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Introduction:  From June 2018 to November 2019 

the Hayabusa2 spacecraft conducted proximity remote-
sensing observations, rover/lander in-situ measure-
ments, surface material samplings, and a Small Carry-
on Impactor (SCI) experiment of C-type near-Earth 
asteroid Ryugu. The observations reveal that Ryugu is 
a spinning top-shaped rubble pile with a circular equa-
torial ridge, suggesting rotation-induced deformation 
due to past rapid rotation [1]. The surface of Ryugu is 
covered with craters and numerous boulders, whereas 
no evidence of horizontal grain-size segregation has 
been found, unlike Itokawa [1,2]. During the sampling 
site selection process, we searched for flat areas with-
out large boulders that threaten the safety of the space-
craft’s landing and found that there are some small 
impact craters having less boulders relative to their 
local surroundings.  

We preliminarily compared boulder number densi-
ties inside and outside craters.  For craters larger than 
~50 m in diameter the boulder number densities inside 
and outside the craters are almost same. For smaller 
craters boulders seems to be depleted inside the craters. 
Such craters are indicative of a layered subsurface 
structure; a boulder-poor layer sandwiched by boulder-
rich layers. To confirm the subsurface structure, we 
analyzed boulders around craters with diameters 
smaller than ~50 m.  

Data and method: Based on a database of depths 
of craters on Ryugu [3], we analyzed the size frequen-
cy distributions (SFDs) of boulders inside and outside 
craters with depths shallower than 5–6 m and located 
within ±20° in latitude. We analyzed total 21 craters; 
eight in type I (circular depressions with rims) and 
eleven in type II (circular depression without rims) of a 
crater database complied by [4], and one type I and one 
type II craters newly identified in this work.  

For boulder measurement we basically used the 
Optical Navigation Camera - Telescopic (ONC-T) im-
ages taken at ~2.7 km altitudes from the surface. To 
evaluate the consistency of boulder size measurement, 

we compare the results using higher resolution ONC-T 
images taken at 1.7 km and 0.9 km altitudes. The size s 
of a boulder is defined as the arithmetic mean of the 
long and short axes in the ONC-T images. For each 
crater with radius R, we constructed the boulder SFDs 
both inside (r ≤ 1R) and outside (1R < r ≤ 1.5R) the 
crater, where r is the distance from the center of the 
crater. Then, we determined number density Nb of 
boulders with s ≥ 1 m from each SFD.  Finally, we 
calculated the inside-to-outside number density ratio 
Nb,in/Nb,out of boulders.  

Inside-to-outsize number density ratio of boul-
ders: The number densities Nb,in of boulders (s > 1 m) 
inside  the craters are 4–12 × 104 km-2 and have no 
clear dependence on the crater diameter or depth. The 
values are consistent with field boulder number densi-
ties (5–12 × 104 km-2) obtained from five close-up im-
ages taken at altitudes from 620 m to 67 m [5].  

The inside-to-outside number density ratios 
Nb,in/Nb,out of boulders, however, have notable depend-
ence on the crater depth (Fig. 2). For craters with d < 
2.2 m, Nb,in/Nb,out is 0.4–0.6, whereas those with d ≥ 4.0 
m, Nb,in/Nb,out is 1 or larger. In the intermediate range of 
crater depths (2.2 m ≤  d  <  4.0 m), the number density 
ratios Nb,in/Nb,out are scattered; Three craters having 
Nb,in/Nb,out < 0.7, whereas five having Nb,in/Nb,out ≥ 0.8. 
Four out of the five craters having Nb,in/Nb,out ≥ 0.7 are 
located within 270–330°E, whereas no craters having d 
> 2.2 m and Nb,in/Nb,out < 0.7 are located in this longitu-
dinal zone. Though a similar relation can be found 
between Nb,in/Nb,out and crater diameter D (= 2R), the 
transition of Nb,in/Nb,out is less clear for D than for d.  

 Besides craters within the transition range of the 
depth, there are no clear dependence of  Nb,in/Nb,out on 
latitudes or longitudes. The ratio Nb,in/Nb,out shows no 
clear deference between craters with and without rims.  

SCI crater: The rim diameter of the SCI artificial 
crater is ~17 m [6] (Fig. 1). Before the SCI impact, the 
boulder number density ratio of regions corresponding 
to inside and outside the SCI crater formed afterwards 
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were derived to be 0.91. After the SCI crater formation, 
Nb,in/Nb,out was lowered to 0.55 [7]. This value is con-
sistent with those for natural shallow craters (Fig. 2) 
because the depth of the SCI crater was estimated to be 
~2 m [6].  

Discussion: A possible explanation of the paucity 
of boulders would be due to disruption or ejection 
through cratering processes. However, this seems in-
consistent with the fact that there is no boulder deple-
tion for craters with depths deeper than 4 m. The pos-
sible remedy is that relaxation of craters will increase 
Nb,in/Nb,out from lower initial values to almost unity. In 
this case, a negative correlation  between Nb,in/Nb,out 
and d/D would be expected because d/D decreases 
with crater relaxation. However, there is no clear cor-
relation found between Nb,in/Nb,out and d/D.  

The most plausible explanation of the boulder de-
pletion in shallow crater floors is reflecting a global 
layered subsurface structure of Ryugu; a boulder-poor 
layer sandwiched between surface and subsurface 
boulder-rich layers. The depth of the boundary be-
tween the upper boulder-poor layer and lower boulder-
rich layer is 2.2–4.0 m. The boundary may be shallow-
er (~2.2 m) within 270–330°E in longitude. The thick-
ness of the surface boulder-rich layer is estimated to be 
~1 m, comparable to the boulder size in the layer.  

The subsurface boulder-poor layer was probably 
formed by a vertical grain-size segregation induced by 
the Brazil nut effect. The smaller particles produced in 
the surface layer by impacts or thermal fatigue episod-
ically sank below the larger boulders under the seismic 
shaking or landslides caused by impacts or the YORP 
spin-up.  
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Figure 1: A natural impact crater with less boulders 
(lower right, #58 in [4]) and the artificial crater formed 
by the Small Carry-on Impactor (SCI) (upper right 
near center). (JAXA, U Tokyo, Kochi U, Rikkyo U, 
Nagoya U, Chiba Inst Tech, Meiji U, U Aizu, AIST) . 
 

 
Figure 2: Inside-to-outside number density ratio 
Nb,in/Nb,out of boulders with sizes larger than 1 m as a 
function of crater depth. The crater numbers and 
depths are taken from [4] and [3], respectively, except 
for #101 and #102, newly identified in this work. The 
data of SCI artificial crater is also shown.  
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