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Introduction:  Following its formation at 4.5672 

Ga [1], the Solar System underwent chemical and 

isotopic fractionation that modified the primitive 

composition of the solar nebula. In order to under-

stand the evolution of the Solar System, it is of sig-

nificant importance to constrain its unmodified com-

position. Ivuna-type CI carbonaceous chondrites 

show a strong compositional match with the solar 

photosphere, suggesting that they represent the most 

pristine Solar System material [2]. For this reason, 

CI chondrites have been considered for decades the 

best candidate as reference material for the Solar 

System elemental abundance. 

Fragments from the C-type asteroid (162173) 

Ryugu, collected by the JAXA/Hayabusa2 mission 

[3], show strong chemical and mineralogical similar-

ities with CI chondrites, but a negligible amount of 

terrestrial weathering [4]. Since terrestrial weather-

ing may have led to chemical and isotopic modifica-

tions in CI chondrites, the asteroid Ryugu may rep-

resent a more pristine reference material for the So-

lar System element abundance, hence the importance 

of carrying out a full characterization of the returned 

samples. 

In this work, we present the results of a petro-

graphic and mineralogical characterization carried 

out on two Ryugu particles by means of state-of-the-

art analytical instrumentation, with the aim to con-

tribute to the definition of the possible new standard 

material for future geochemical and cosmochemical 

studies. 

 

Materials and methods:  We analyzed two 

fragments of the asteroid Ryugu (A0198 and C0091) 

collected by the JAXA/Hayabusa2 sample-return 

mission. 

Field-Emission Scanning Electron Microscope 

(FE-SEM).  Observations by secondary electrons 

(SE) and back-scattered electrons (BSE), chemical 

analyses by energy-dispersive X-ray spectroscopy 

(EDS) and compositional EDS mapping have been 

carried out for petrographic and mineralogical char-

acterization at millimeter-to-micrometer scale and 

identification of regions of interest (ROIs). Focused 

ion beam (FIB) has been used for the preparation of 

electron-transparent thin lamellae from ROIs for 

analyses at the transmission electron microscope. 

Transmission Electron Microscope (TEM).  Ob-

servations by conventional TEM, high-resolution 

TEM (HR-TEM) and scanning-TEM (STEM), 

chemical analyses by EDS, EDS compositional 

mapping and three-dimensional electron diffraction 

(3DED) [5] have been carried out for petrographic 

and mineralogical characterization of ROIs at sub-

micrometer scale. 

 

Results:  Mineralogy.  The two fragments show 

a similar paragenesis, mostly consisting of car-

bonates (mainly dolomite), oxides (mainly magnet-

ite), sulfides (mainly pyrrhotite) and phosphates 

(mainly apatite) embedded in a matrix of hydrated 

phyllosilicates (with composition between serpentine 

and saponite) intergrown with amorphous carbona-

ceous matter (ACM). Table 1 lists all the phases 

found during our investigations. Magnetite shows 

the greatest variability in crystal shape: it occurs in 

plaquettes, framboids and spherical aggregates of 

acicular crystals. Interestingly, fragment C0091 also 

shows rare anhydrous silicates (olivine) and troilite. 

ACM occurs as interdigitations within the phyllosili-

cate flakes, crack-filling and nodules. The latter can 

be full, hollow or filled by amorphous silica. EDS 

analyses of ACM indicate the presence of carbon, 

oxygen, nitrogen and, sometimes, sulfur. Electron 

diffraction of ACM shows two diffuse rings at about 

2.00 and 1.15 Å. 

Petrography.  The two fragments show similar 

petrographic features, even though fragment C0091 

has an overall smaller grain size and higher porosity, 

making it more incoherent than fragment A0198. 

Peculiar petrographic textures that occur in both 

fragments include, for example, ‘mud-cracks’-like 

structures, dissolution products on the surfaces of 

sulfides and veins made up of these dissolution 

products. 

 

Discussion:  Both the mineralogical paragenesis 

and the petrographic features suggest low thermal 

metamorphism and strong aqueous alteration, similar 

to CI chondrites, but the absence of sulfates and fer-

rihydrite excludes significant terrestrial weathering. 

Carbonates, magnetite and phyllosilicates represent 

the main alteration products formed at the expense of 

the anhydrous primary mineralogy (e.g., olivine). 

The finding of troilite in fragment C0091, together 

with relict olivine, suggests that it represents another 

primary phase, which was gradually replaced by the 

more oxidized pyrrhotite as the aqueous alteration 
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progressed. 

 

Conclusions:  The petrographic and mineralogi-

cal characterization conducted on two Ryugu parti-

cles strengthens the hypothesis that the returned ma-

terial from this C-type asteroid could represent a 

better candidate as reference material for the Solar 

System elemental abundance than CI chondrites, due 

to the smaller amount of modification that occurred 

in the terrestrial environment. Carbonaceous matter 

in CI chondrites might have also undergone some 

chemical, isotopic or structural modification on the 

Earth’s surface. It is therefore crucial to carry out a 

deeper characterization of ACM from Ryugu, as it 

should be more representative of the abiotic carbo-

naceous matter formed in the early Solar System. 

Moreover, these Ryugu samples allow to investigate 

the mechanisms of aqueous alteration by studying, 

for example, the incipient alteration at the interfaces 

between the anhydrous/reduced (e.g., olivine and 

troilite) and the hydrated/oxidized (e.g., phyllosili-

cates and pyrrhotite) phases in fragment C0091. 

 

Table 1:  Phases found in the A0198 and C0091 Ryugu particles 

and the analytical methods used for their identification. 

 
 

References:  [1] Amelin Y. et al. (2002) Science, 

297, 1678–1683. [2] Holweger H. (1977) Earth 

Planet. Sci. Lett., 34, 152–154. [3] Watanabe S. et al. 

(2019) Science, 364, 268–272. [4] Yokoyama et al. 

(2022) Science, 379, eabn7850. [5] Gemmi M. et al. 

(2019) ACS Cet. Sci., 5, 1315–1329. 

 

Acknowledgements:  This work was supported 

by MINI GRANTS 2023 RSN-3 INAF. Planetary 

material research at the University of Pisa is also 

supported by the SpaceItUp! programme funded by 

the Italian Ministry of the University and Research 

(MUR) and the Italian Space Agency (ASI). 


