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 Introduction:  The Ryugu samples are mainly 

composed of materials that are related to the CI (Ivuna-
like) carbonaceous chondrites and are dominated by 
minerals produced by extensive aqueous alteration in 
the parent planetesimal from which Ryugu was derived 
[1]. Oxygen-isotope study of Ryugu samples could 
provide important constraints on the origin and 
evolution of the water that has caused aqueous activity. 
Manganese-chromium isotope study could determine 
the timing of such aqueous activity.   

Experimental: A polished thick section, A0058-
C1001, was prepared from a ~3-mm-piece collected 
from the first sampling site on Ryugu. We also used 
sections of the Ivuna CI chondrite for comparison.   

Oxygen-isotope compositions in dolomite and 
magnetite were measured with the ims-1280HR SIMS 
instrument at Hokkaido University [2]. A ~150 pA Cs+ 
primary ion beam focused to ~5 µm was used. 
Secondary 16O−, 17O−, and 18O− ions were measured 
simultaneously using two Faraday cups and an electron 
multiplier (EM). We checked 16OH− intensity after 
each measurement and corrected the 16OH− 
contribution to 17O−. We used a suite of dolomite-
ankerite standards and a polycrystalline magnetite 
standard [3,4].  

The 53Mn-53Cr isotope systematics in dolomites 
were measured with the same SIMS using a ~100 pA 
16O− primary beam focused to ~5 µm. Secondary 52Cr+, 
53Cr+, and 55Mn+ ions were measured simultaneously 
using three EMs. The mass resolving power was ~6800. 
Isotope ratios were calculated using total counts. 
Instrumental mass fractionation and Mn/Cr relative 
sensitivities were corrected using a synthetic calcite 
standard MACS-3NP [5]. The Mn/Cr relative 
sensitivity factor may include a systematic error 
because of the lack of dolomite standards [6].  

Results and Discussion: The A0058-C1001 
section is dominantly composed of a phyllosilicate 
matrix with abundant sub-µm magnetite and Fe-sulfide 
(Fig. 1). The area shown in Fig. 1 also has large (>10 
µm) grains of pyrrhotite, dolomite, and magnetite. The 
accessory minerals include pentlandite, cubanite, Mn-
rich ilmenite, apatite, Cr-spinel, and Mg-Na-phosphate. 
The section does not contain apparent chondrules or 
Ca-Al-rich inclusions. Collectively, the petrology and 
mineralogy of the A0058-C1001 are consistent with 
extensively aqueously altered CI chondrites.   

Figure 2 shows oxygen isotopic compositions of 
dolomite and magnetite from Ryugu and Ivuna. The 
bulk O-isotope compositions of Ryugu samples [7] are 

also shown. The oxygen isotopic compositions of the 
dolomites from Ryugu are nearly identical to those 
from Ivuna, and are generally consistent with SIMS 
measurements of CI carbonates [8]. Their 17O values 
are consistent with the bulk Ryugu values within 
uncertainty. In contrast to the magnetite separates with 
the uniform 17O at ~1.7‰ [9], our SIMS data show 
spreads in 17O for magnetite grains. All Ryugu 
magnetite grains but one have 17O values around 
−0.1‰. One Ryugu magnetite has the highest 17O ~ 
+3.1‰. These magnetite grains may have recorded the 
O-isotope evolution of water from which they 
precipitated during aqueous alteration. Based on the O-
isotope compositions of olivine and pyroxene in CI 
chondrites that are ~0‰ or lower in 17O [8,10], the 
highest 17O from the Ryugu magnetite suggests that 
the O-isotope composition of water before extensive 
interaction with silicates could have 17O > +3‰.   

 
Fig. 1. Backscattered electron (BSE) and combined X-
ray (Ca-red, Fe-green, S-blue) images of a dolomite-
magnetite-pyrrhotite rich area of Ryugu A0058-C1001 
sample. Scale bar is 100 µm. dol: dolomite, mgt: 
magnetite, po: pyrrhotite.    

The association of dolomite and magnetite is very 
common in A0058-C1001. Several magnetite grains 
and a dolomite are close in proximity (within ~100 µm, 
shown in the yellow box in Fig. 1). This dolomite has 
17O = −0.7±0.9‰. The magnetite grains have the 
same oxygen isotopic compositions within their 
uncertainties with a mean Δ17O value of −0.1±0.4‰. If 
we assume they were equilibrated as their 17O values 
are consistent, we can use their 18O values to estimate 
a temperature at which the dolomite-magnetite pair 
precipitated using oxygen isotope thermometry [e.g., 
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11]. The 18O difference between the dolomite and 
magnetite grains is 32.9±1.4‰, corresponding to an 
equilibration temperature of 37±10 °C. This estimated 
temperature is very similar to the low-temperature 
estimates (<50 °C) of aqueous alteration of CI 
chondrites [10,12,13].   

The timing of dolomite and magnetite precipitation 
during aqueous alteration was determined with the 
53Mn-53Cr systematics in dolomite (Fig. 3). The 53Cr 
excesses in dolomites are well correlated with their 
55Mn/52Cr ratios. The initial 53Mn/55Mn ratios are 
(2.55±0.35)×10–6 for Ryugu and (3.14±0.28)×10–6 for 
Ivuna. These initial values are consistent with those of 
CI dolomites reported in previous studies [14,15]. If 
we use the initial 53Mn/55Mn ratio of the D’Orbigny 
angrite and U-corrected Pb-Pb ages of D’Orbigny and 
CV CAIs [16-18], the initial 53Mn/55Mn ratio for 
Ryugu suggests that dolomite precipitation occurred at 
5.2 (+0.8/−0.7) million years after CAI formation.   
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Fig. 2. Oxygen-isotope compositions of dolomite and 
magnetite in Ryugu and Ivuna. Also shown are bulk 
Ryugu samples [7] and magnetite separates from Ivuna 
[9]. In (b), grains used for calculating an equilibration 
temperature are outlined by blue.   

Fig. 3. 53Mn-53Cr systematics in dolomite from Ryugu. 
The same symbol corresponds to measurements in the 
same crystal.   
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