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Introduction: The Near-Earth Asteroid (162173) 

Ryugu has been investigated by the JAXA Hayabusa2 

mission [1]. Hayabusa2 successfully returned samples 

from two sites of Ryugu’s surface to Earth in December 

2020. Part of this mission was the deployment of the 

MASCOT lander [2] which studied Ryugu’s surface in 

detail. Ryugu is a rubble-pile asteroid covered in 

boulders and large pebbles [3-5]. Observations in the 

visible and near-infrared wavelength range indicate that 

Ryugu is as dark as any measured meteorite samples and 

that the closest match is thermally metamorphosed 

carbonaceous chondrites [5,6]. In the mid-infrared, the 

thermal infrared (TIR) instrument and the MASCOT 

Radiometer (MARA) revealed a high porosity of 

surface material of 40-50 % on average with individual 

boulders showing a porosity of up to 90% [7-10]. 

MARA observed a single boulder of the most 

common type on the surface of Ryugu through six 

channels with different filters, two broadband filters and 

four narrowband filters from 5.5-7 µm (B06), 8 – 9.5 

µm (B08), 9.5 – 11.5 µm (B09), and 13.5 – 15.5 µm 

(B13). MARA thus provides the only spectrally 

resolved mid-infrared observations of Ryugu within the 

Hayabusa2 mission. Previous analysis of the MARA 

data was limited to the observations in the 8 – 12 µm 

broadband filter, which is identical to the filter used in 

the main spacecraft TIR instrument [9]. Here we present 

the analysis of the full MARA dataset and derive the 

variation of the emissivity within the four wavelength 

bands, and compare it to the spectra of carbonaceous 

chondrites and asteroid (101955) Bennu [11]. 

Thermo-Physical Parameter Estimation: We 

derive thermal inertia and emissivity of the surface 

using an Ensemble Kalman Filter data assimilation 

method [12] in combination with our thermal model [8]. 

The observation is predicted using a forward model 

based on a random distribution of parameters which are 

iteratively improved by comparing the model forecast to 

the MARA observation in all six channels. The forward 

model is a combination of a multi-scale thermal model 

and the instrument function. The thermal model 

calculates the diurnal temperature variation of each 

facet of a combined shape model of the boulder in front 

of MASCOT, incorporated into a digital elevation 

model of the landing site [13]. 

The estimated thermal inertia is 256−3 
+4  J m-2 K-1 s-1/2 

which lies within the range of previous estimates and 

corresponds to a porosity of 46.7 −0.4
+0.3  %.  

 

 
Figure 1: Boxplot of Ryugu’s emissivity estimated 

within the four narrowband channels of MARA. The box 

boundaries are given by the 25th and 75th percentile, the 

center is given by the median, and the whiskers are 

defined by outliers of the estimated distribution. 

 

In the four narrow bands, the emissivity is 5.5 – 7µm 

band to 𝜀𝐵06 = 0.87−0.01
+0.02 , increases within the 8 – 9.5 

µm band to  𝜀𝐵08 = 0.98−0.01
+0.01 , decreases in the 9.5 – 

11.5 µm band to 𝜀𝐵09 =  0.92−0.01
+0.01, and increases again 

to 𝜀𝐵13 = 0.95−0.01
+0.02 in the 13.5 – 15.5 µm region. These 

results are shown in Fig.1 where the boxplot represents 

the distribution of the estimated emissivity. The box 

boundaries are given by the 25th and 75th percentile, the 

center is given by the median, and the whiskers are 

defined by outliers within 1.5 times the interquartile 

range. 

 

Comparison to Chondrite Spectra: The estimated 

emissivity shown in Fig. 1 are compared to laboratory 

spectra of carbonaceous chondrites and OTES spectra 
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of Bennu [14-18]. The contrast of the emissivity 

variation among the MARA bands is strong and much 

higher compared to powdered meteorite samples and 

more comparable to spectra of thin section samples. 

This contrast, is consistent with the absence of a dust 

layer as predicted from thermal modelling [7,19].  

To compare the high-resolution laboratory spectra to 

the results obtained with MARA, the spectra are 

averaged over the instrument function of the respective 

instrument channels. For a systematic comparison, the 

averaged emissivity in the B13 and B09 bands are 

normalized to the B08 band, and the resulting band 

ratios are plotted against each other in Fig. 2. The 

different types of chondrites form clusters and Ryugu, 

Bennu, CI and CM chondrites form a common trend 

from which dehydrated and thermally metamorphosed 

chondrites differ. The group of CI chondrites are closest 

to Ryugu, but individual CM chondrites are also within 

the range of uncertainty.  

 

 
Figure 2: Ratios of the averaged emissivity within the 

B09 and B13 bands, and the B08 band plotted against 

each other for various spectra of carbonaceous 

chondrite thin sections, Bennu, and Ryugu. 

 

Discussion: The similarity of the mid-infrared 

emissivity of the observed boulder to the most 

aqueously altered chondrites despite the strong sign of 

dehydration observed in the visible to near-infrared 

wavelength range is surprising. The loss of molecular 

water and OH-groups during heating occurs in steps 

between 200°C and 800°C while the Si-O bond 

structure recrystallizes at temperatures higher than 

700°C [20-22]. Therefore, where the visible and near-

infrared observations are sensitive to the presence of 

H2O and OH-groups in the mineral, the mid-infrared is 

more sensitive to the structure of the Si-O bonds. 

Moderate temperatures, above 200°C but below 700°C 

could lead to the dehydration suggested by NIRS3 

whereas the mid-infrared wavelength range retains the 

signs of past aqueous alteration. This sign for aqueous 

alteration in the mid-infrared observations is consistent 

with measurement results of Ryugu samples during 

initial curation processes [23,24], suggesting that mid-

infrared is powerful wavelength for finding sign of 

aqueous alteration. 

Summary: We estimate thermal inertia and spectral 

variation of mid-infrared emissivity of single boulder of 

the most common type on Ryugu by coupling a multi-

scale thermal model of the boulder and the MASCOT 

landing site to an Ensemble Kalman Filter. Here, the full 

MARA data set is analyzed. A very low thermal inertia 

is confirmed as well as a very high overall emissivity, 

and the absence of a significant dust-layer. Comparing 

the emissivity variations among the narrowband 

channels to spectra of carbonaceous chondrites and 

Bennu reveal a similarity between Ryugu’s boulders 

and the most aqueously altered CI and CM chondrites, 

supporting strong aqueous alteration occurred on 

Ryugu’s parent body prior to any dehydration. 
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