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Introduction: The JAXA Hayabusa2 spacecraft 

collected over 5 g of regolith samples from two 
touchdown sites on the C-type asteroid Ryugu and 
successfully returned them to Earth on December 6, 
2020 [1]. These samples provide an unprecedented 
opportunity for direct laboratory observation of 
preseved material from the earliest stages of organic-
mineral interactions at the dawn of the solar system. The 
goals of the Hayabusa2 Organic Macromolecule Initial 
Analysis Team [2] include carrying out elemental, 
chemical, isotopic and structural characterization to 
relate Ryugu to the known carbonaceous chondrite 
groups, and better constrain the evolution of organic 
matter in the early solar system. 

 Methods: We used transmission electron 
microscopy (TEM) with energy dispersive x-ray 
spectroscopy (EDS) and electron energy loss 
spectroscopy (EELS) to analyze the microstructure, 
elemental composition and C bond distributions in the 
returned Ryugu samples using the NRL Nion 
UltraSTEM 200-X and JEOL 2200FS following 
protocols as described in [3]. We analyzed samples from 
both touchdown sites (Chamber A and Chamber C) as 
extracted FIB lamella from particles, microtome 
sections of particles, and microtome sections of acid-
insoluble organic matter (IOM) prepared as isolates. 
When possible, the TEM results were coordinated with 
prior synchrotron x-ray absorption near edge 
spectroscopy (XANES) measurements of the C K-edge 
bonding of the same samples at the Photon Factory or 
Advanced Light Source [2,4], and isotopic 
measurements on adjacent slices, using NanoSIMS at 
the Carnegie Institution for Science [5]. 

Results: Our TEM analyses of Ryugu particle FIB 
and microtome sections reveal that organic matter is 
abundant as both diffuse material intermixed with Mg-
rich phyllosilicates (Fig. 1 A, B), and as discrete organic 
particles in rounded globular and irregular form (Fig. 1 
C, D).  Other observed morphologies include diffuse 
organic matter trapped in vesicles in carbonate grains 
(Fig. 2), diffuse carbon intermixed with Mg-rich 
phyllosilicates, and nanodiamonds embedded in 
amorphous, organic carbon. TEM analysis of 
microtomed sections of extracted IOM (Fig. 3) show 
abundant solid and hollow nanoglobules <400 nm in             

Figure 1: BF STEM (A) and EDS Map (B) of diffuse 
organics intermixed with Mg-rich phyllosilicates, i.e., 
clay-bound C. (C) DF STEM images of a cluster of three 
nanoglobules surrounded by phyllosilicates. The FIB 
cross- section captures the globules at different depths, 
with 1 closest to the globule midplane, and 3 grazing the 
globule-phyllosilicate interface. (D) DF STEM of 
dense, irregular organic matter (interior of red outline). 

Figure 2: DF STEM image (A) of a FIB section 
from sample A0108-3 calcite with vesicles, and EDS 
map (B) of the diffuse organic mater, phyllosilicates and 
sulfides trapped in a vesicle (dotted box in (A)). 
 
diameter, and fine-grained, fluffy material. Large 
nanoglobules >1000 nm also occur, but are rare. The 
microstructural characteristics of Chamber A and 
Chamber C IOM were similar; no obvious differences 
were observed.  
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Figure 3.  BF TEM of microtomed IOM from A0106 
on a Quantifoil TEM grid.  Hollow nanoglobule (hNG), 
solid nanoglobule (NG), and fluffy microstructures are 
common. 

The functional chemistry of the carbonaceous matter 
as determined by EELS (Fig. 4) is heterogeneous at 
scales down to 2 nm. Some regions have prominent 
aromatic (C=C), ketone (C=O) and carboxyl (O-C=O) 
functional chemistry, and others are predominantly 
aromatic. Nanodiamonds (2 nm to 5 nm) are clustered 
in amorphous organic carbon. Clay-bound carbon, i.e., 
diffuse C intercalated into phyllosilicates, is identified 
by a characteristic strong peak at 290.4 eV (CO3), often 
accompanied by an aliphatic peak at ~287 eV, and 
weaker aromatic and ketone absorption. 

 
Figure 4. Representative EELS data from different 
classes of Ryugu C-rich materials.  
 

Elemental analysis with EDS shows local variation 
in the C/O, C/N and C/S ratios at scales down to a few 
nm. Average compositions for the IOM samples were 
C100N1O10S0.8 and C100N2O10S0.8, from Chambers A and C, 
respectively.   

Note that the IOM isolates contain some 
nanoparticulate minerals, most commonly Fe, Ni 
sulfides, chromites, and SiC.  Mineral particles > 4 nm 
were excluded from the EDS averages in order to avoid 
increased O and S values. The accuracy of the N 
abundances for these measurements is limited by 
variability in the sample thickness and in absorption of 
N x-rays in the sample, and needs to be further verified.  
Sub-micron particles with N/C up to 0.06 were 
observed. 

Discussion: The microstructures, organic-mineral 
relationships, elemental compositions, and C functional 
chemistry properties are consistent with the 
identification of the organic matter in Ryugu regolith as 
related to chondrites that experienced extensive low 
temperature aqueous alteration. The STEM imaging and 
spectroscopy reveal features most consistent with 
previous observations of organic matter from CI, CM, 
and Tagish Lake (C2) meteorites, and distinct from that 
of CR and COs. In particular, the clay-bound organic 
matter is very similar to EELS data from Orgueil [6].  
To our knowledge, the diffuse organic matter in vesicles 
(Fig. 2) in carbonate grains has not been observed 
previously, but suggests aqueous alteration processing 
constrained in local microenvironments in the regolith 
that could be relatively common. Despite the evidence 
for extensive aqueous alteration, some of the organic 
matter retains signatures of a primordial origin, e.g., the 
feature in Fig. 1D has aromatic functional chemistry 
(Fig. 4, green spectrum), and is anomalous in H and N 
isotopes. Additional results of the coordinated analysis 
from STEM, XANES and SIMS and other techniques 
performed by the Organic Macromolecule Initial 
Analysis Team [2] will be presented at this meeting.    
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