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Abstract

The elastic property of asteroids is one of the paramount parameters for understanding their physical nature. For example,

the rigidity enables us to discuss the asteroid’s shape and surface features such as craters and boulders, leading to a better

understanding of geomorphological and geological features on small celestial bodies. The sound velocity allows us to construct

an equation of state that is the most fundamental step to simulate the formation of small bodies numerically. Moreover, seismic

wave velocities and attenuation factors are useful to account for resurfacing caused by impact-induced seismic shaking. The

elastic property of asteroids thus plays an important role in elucidating the asteroid’s evolution and current geological processes.

The Hayabusa2 spacecraft brought back the rock samples from C-type asteroid (162173) Ryugu in December 2020. As a part of

the initial analysis of returned samples, we measured the seismic wave velocity of the Ryugu samples using the pulse transmission
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method. We found that P- and S-wave velocities of the Ryugu samples were about 2.1 km/s and 1.2 km/s, respectively. We also

estimated Young’s modulus of 6.0 – 8.0 GPa. A comparison of the derived parameters with those of carbonaceous chondrites

showed that the Ryugu samples have a similar elastic property to the Tagish Lake meteorite, which may have come from a

D-type asteroid. Both Ryugu and Tagish Lake show a high degree of aqueous alteration and few high-temperature components

such as chondrules, indicating that they formed in the outer region of the solar system.
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Key Points:24

• We report the initial summary of the elastic property of asteroid (162173) Ryugu25

samples brought by Hayabusa2.26

• The measured elastic parameters were compared with those of carbonaceous chon-27

drites.28

• We found that the Ryugu samples show high similarity in elastic properties to the29

Tagish Lake meteorite.30
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Abstract31

The elastic property of asteroids is one of the paramount parameters for understanding32

their physical nature. For example, the rigidity enables us to discuss the asteroid’s shape33

and surface features such as craters and boulders, leading to a better understanding of34

geomorphological and geological features on small celestial bodies. The sound velocity35

allows us to construct an equation of state that is the most fundamental step to simu-36

late the formation of small bodies numerically. Moreover, seismic wave velocities and at-37

tenuation factors are useful to account for resurfacing caused by impact-induced seismic38

shaking. The elastic property of asteroids thus plays an important role in elucidating the39

asteroid’s evolution and current geological processes. The Hayabusa2 spacecraft brought40

back the rock samples from C-type asteroid (162173) Ryugu in December 2020. As a part41

of the initial analysis of returned samples, we measured the seismic wave velocity of the42

Ryugu samples using the pulse transmission method. We found that P- and S-wave ve-43

locities of the Ryugu samples were about 2.1 km/s and 1.2 km/s, respectively. We also44

estimated Young’s modulus of 6.0 – 8.0 GPa. A comparison of the derived parameters45

with those of carbonaceous chondrites showed that the Ryugu samples have a similar46

elastic property to the Tagish Lake meteorite, which may have come from a D-type as-47

teroid. Both Ryugu and Tagish Lake show a high degree of aqueous alteration and few48

high-temperature components such as chondrules, indicating that they formed in the outer49

region of the solar system.50

Plain Language Summary51

The elastic property is one of the paramount parameters to characterize the shape52

and surface morphology of asteroids. It also provides a key constraint in modeling the53

formation process of small bodies. Therefore, it is of great importance to measure elas-54

tic parameters to understand the current surface geology and the evolution of asteroids.55

The JAXA’s Hayabusa2 spacecraft brought back rock samples from C-type asteroid Ryugu.56

As a part of the initial analysis of the Ryugu samples, some fundamental physical prop-57

erties were studied. Here we report the initial summary of the elastic property of the Ryugu58

samples. We measured the seismic wave velocity of the Ryugu sample and estimated their59

rigidity such as the Young’s modulus. We found that P- and S-wave velocities and Young’s60

modulus were 1.9 – 2.4 km/s, 1.2 – 1.4 km/s, and 6.0 – 8.0 GPa, respectively. Compar-61

ing these results with those for carbonaceous chondrites, we confirmed that the elastic62

property of Ryugu samples showed a high similarity to that of the Tagish Lake mete-63

orite that underwent aqueous alteration and has few chondrules like the Ryugu samples.64

1 Introduction65

On December 6th, 2020, after six years of space journey, Hayabusa2 brought back66

samples from C-type asteroid (162173) Ryugu. The samples were collected at two equa-67

torial sites: touch-down site 1 (TD1) and touch-down site 2 (TD2) (e.g., Morota et al.,68

2020; Tachibana et al., 2022). The TD2 is situated in the vicinity of the artificially formed69

crater through the impact experiment (Arakawa et al., 2020). The total amount of the70

collected samples reached 5.4 g with the size ranging up to 10 mm (e.g., Yokoyama et71

al., 2022; Tachibana et al., 2022). A part of them was allocated to the Hayabusa2 ini-72

tial analysis team to study the chemical and physical properties of the Ryugu samples73

(e.g., Yokoyama et al., 2022; T. Nakamura et al., 2022; M. Sato et al., 2022).74

The sample analysis from the chemical and mineralogical aspects has shown that75

Ryugu is similar to CI (Ivuna-type) chondrites, which suffered aqueous alteration but76

keeps the most primitive materials (e.g., Yada et al., 2022; Yokoyama et al., 2022; Ito77

et al., 2022; T. Nakamura et al., 2022). This indicates that the Ryugu’s parent body formed78

in the outer solar system (e.g., T. Nakamura et al., 2022).79
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On the other hand, the measured bulk density (∼ 1,800 kg/m3; T. Nakamura et80

al., 2022) shows that Ryugu has more in common with the Tagish Lake meteorites —81

the most fragile meteorites ever discovered (e.g., Zolensky et al., 2002). This implies that82

the Ryugu samples are porous and mechanically weak (i.e., low rigidity). Since there are83

few studies evaluating the mechanical properties of aqueously altered chondrites (e.g.,84

CI, Tagish Lake, Tarda), the comparison in terms of physical properties has not been85

realized yet. In this study, we report the elastic properties of the Ryugu samples together86

with the results for the aqueously altered chondrites so that we can add the description87

of the returned samples from a different aspect.88

The elastic property (e.g., Young’s modulus, elastic wave velocity, and density) is89

one of the fundamental parameters to characterize a solid celestial body. It should help90

us better constrain the Ryugu’s formation scenario as well as improve our knowledge of91

the phenomena occurring under the microgravity condition such as the resurfacing ef-92

fect (e.g., Richardson et al., 2004; Honda et al., 2021; Takaki et al., 2022). Especially,93

the sound velocity and the Grüneisen parameter are key factors in building the equa-94

tion of state, which is essential for the numerical simulation of catastrophic impact —95

a key process to form rubble-pile bodies. Using the initial estimates of Ryugu’s elastic96

properties, T. Nakamura et al. (2022) performed numerical calculations to simulate the97

thermal evolution and catastrophic destruction of Ryugu’s parent body.98

The physical properties of the returned samples also allow us to solve the discrep-99

ancy between theoretical prediction and actual observation of the artificial impact event.100

Nishiyama et al. (2021) simulated the seismic signals excited by the artificial impact —101

Small Carry-on Impactor (SCI) impact (Saiki et al., 2013; Arakawa et al., 2020). It was102

expected that resurfacing could occur due to seismic shaking considering the kinetic en-103

ergy provided by the SCI impact. Some surface rocks and boulders moved due to the104

impact, however, the lateral displacement was smaller than expected (Honda et al., 2021;105

Nishiyama et al., 2021). This discrepancy between the theory and observations has not106

been solved yet, and investigation of seismic wave propagation under microgravity con-107

ditions is called for. Since the resurfacing effect is one of the fundamental processes in108

the surface evolution of solid celestial bodies, it is of great importance to grasp the elas-109

tic behavior on the asteroid’s surface through the measurements of the returned sam-110

ples.111

In this study, we evaluated the elastic property of the Ryugu samples such as elas-112

tic wave velocity and rigidity together with the inelastic attenuation factor, which were113

obtained for the first time from the returned asteroid samples. Our results are expected114

(i) to fill in the gap between theory and the observations with regard to the elastic be-115

havior on the asteroid and (ii) to reconstruct the Ryugu’s bulk elastic property, both of116

which are pivotal to constructing a more precise model of the surface evolution of the117

asteroid.118

Some of the results have been reported by T. Nakamura et al. (2022), but here we119

present the refined results with some additional measurements that were not included120

in their report. Moreover, we compare the parameters obtained from the Ryugu sam-121

ples with those of other carbonaceous chondrites to discuss whether the Ryugu samples122

are similar to or different from any carbonaceous chondrites.123

In the following sections, we describe the measured samples and the experimen-124

tal settings for the pulse transmission method. Then, we show the elastic property of the125

Ryugu samples, followed by discussions on the comparison with carbonaceous chondrites.126
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2 Method127

2.1 Samples used for measurements128

Our team — a part of “Team Stone” in the Hayabusa2 initial analysis team — mea-129

sured the elastic wave velocity of C0002-No3 and C0002-No4. These samples were cut130

out from one of the largest fragments in the samples collected at TD2. As shown in Fig-131

ures 1a-b, each sample was a few mm wide and long with thicknesses of 0.7 – 1 mm (the132

first to the third rows in Table 1). The details of the sample preparation — such as fix-133

ing the samples with glycol phthalate, making plates by slicing with a diamond saw, pol-134

ishing the sample surfaces, and removing glycol phthalate — were done by Nakashima135

et al. (2022) and T. Nakamura et al. (2022). Because C0002-No4 was split into two pieces136

(No4-1 and No4-2; Figure 1b) over the successive measurements of physical properties137

(T. Nakamura et al., 2022), we regarded these pieces as different samples and measured138

the seismic wave velocity individually.139

In addition to the Ryugu samples, we also measured several carbonaceous chon-140

drites for comparison (the fourth to tenth rows in Table 1). The elastic property of Tag-141

ish Lake (C2) and Ivuna (CI) had never been measured before (e.g., Ostrowski & Bryson,142

2019), so this report describes their elastic property for the first time.143

Figure 1. Optical images of the Ryugu samples with polished surfaces: (a)C0002-No3 and

(b)C0002-No4 that was split into two fragments (C0002-No4-1 and No4-2) over the successive

geophysical measurements (T. Nakamura et al., 2022).

2.2 The principle of measurements and experimental settings144

We employed the pulse transmission method, which is a common method to mea-145

sure the elastic wave velocity (e.g., Birch, 1960). The principle is to measure the travel146

time td of a pulse passing through a medium with a thickness of d. Dividing d with td147

gives us a seismic wave velocity. Figure 2a illustrates a schematic diagram of the exper-148

imental setting where a sample is put between transducers; one of which is connected149

with a pulsar and the other is connected with an oscilloscope via an amplifier. The in-150

struments used for the measurements are summarized in Figure 2b.151

We developed a new measurement system for a small sample (sub-micron to 1 mm152

scale) under a less loaded condition (< 10 MPa) because the sample was expected to be153

fragile and porous (e.g., Sugita et al., 2019; Grott et al., 2019; Arakawa et al., 2020). The154

developed system is shown in Figure 2c. The 20 MHz and 10 MHz transducers made by155

OLYMPUS corporation were used (Figure 2b). Under the condition of room tempera-156

ture and atmospheric pressure, the measurements were conducted as shown in Figure157

–4–
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Table 1. The measured samples and their dimensions.

Sample name Group Thickness (mm) Mean surface area (mm2) Bulk density (kg/m3)

C0002-No3 0.788 ± 0.005 5.74 ± 0.41

C0002-No4-1 0.943 ± 0.005 2.52 ± 0.86 1823 ± 50

C0002-No4-2 0.950 ± 0.005 6.45 ± 0.82 (T. Nakamura et al., 2022)

Tarda-No0 C2 0.634 ± 0.010 4.53 ±0.33 2220 ± 117

Tarda-No1 C2 0.930 ± 0.006 9.39 ±2.25 2233 ± 106

Tarda-No3 C2 0.961 ± 0.007 3.54 ±2.32 2363 ± 113

Tagish Lake C2 0.745 ± 0.010 7.03 ± 0.88 1768 ± 89

Murchison CM 0.650 ± 0.005 7.94 ± 0.12 2522 ± 126

Ivuna CI 1.306 ± 0.007 4.85 ± 1.43 2444 ± 116

2d where the loading was controlled manually. In this study, we mainly show the results158

obtained under ∼ 1 MPa loading.159

Fig2
(a)

(c) (d)

!

Amplifier
(OLYMPUS)

Amplifier
(R&K)

Pulsar
(AVTECH)

(b)
Pulsar AVTECH, AVL-2-C-M-P

Amplifier
R&K, A-308 (Receiver-side)

OLYMPUS, 5073PR (Transmitter-side)

Oscilloscope Tektronix, TDS5104B

Splitter Mini-Circuits, ZFSC-2-4

Transducers P-wave: OLYMPUS, V202, V116
S-wave: OLYMPUS, V222-BC-RM, V222-BC

Figure 2. (a)Schematic diagram of the experimental setting. (b) The instruments used in this

study. (c)The actual measurement setting. (d)Close-up of the yellow box in (c). The sample is

sandwiched with two transducers.

2.3 Evaluation of elastic parameters160

Three types of signals were collected for each sample. The first signal is the back-161

ground signal Sbg, which is the signal excited by the experimental system itself when trans-162

ducers are uncontacted. The second one is the signal without sample Sns, which is mea-163
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sured by contacting two transducers. The third is the signal with sample Ssp measured164

with a sample sandwiched between the transducers.165

Each type of signal was measured multiple times to stack the signals and to eval-166

uate random errors in the measurement. We then obtained the stacked and averaged back-167

ground signal Sbg to enhance the long-period background components for properly re-168

moving them from Ssp and Sns. The removed signals are defined as follows:169

Ssb(t) = Ssp(t)− Sbg(t),

Snb(t) = Sns(t)− Sbg(t),
(1)

where t is time. Figures 3a-c shows an example of the signals obtained in this study.170

We applied band-pass filtering between 2 MHz and 15 MHz when reading the time171

delay in order to suppress the noises and enhance the input pulse. Measuring the time172

delay of the peak signal of Ssb from that of Snb gives us the lag-time td — a travel time173

through a sample. We performed the measurements five times (Figure 3d), and the av-174

erage lag-time td and the standard deviation ∆td were used to determine the elastic wave175

velocity v and its error ∆v as shown below:176

v = d
td
,

∆v =

√(
∆d
td

)2

+
(

d

td
2∆td

)2

.

(2)

With P- and S-wave velocities (vp and vs), the Poisson’s ratio can be written as follows:177

ν =
v2p − 2v2s
2(v2p − v2s)

. (3)

Combining vp and vs with the sample density (ρ), we can evaluate Young’s mod-178

ulus (E), the bulk modulus (K), and the shear modulus (µ) as follows:179

E =
3v2

p−4v2
s

v2
p−v2

s
ρv2s ,

K = ρ
(
v2p − 4

3v
2
s

)
,

µ = ρv2s .

(4)

2.4 Evaluation of inelastic attenuation: Quality factor180

With the spectral fitting method commonly used in seismology, we evaluated the181

attenuation factor Q — the rate of the energy loss due to the absorption by a medium182

and scattering effects coming from the heterogeneity within a sample. Considering both183

geometrical spreading and absorption effects, the spectra of Snb and Ssb are expressed184

as:185

Snb(f) ∝ 1
d2
tr
e−

2πdtr
vtrQtr

f ,

Ssb(f) ∝ 1
(dtr+d)2 e

− 2πdtr
vtrQtr

fe−
2πd
vQ f ,

(5)

where dtr, vtr, and Qtr are the height of the contacted transducers, the elastic wave ve-186

locity of the transducers, and the attenuation factor of the transducers. Dividing Ssb(f)187

with Snb(f) gives us188

Sfit(f) =
Ssb(f)

Snb(f)
∝ e−

2πd
vQ f . (6)

Figure 4a shows the amplitude spectral densities for Snb (black) and Ssb (red) and Fig-189

ure 4b displays the decomposed spectra corresponding to Sfit(f). The frequency band190

of 2 MHz – 10 MHz was used for the fitting. The fitted curve (thick broken line) and the191

error range (dotted lines) are presented in Figure 4b.192
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Figure 3. Typical examples of the measured signals for P-wave. (a) The stacked signal of the

background Sbg (green) and the signal without sample Sns (black). (b) Sbg (green) and the signal

with sample Ssp (red). (c) The signals with Sbg removed from Sns (i.e., Snb in black) and Ssp

(i.e., Ssb in red). (d) All the Snb and Ssb signals obtained in the five repeated measurements for

C0002-No3. The respective signals are band-pass filtered between 2 MHz - 15 MHz to enhance

the incident pulse. Note that the signals are arbitrarily shifted.

Figure 4. (a) Amplitude spectral densities (ASDs) for Snb (black) and Ssb (red). The grey

shaded area shows the frequency band used for fitting. (b) The deconvolved spectra (Ssb/Snb).

The individual spectrum and the averaged spectrum are shown in blue and cyan, respectively.

The thick broken line represents the best-fitted curve and the dotted lines display the error

range.
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3 Results and Discussion193

3.1 Seismic wave velocity and Young’s modulus194

The obtained seismic wave velocity and Young’s modulus for C0002-No3, C0002-195

No4-1, and C0002-No4-2 are shown in the first three rows in Table 2. For P- and S-wave196

velocities, we obtained Vp = 1.9 – 2.2 km/s and Vs = 1.1 – 1.3 km/s, respectively. Com-197

bining the Vp and Vs with the bulk density in Table 1 leads to Young’s modulus of 6.0198

– 7.5 GPa (the first three rows in Table 3). Table 2 also includes Vp, Vs, and Young’s199

modulus measured for carbonaceous chondrites (Tarda, Tagish Lake, Murchison, and Ivuna).200

Table 2. List of measurement results. Pi(i = p, s) is loading pressure in MPa, Vi(i = p, s) is the

elastic wave velocity in km/s, and ν is the Poisson’s ratio.

Sample name Pp (MPa) Vp (km/s) Ps (MPa) Vs (km/s) ν

C0002-No3 0.97 ± 0.43 2.21 ± 0.01 0.69 ± 0.31 1.26 ± 0.01 0.26± 0.01

C0002-No4-1 1.06 ± 0.55 1.95 ± 0.01 0.91 ± 0.48 1.20 ± 0.01 0.19± 0.01

C0002-No4-2 0.98 ± 0.38 1.94 ± 0.01 0.61 ± 0.25 1.17 ± 0.01 0.22± 0.01

C0002-No3-1 5.64 ± 1.79 2.12 ± 0.01 4.31 ± 1.63 1.37 ± 0.01 0.14± 0.01

C0002-No3-2 4.50 ± 1.85 2.40 ± 0.02 6.10 ± 2.50 1.25 ± 0.01 0.31± 0.01

Tarda-No0 0.90 ± 0.68 2.68 ± 0.04 0.90 ± 0.68 1.52 ± 0.03 0.26± 0.02

Tarda-No1 0.99 ± 0.24 2.32 ± 0.02 0.99 ± 0.24 1.47 ± 0.01 0.16± 0.02

Tarda-No3-1 1.00 ± 0.66 2.47 ± 0.02 1.25 ± 0.82 1.55 ± 0.02 0.18± 0.02

Tagish Lake 1.39 ± 0.38 1.86 ± 0.03 1.39 ± 0.38 1.13 ± 0.02 0.21± 0.02

Murchison 0.87 ± 0.46 3.77 ± 0.03 0.87 ± 0.46 1.97 ± 0.02 0.31± 0.01

Ivuna 1.01± 0.30 2.38± 0.01 1.01± 0.30 1.63± 0.01 0.06± 0.02

3.2 Variation of the elastic property within a mm-sized sample201

We performed an additional measurement for C0002-No3 after the bending exper-202

iment (T. Nakamura et al., 2022) over which the sample was destroyed into fragments.203

We used two pieces out of the split fragments (Figures 5a-b; C0002-No3-1 and C0002-204

No3-2) to investigate a variation in elastic property within a sample. Although there was205

little difference in elastic property between C0002-No4-1 and C0002-No4-2, we found a206

10% difference in the seismic wave velocity between C0002-No3-1 and No3-2 (the fourth207

and fifth rows in Table 2).208

To explain the 10% variation of the seismic wave velocity, we looked into the X-209

ray computed tomography (X-ray CT) image data (Figures 6a-b), which were obtained210

at SPring-8, Japan (T. Nakamura et al., 2022). Within the respective CT images for C0002-211

No3 and C0002-No4, we cut out the 0.68 mm × 0.68 mm areas and made histograms212

of voxel values, where the larger value corresponds to the denser materials. Figures 6a-213

b show examples for a certain slice of each sample. Figure 7 gives an example of the voxel214

values for constituent materials. Keep in mind that it is difficult to determine each con-215

stituent mineral because the X-ray CT image only represents the relative density vari-216

ations that are relevant to the X-ray absorption. Based on the visual features and pre-217

vious image analyses (e.g., T. Nakamura et al., 2022; Yokoyama et al., 2022), only cracks218

and phyllosilicate matrices were labeled, while other representative minerals were named219
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Table 3. List of the estimated elastic parameters such as Young’s modulus, the bulk modulus,

and the shear modulus. Because we could not measure the bulk density of C0002-No3-1 and

C0002-No3-2 individually, the corresponding Young’s modulus values were estimated using the

values listed in Table 1.

Sample name Young’s modulus (GPa) Bulk modulus (GPa) Shear modulus (GPa)

C0002-No3 7.3± 0.3 5.05± 0.19 2.91± 0.09
C0002-No4-1 6.3± 0.3 3.40± 0.15 2.63± 0.09
C0002-No4-2 6.0± 0.2 3.54± 0.13 2.48± 0.07

C0002-No3-1 7.8± 0.3 3.63± 0.16 3.42± 0.10
C0002-No3-2 7.5± 0.2 6.71± 0.24 2.85± 0.09

Tarda-No0 12.9 ± 1.0 9.13± 0.74 5.12± 0.33
Tarda-No1 11.2 ± 0.1 5.59± 0.30 4.83± 0.07
Tarda-No3-1 13.3 ± 0.1 6.85± 0.43 5.68± 0.15

Tagish Lake 5.5± 0.4 3.14± 0.24 2.25± 0.13

Murchison 25.7± 1.4 22.79± 1.29 9.79± 0.51

Ivuna 13.8 ± 0.1 5.23 ± 0.26 6.49 ± 0.08

Figure 5. Optical images of C0002-No3 taken (a) before the destruction and (b) after the

destruction. The sample was split into four pieces along yellow dotted lines, and the particles

named C0002-No3-1 and C0002-No3-2 were used for the measurements.

Mineral 1 and Mineral 2 here. As in Figure 7, Mineral 1 corresponds to the white and220

small particles, which are the densest materials in the sample (voxel value > 20000). Min-221

eral 2 has the voxel values around 7000 – 15000, ranging sub-millimeters. It is not as dense222

as Mineral 1, yet denser than the surrounding matrices.223

In order to obtain the volumetric information about the relative density distribu-224

tion within each sample, we made the cumulative histograms over the slice 420–650 (the225

number corresponds to the identification number of X-ray CT data) for C0002-No3 and226

the slice 745–1025 for C0002-No4 (Top panels in Figure 8a-b). We quantified the vari-227

ation of relative density (Bottom panels in Figure 8a-b) from the ratio between the his-228

tograms of two different regions. There are some variations in the distribution of cracks,229

matrices (pixel value < 7000), and Mineral 1 (pixel value > 20000) between two regions230

in both C0002-No3 and C0002-No4. Considering that C0002-No4-1 and C0002-No4-2231

showed almost the same seismic velocity (Table 2), cracks, matrices, and Mineral 1 do232

–9–



manuscript submitted to JGR: Planets

(a) (b)

C0002-No3-2

C0002-No3-1

C0002-No4-2

C0002-No4-1

0.68 mm

0.68 m
m

0.68 mm

0.68 m
m

C0002-No3-2
C0002-No3-1

C0002-No4-2
C0002-No4-1

Figure 6. X-ray computed tomography(CT) image for (a) C0002-No3 (Slice 420) and (b)

C0002-No4 (Slice 1025) with the voxel resolution of 3.4 µm. In each figure, the left top panel

shows the X-ray CT image with the split area divided with yellow dots. The right column dis-

plays the expanded images for the trimmed regions (red and cyan areas). The left bottom panel

shows the histogram of the voxel value for the respective trimmed areas, where the large voxel

values correspond to the brighter (or denser) areas.

Matrix

C0002-No3-2 (Slice 420)

Crack
<1000

Mineral 1

Mineral 2
7000 - 15000 

1000 - 5000

> 20000

Figure 7. Representative voxel values in the X-ray CT image (Slice 420 of C0002-No3-2).

not have a significant effect on the seismic wave velocity. Focusing on the ratio of Min-233

eral 2, C0002-No3-2 contains more Mineral 2 than C0002-No3-1 by about a factor of 1.5,234

while there is little difference in the abundance of Mineral 2 between C0002-No4-1 and235

C0002-No4-2. This indicates that Mineral 2, especially the sub-mm-scale particle of Min-236

eral 2 seen in Figure 7, plays a main role in producing the velocity variation within the237

C0002-No3 sample. Mineral 2 with the higher voxel values than the surrounding matrix238

should lead to a 10% larger P-wave velocity of C0002-No3-2 than C0002-No3-1. On the239

other hand, the S-wave velocity of C0002-No3-2 is smaller than that of C0002-No3-1, which240

is most likely because C0002-No3-2 contains at least ten times more cracks than C0002-241

No3-1 (S-wave is more sensitive to porosity or structural heterogeneity within the medium).242

Further investigation including numerical simulations is needed for more quantitative dis-243

cussion.244

3.3 Inelastic attenuation factor245

Inelastic attenuation controls how far the seismic energy can propagate and is thus246

important to understand the impact-related surface geological processes of asteroids (e.g.,247

resurfacing due to seismic shaking).248
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(a) (b)

Mineral 2 Mineral 1 Mineral 2 Mineral 1

Figure 8. Histograms of voxel values of X-ray CT images and their ratio between different

regions of (a) C0002-No3 and (b) C0002-No4. In each panel, the histograms for red and cyan re-

gions in Figures 6a-b are shown at the top, and the histogram ratios are displayed at the bottom.

The spectral fitting approach described in Section 2.4 gives the quality factor Q249

of 10 – 20 for the Ryugu samples (Table 4). This value is smaller than those of carbona-250

ceous chondrites (20 – 50 in Table 4) and terrestrial rocks (50 – 250) (Kanamori et al.,251

1970).252

Table 4. List of the estimated quality factors. The Q values obtained from P-wave results are

presented here because the spectral quality of S-wave was not good enough to determine Q. The

Q values for Tarda-No0 and Tarda-No3-1 were not obtained for P-waves either due to the poor

spectral quality.

Sample name Q (P-wave)

C0002-No3 10.9 ± 2.2
C0002-No4-1 9.5 ± 1.7
C0002-No4-2 15.3 ± 4.5

C0002-No3-1 9.5 ± 1.7
C0002-No3-2 13.3 ± 3.0

Tarda-No0 –
Tarda-No1 18.0 ± 5.63
Tarda-No3-1 –

Tagish Lake 36.77 ± 14.49

Murchison 50.86 ± 29.22

Ivuna 16.99 ± 3.85

We here note that the Q values obtained in this study may not be directly appli-253

cable to that on the Ryugu’s surface although the relative differences between the Ryugu254

samples and other samples can be discussed. The low Q value was derived for the Apollo255

returned samples (Q = 10−30) (Kanamori et al., 1971; Wang et al., 1971), which was256

inconsistent with the results of the seismic measurements on the lunar surface (Q = 3000−257

7000) (e.g., Y. Nakamura & Koyama, 1982; Blanchette-Guertin et al., 2012; Onodera et258
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al., 2022, 2023). The discrepancy between the laboratory measurements and the in-situ259

seismic experiment was explained by Tittman et al. (1972) and their following works.260

They conducted Q-value measurements under various environments and assessed how261

atmospheric conditions and temperature affect the results. They found that the Q value262

is much more sensitive to humidity, air pressure, and temperature than the elastic wave263

velocity. For example, when the sample was exposed to hot water for 30 sec, the Q value264

decreased by 90% compared to the non-exposed condition. They also found that the Q265

value gets closer to that obtained through seismic observation on the Moon by reduc-266

ing the air pressure and temperature (e.g., Q = 800 under 6.7 ×10−6 Pa at −180°C).267

In the following experiments (e.g., Tittman et al., 1975, 1976; Tittman, 1977), the Q val-268

ues as high as those obtained through in-situ lunar seismic observations were achieved269

after thorough outgassing from the samples under vacuum conditions.270

The present results of Q values obtained at 1 atm and the room temperature must271

thus be affected by these environmental factors. In addition, as attenuation mechanisms272

could change depending on the frequency range, that needs to be considered when dis-273

cussing the differences between various frequencies (e.g., Aki & Richards, 1980). For our274

current measurement, due to some restrictions regarding the available facilities, we could275

not perform the Q measurements under preferable conditions. However, if we measured276

the Q-value under ideal conditions, we could effectively evaluate the disparities in Q-value277

among various samples and different frequency ranges, which would improve our knowl-278

edge of the anelastic attenuation on extraterrestrial bodies. In future studies, we plan279

to measure the Ryugu’s Q value under more appropriate conditions.280

3.4 Comparison with carbonaceous chondrites281

Figures 9a-c are the scatter plots of Vp, Vs, and Young’s modulus against the bulk282

density, comparing our results with the previous measurements of CM (Mighei-type),283

CO (Ornans-type), and CV (Vigarano-type) chondrites (Jones, 2009; Ibrahim, 2012; Cotto-284

Figueroa et al., 2016). The aqueously altered carbonaceous chondrites (CI, Tagish Lake,285

Tarda, and CM) and the Ryugu sample have smaller bulk densities than CO and CV286

chondrites. Ryugu’s Vp, Vs, and Young’s modulus range 1.9 – 2.4 km/s, 1.2 – 1.4 km/s,287

and 6.0 – 8.0 GPa, respectively, and Tagish Lake shows the most similar properties to288

those of Ryugu samples. The chemical analyses in previous works (e.g., T. Nakamura289

et al., 2022) indicate that CI chondrites show the highest similarity to the Ryugu sam-290

ples. On the other hand, the optical feature (e.g., very low-reflectance: 0.02) and the bulk291

density (∼1,800 kg/m3) of the Ryugu samples resemble the Tagish Lake meteorites (Zolensky292

et al., 2002; Yada et al., 2022; T. Nakamura et al., 2022). Through this study, we added293

a novel description of the Ryugu samples from the aspect of the elastic property. Our294

results show that the elastic (or mechanical) property of the returned samples is more295

in accordance with that of Tagish Lake than any other carbonaceous chondrites.296

Both Ryugu and Tagish Lake underwent aqueous alteration and have fewer high-297

temperature inclusions (such as chondrules and CAIs; Zolensky et al., 2002), implying298

that they formed and evolved under a similar environment. This supports the idea that299

Ryugu’s parent body formed in the outer region of the solar system (e.g, T. Nakamura300

et al., 2022). Considering the similarities and differences between Ryugu, Ivuna, and Tag-301

ish Lake in chemical and physical characteristics, all their parent bodies formed in the302

outer solar system; but differences in the accumulation process or accumulation region303

might have produced the variation in chemical and physical properties seen between the304

three. It is not clear how the evolution processes differ from each other. Yet, further in-305

vestigation on this topic would give us a better illustration of the early evolution in the306

outer solar system.307

The data for CM, CO, and CV chondrites (Figures 9a-c) are widely scattered, some308

of which are consistent with the Ryugu samples. To explain the scattered distribution,309
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Figure 9. Comparison of the elastic properties of Ryugu and carbonaceous chondrites in this

work (closed symbols) with previously reported values for CM, CV, and CO chondrites (colored

crosses; Jones, 2009; Ibrahim, 2012; Cotto-Figueroa et al., 2016). (a) P-wave velocity, (b) S-wave

velocity, and (c) Young’s modulus.

we looked into the relationship between the elastic properties and the matrix abundance.310

Because the relative trend of the elastic properties presented in Figures 9a-c are simi-311

lar, we focus on Vp in the following discussion.312

From the seismological aspect, the wave velocity varies depending on where the wave313

travels within a heterogeneous medium (e.g., H. Sato et al., 2012). CM, CO, and CV chon-314

drites contain inclusions such as chondrules and CAIs — possibly showing more inho-315

mogeneous structures. Therefore there may be a correlation between the variation of elas-316

tic properties with the abundance of the matrix (or inclusions). The previous studies sum-317

marize the average matrix abundance of CI (95 vol%), CM (70 vol%), CO (30 vol%), CV318

(40 vol%), Tagish Lake and Tarda (80 vol%) (e.g., Scott & Krot, 2014; Blinova et al.,319

2014; Alexander, 2019; Chennaoui-Aoudjehane et al., 2021). Ryugu does not include CAIs320

or chondrule and almost all area is regarded as matrix (e.g., Yada et al., 2022; T. Naka-321

mura et al., 2022).322

Figure 10a shows that the variation of Vp becomes smaller with the matrix abun-323

dance as a general trend. However, the trend does not simply explain the variation of324

Vp between CM, CV, and CO chondrites (Figure 10a), where CV chondrites show a larger325

variation than CO. We found that the variation of Vp also relates to the mean chondrule326

size, where CV chondrites with a larger mean chondrule size show the larger Vp varia-327

tion (Figure 10b). This trend is consistent with the idea that the seismic wave velocity328

varies depending on the path under inhomogeneous media (e.g., H. Sato et al., 2012),329

and the dynamic range of variation becomes larger when the contrast of elastic proper-330

ties between the inclusions and matrix becomes stronger.331

The cause for the variation of relative abundance and mean size of chondrules among332

different groups of chondrites is a long-standing problem in the planetary formation model333

(Jacquet, 2014; Simon et al., 2018). Although previous works were limited to chemical334

and mineralogical discussion, this study made it possible to discuss the problem from335

a novel point of view. More systematical measurements of the elastic property of chon-336

drites and joint interpretation with other measurements would enable us to elucidate which337

sides of chondrule characteristics affect the elastic property and how the differences among338

carbonaceous chondrites stemmed from.339
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Figure 10. (a) Matrix abundance vs. P-wave velocity. The filled symbols represent our mea-

surements and the colored crosses show the data from the previous measurements of CM, CO,

and CV chondrites (Jones, 2009; Ibrahim, 2012; Cotto-Figueroa et al., 2016). The matrix abun-

dances were referenced from Alexander (2019), Blinova et al. (2014), and Scott and Krot (2014)

(See the text for the details). (b) Mean chondrule diameter vs. P-wave velocity. The mean chon-

drule diameters were from Scott and Krot (2014).

4 Concluding Remarks340

We measured the seismic wave velocities of Ryugu samples and obtained the P- and341

S-wave velocities of about 2.1 km/s and 1.2 km/s, respectively. Combining those veloc-342

ities with the bulk density gives Young’s modulus of 6.0 – 8.0 GPa for the Ryugu sam-343

ples. These elastic properties are similar to those of Tagish Lake (C2).344

Combined with previous results (e.g., Yada et al., 2022; T. Nakamura et al., 2022;345

Yokoyama et al., 2022), we can characterize that the Ryugu samples are chemically CI-346

like but physically Tagish Lake-like. Both CI and Tagish Lake experienced aqueous al-347

teration and do not hold inclusions such as CAIs and chondrules, and these might have348

undergone similar evolution processes. Thus, our results anyhow support the previous349

interpretation that Ryugu’s parent body had formed in the outer solar system. By study-350

ing the differences in chemical and physical characteristics between these three samples,351

it would be possible to better constrain how differently each parent body formed and evolved.352

This should lead to a finer illustration of the early evolution of the solar system.353

We obtained the Ryugu’s quality factor Q of 10 – 20 which is similar to those of354

the Apollo returned lunar rocks. However, the Q in this study is the lower limit because355

the measurements were done at 1 atm and room temperature, and needs to be refined356

in future work.357

This study provided the elastic properties of the returned asteroid sample for the358

first time and will be a milestone for a better understanding of the elastic behavior on359

asteroids such as resurfacing effect with seismic shaking and for better modeling of the360

formation and evolution processes of Ryugu. The next big step would be to consider how361

we can extrapolate the particle-scale properties to the regional and/or global scale. In362

future work, we plan to estimate the bulk elastic behavior by combining our measure-363

ment results with numerical simulations and other remote sensing data.364
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5 Data and Resources365

The seismic signal data of the respective measurements and the X-ray CT image366

data of C0002-No3 and C0002-No4 are available at Onodera (2023).367
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