can notice that these families are mainly located on the
walls and floors of craters, in addition to areas around Otohime Saxum and Ejiima Saxum. Spectra
with increasing spectral slope, i.e. moving from the HR2 family to the HR5 family, are progressively
coincident with inner areas of craters. In particular, the HR4 family (Figure 13, Image C) represents
the deeper part of crater floor of Momotaro, Kibidango, Urashima Crater and two unnamed impact
craters (one located at 20°S;15°E and the other crater at about 30°S; 345°E). Even the east side of
Ejima Saxum and the north area of Otohime Saxum are also part of the HR4 family.

Then, the deepest part of Momotaro crater and of the unnamed impact crater located at about 30°S,
345°E belong to HR5 family, in addition to Ejima and Otohime Saxum and a group of boulders
(identified by the geological map) in the northern hemisphere.

In particular, the central part of Ejima Saxum (observed in the bottom part of Figure 14) is
characterized by the reddest spectral slope, since it belongs to the HR6 family (Figure 13, Image E),

in addition to the unnamed region made of large boulders in the northern hemisphere.
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The LR families, characterized by a bluer NIRS3 spectral slope and a NIR brightening, are mainly
located in the equatorial ridge and in the northern hemisphere, and most of the areas are coincident
with the regions with a bluer VIS slope, estimated by using the ONC data (Sugita et al., 2019).

The HR families show a redder NIRS3 slope and a NIR spectral darkening, and, as well as the areas
with a redder VIS slope and VIS darkening (Sugita et al., 2019), they are mostly in the floors of

craters.
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Figure 13: Distribution of HR families superimposed on the geological map of Ryugu. A) The HR2
family is in the southern hemisphere and coincident with crater walls and crater floors. B) The HR3
family is coincident with inner part of crater floors, in addition to the northern area of Otohime Saxum
and to areas surrounding Ejima Saxum. C) The HR4 family is mainly localized in deeper part of
craters, on the eastern part of Ejima Saxum and on the northern part of Otohime Saxum. D) The HR5
family is coincident with the inner part of Momotaro crater, of the unnamed crater at 30°S-345°E, on
Ejima and Otohime Saxa and a group of boulders in the northern hemisphere. E) The HR6 family

involves the central part of Ejima Saxum and unnamed boulders in the northern hemisphere.
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414

415  Figure 14: ONC image of Ryugu (hyb2_onc_20180801_ 160557 tvf I2c), where the Ejima Saxum
416  can be observed in the bottom part of the image, marked by a black arrow.

417

418 7. Discussion

419 The analysis of Ryugu spectral slope allowed us to define two slope families: families with a more
420 positive spectral slope than the mean slope and indicated as High-Red-Sloped families (HR) and
421 families with spectral slope values lower than the mean slope and termed as Low-Red-Sloped
422 families (LR).

423 The spectral and geomorphological analysis of these families produced the following results.
424 o The HR families are areas with increasing spectral slope, and the spectral reddening is
425 related to spectral darkening, weakening and narrowing of OH bands; the HR families are
426 in the southern hemisphere and are coincident with floors and walls of impact craters, as
427 well as with Ejima and Otohime Saxum; the areas with the most positive spectral slope is
428 the HR6 family, corresponding to Ejima Saxum.
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e The LR families are areas with a flattening in the spectral slope, in addition to a deepening
and widening of OH bands and a uniform reflectance value (almost coincident with the
spectral slope of Mean Ryugu); the LR families are in the northern hemisphere and on the
equatorial ridge, and are coincident with the rims of impact craters. The areas with the
most spectral flattening belong to the LR3 family and are coincident with the topographic

highs in the northern hemisphere.

Small bodies which are not protected by atmosphere or magnetic field, as Ryugu, are constantly
exposed to space weathering processes, such as micro-meteoritic bombardment and solar wind
irradiation. These mechanisms, in addition to thermal metamorphism experienced by Ryugu
(Watanabe et al., 2019), could induce variations in the spectral properties of the surface materials and
could be responsible of the observed spectral variations. The effects of space weathering and thermal
metamorphism on asteroids are simulated in laboratory by irradiating meteorites and/or minerals with
laser and ion (to simulate the micro-meteoritic bombardment and the solar wind, respectively) or by
undergoing samples to heating cycles (to simulate thermal metamorphism). The reflectance spectra
of processed samples could experience VIS-NIR spectral darkening/brightening and
reddening/bluing (Lantz et al., 2017), variation in the intensity of OH bands (Matsuoka et al., 2015;
Hanna et al., 2019) and in the width of OH bands (Hanna et al., 2019).

Ryugu is a C-type asteroid, in particular a Cb-type, spectrally similar to Cl and CM carbonaceous
chondrites (CCs). There is no certain evidence that Ryugu started his life as a CI/CM-like object,
since it is possible that Ryugu became like these CCs later. The original nature of Ryugu will be
established by the in-depth analysis of the returned sample in the terrestrial laboratories. However,
until that time, we explain the spectral properties of Ryugu by assuming that its actual nature is the
original one, and therefore spectrally similar to the CI/CM CCs.

CCs are aqueously altered material, composed by a poorly heated matrix and (except for Cls) a high

temperature fraction containing Calcium-Aluminium rich Inclusion (CAls) (Vernazza et al., 2013).
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CM carbonaceous chondrites are aqueously altered rocks, whose products include serpentine-group
phyllosilicates, saponite-group phyllosilicates, tochilinite, tochilinite-serpentine intergrowths and
sulfates (Zolensky and McSween, 1988). The matrix of CMs represent the 57-85 vol% (McSween,
1979): it is a complex assemblage mainly composed of serpentine and tochilinite-serpentine
intergrowths, with reduced amount of magnetite, Ca-phosphates, organic matter, saponite and
carbonates (Zolensky et al., 1993). The dominant phase in the matrix is the Fe-rich serpentine group
phyllosilicates such as cronstedtite (Buseck and Hua, 1993) and the second dominant phase is the
intergrowth of cronstedtite/serpentine and tochilinite (Brearley and Jones, 1998; Buseck and Hua,
1993). In particular, if the cronstedtite is the dominant phyllosilicate in CM matrix, the ferroan Mg-
serpentine is also common (Brearley and Jones, 1998). In CM chondrites, a strong negative
correlation occurs between the abundance of Fe-cronstedtite and Mg-serpentine, suggesting that a
transition from Fe-rich to Mg-rich serpentine occurs as a consequence of aqueous alteration (Howard
et al., 2009; 2011).

Cl carbonaceous chondrites also experienced aqueous alteration processes, where pre-existing
anhydrous silicates have been almost completely transformed to phyllosilicates (50-60 vol%), with
intergrown ferrihydrite; oxides are present in rich abundances (mainly magnetite and maghemite), in
addition to carbonates, sulphides, sulfates and organic matter (Richardson, 1978; Zolensky and
McSween, 1988; Buseck and Hua, 1993; Zolensky et al., 1993; Brearley and Jones, 1998; Gounelle
and Zolensky, 2001). The matrix is dominated by phyllosilicates, in particular by different proportion
of intergrown Fe-bearing serpentine and saponite, intimately intergrown with ferrihydrite (McSween,
1987; Tomeoka, 1990; Brearley and Jones, 1998). With increasing aqueous alteration, Cls are richer
in serpentine and saponite (Howard et al., 2010).

The space weathering effects on C-type asteroids are not well defined, since laboratory simulations
on analogue Cl and CM meteorites produced conflicting results.

lon irradiation experiments on pressed pellet of different types of CCs meteorites linked the spectral

variation to initial composition/albedo (Lantz et al., 2017): bright CCs with an albedo greater than
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9% (such as CV and CO, rich in chondrules and anhydrous silicates) showed a spectral reddening and
darkening after irradiation; dark CCs with an albedo lower than 5% (such as Cl and CM, dominated
by matrix with organics and hydrous silicates) exhibited a spectral bluing and brightening after the
experiment (Lantz et al., 2017).

Pellet of powdered sample of CM2 Murchison, after being exposed to pulse laser irradiation at
energies of 5, 10 and 15 mJ, exhibited a spectral darkening and flattening in the Near-Infrared spectral
range and a suppression of the O-H stretching mode at about 2.7 um in phyllosilicates (Matsuoka et
al., 2015). The sample was also laser irradiated with lower energies of 0.7, 1, 2 and 5 mJ, confirming
the spectral darkening and bluing/flattening at increasing laser energies, in addition to the weakening
of the O-H band of about 15% (Matsuoka et al., 2020).

Laser irradiation on pressed samples of Cl, CM and Tagish Lake meteorites revealed a spectral
darkening and bluing after irradiation (in the spectral range included between 0.3 and 2.5 pm range),
in addition to the suppression of the OH band at about 2.7 um (Hiroi et al., 2013).

Space weathering simulations have been also performed on fragments or chips of CCs, which better
preserve the petrographic properties of the sample and the interrelationships between mineral phases
(Thompson et al., 2019) than pressed pellet. It is likely that fragments or chips of CCs could better
represent the surface of Ryugu, that is rich in boulders.

A fragment of the C2 Tagish Lake meteorite was ion-irradiated at low energy (4 keV) with an ion
beam composed by He* and with an ion beam composed by Ar*. The He" flux produced a spectral
reddening in the reflectance spectra of irradiated meteorite (spectral range included between 0.5 and
2.5 um), whereas the Ar* flux generated a spectral flattening (Vernazza et al., 2013).

lon irradiation (4 keV) on a section of CM2 Murchison meteorite produced, in the Near-Infrared
spectral rage, a lower reflectance value and a spectral reddening compared to the unirradiated sample,
in addition to a weakening and narrowing of the 2.7-um band. The irradiation caused the
amorphization of phyllosilicates in the Murchison sample at a depth of 150-200 nm and inclusions of

nanophase iron particles (2-5 nm) were observed in the amorphized phyllosilicates (Keller et al.,
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2015). The nanophase iron particles, in small bodies, could be the result of solar wind implantation
in addition to amorphization of target material and redeposition of sputtered material (Noguchi et al.,
2011; Noguchi et al., 2014). Pulsed-laser experiments on chips of CM2 Murchison meteorite revealed
that laser-irradiated areas are darker and bluer than unirradiated ones, for the production of nanophase
iron particles (Thompson et al., 2019) or FeS-rich nanoparticles (Matsuoka et al., 2015).

A Murchison powder samples (<63 um) was heated for 1 week at 400 °C, 500 °C, 600 °C, 700 °C,
800 °C and 900 °C: the absorption band located at 2.7-3.0 um gradually weakens up to 500 °C and
vanishes at 600-700 °C (Hiroi et al., 1996) for the dehydration/dehydroxylation and transformation
of phyllosilicates to olivine and pyroxene (Zolensky et al., 1994). Furthermore, a spectral bluing
occurs in the NIR spectral range (1.5-2.5 um) at higher heating temperatures (Hiroi et al., 1996;
Cloutis et al., 2019); a spectral darkening is observed at higher temperatures up to 600 °C, then a
brightening occurs (Hiroi et al., 1996).

The heating experiment on CM-like material showed that the 2.7-um band, related to OH in
phyllosilicates, becomes sharper before disappearing by 800°C (Hanna et al., 2019).

In Table 3 the effects of space weathering simulation are summarized for CM2 Murchison sample
and CM-like material, given the spectral similarities between Ryugu and the CM carbonaceous
chondrites (Kitazato et al., 2019).

Granulometry can also alter spectral properties of the surface. The Murchison meteorite was sieved,
and different samples were obtained with the maximum particle sizes of 1000, 500, 250, 150, 90 and
45 um (Cloutis et al., 2018). At decreasing maximum grain size, the spectra become brighter and
more red-sloped in the 0.6-1.8 um spectral range (Cloutis et al., 2018). In a powdered mixture with
increasing fine-sized particles, the reflectance spectra become redder and brighter and absorption
bands generally decrease (Cloutis et al., 2018). Furthermore, a mixture with fine grains of opaque

phase not intimately mixed is characterized by a spectral reddening (Cloutis et al., 2011).
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531  Table 3: Effects of space weathering simulation on CM2 Murchison and CM-like material, the CCs
532  spectrally similar to Ryugu. For each experiment (ion irradiation, laser irradiation and heating
533  procedure), the variation in reflectance, spectral slope and OH-bands are reported. In particular, the
534  columns represent: the experiment, the sample on which the experiment was performed, the spectral
535 variations due to the experiment, the references of the experiment and the slope families that are
536  supposed to have experienced the corresponding alteration. The increasing of reflectance, spectral
537  slope (reddening), as well as the deepening and widening of OH-band is represented by the “+”
538  symbol, whereas the lowering of reflectance, spectral slope (bluing or flattening), in addition to the
539  weakening and narrowing of OH band is characterized by the “—* symbol. References for the
540 experiments: [a], Keller et al. (2019); [b], Thompson et al. (2019); [c] Matsuoka et al. (2015); [d]
541  Hiroi et al. (1996); [e] Hannah et al. (2019).
Space Weathering Effects
: Intensity Width -
Experiment Sample Reflectance | Slope of OH- of OH- References | Slope families
band band
[a] LR1: LR2;
LR3; HR1;
lon Irradiation Mucr:é\;:izson — + — — HR2; HR3;
HR4; HR5;
HR6
Laser CM2 _ _ _ [b, c] HR2; HR3;
irradiation Murchison HR4; HR5
_ LR1; LR2;
CM2 (upto 600°C) | __ _ [d] LR3; HR1;
Heating Murchison + HR2; HR3;
HR4; HR5;
(600-900°C) HR6
CM-like _ [e]
material
542
543  To explain the spectral variations observed on Ryugu surface, three processes need to be taken into
544  account: 1) the thermal metamorphism experienced by the material composing Ryugu for the
545  fragmentation of parent body; 2) the impacts on the surface during the permanence of Ryugu in the
546  Main-Belt, which produced larger craters; 3) the solar wind irradiation on the surface during both the
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permanence in the Main Belt and in its actual permanence in the Near-Earth orbit, lasting at least

from 8 Myr.

Ryugu shows weak hydroxylation bands in the 2.7-2.8 um range, suggesting that its surface is poor
in OH-bearing minerals. Likely, the thermal metamorphism experienced as a consequence of parent
body’s fragmentation (Watanabe et al., 2019) heated the material that now compose Ryugu up to
400-500 °C, producing weak OH bands and an overall spectral darkening and bluing, as observed in
Hiroi et al. (1996). Furthermore, the solar wind irradiation could have led to a spectral reddening, in
addition to a decreasing in the reflectance and in the intensity of the OH bands, as observed in the
laboratory experiments with ion irradiation (Keller et al., 2015). The solar wind acted on Ryugu
surface in the Main Belt and it is still active in its current Near-Earth orbit. In particular, the flux
density of solar wind at about 3 AU (corresponding to a region of Main Belt) has been estimated to
be about 1.5-10°cm2s? (Brunetto et al., 2014), whereas the flux at 1 AU (almost coincident with the
semi-major axis of Ryugu) is about 3-10%cm7s® (Schwenn, 2005). The effects of thermal
metamorphism and solar irradiation could explain the spectral properties of the mean surface of
Ryugu and the family close to it, i.e. HR1, LR1 and LR2 families, characterized by mean values of
both OH-bands intensity, moderate spectral darkening and reddening. The LR2 and LR3 family
correspond to topographic highs (Sugita et al., 2019), which probably exposed fresher materials that
experienced less dehydroxylation. The LR3 family is coincident with the topographic highs in the
northern hemisphere and it is the family with the deepest 2.7- and 2.8- um bands and with the flattest

and brightest spectra: the LR3 family could represent a more hydroxylated and less altered area.

The interior part of craters is more red-sloped and darker than HR1, LR1 and LR2 families, with
weaker and narrower OH bands: it is likely that in these geological features, corresponding to the
families from HR2 to HR5, the effects of impacts and solar wind irradiation overlap, in addition to
the previous thermal metamorphism. The impacts generating craters likely produced a darkening and
spectral flattening of the thermally altered surface, as observed in the laboratory experiment
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(Thompson et al., 2019); in addition, the impact process could have fragmented larger grains and
produced finer regoliths, which could yield a spectral reddening and a brightening, as noted by Cloutis
et al. (2018). These two effects could be masked and/or enhanced by the spectral variations induced
by the solar wind irradiation. Therefore, the solar flux could contribute, from the formation of Ryugu
as today, to a further spectral reddening and darkening of the Ryugu’s thermally altered and cratered
surface, in addition to a weakening and narrowing of OH bands, as the ion irradiation experiments

demonstrated (Keller et al., 2015).

The HRG6 family, coincident with Ejima Saxum, is the family with the highest spectral slope, with the
lowest value in reflectance and with the weakest OH bands. The spectral properties of this family
could be explained by the combination of the thermal processes and ion irradiation. As previously
described (Hiroi et al., 1996; Keller et al., 2015), the thermal heating experienced by Ryugu likely
produced an initial spectral bluing, in addition to a spectral darkening and a OH-band weakening,
whereas the subsequent and constant solar wind irradiation could be responsible of the spectral
reddening currently observable, with an additional darkening and OH weakening. Ejima Saxum is a
dark and rugged boulder, partially buried by asymmetrical distributed fragmental debris deposits, i.e.
regolith (Sugita et al., 2019). It is possible that the regolith covering the boulder, characterized by
finer size of grains with respect to the boulder itself, is responsible of the strong reddening of this

area (the HR6 family), as noted in laboratory experiments (Cloutis et al., 2011; Cloutis et al., 2019).

8. Conclusion

By studying the variability of NIRS3 spectral slope on Ryugu surface, we defined 9 “slope families”,
characterized by a progressive spectral reddening and darkening, a weakening and narrowing OH
bands. The spectral variability in slope, reflectance and absorption bands is a consequence of the

thermal metamorphism experienced by Ryugu after the catastrophic disruption of its parent body and
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space weathering processes occurred (as impact cratering) and occurring (solar wind irradiation) on

its surface.

We suggest that the HR1, LR1 and LR2 families are fresher material on Ryugu’s surface, which,
along with the LR3 family, experienced minor alteration and OH devolatilization (due to thermal
metamorphism and solar wind irradiation); the HR2, HR3, HR4, HR5 families are the most altered
areas, given that they are the result of three processes (thermal metamorphism, impact cratering and
solar wind irradiation). The HR6 family is coincident with Ejima Saxum: this family experienced a
space weathering process like that of fresher families (thermal metamorphism and solar wind
irradiation) but the strong spectral reddening and darkening is likely due to the fine-sized material

covering the large boulder.
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