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1. Introduction: Carbonaceous chondrites (CCs) 

are undifferentiated meteorites with the several charac-
teristics to have formed in lower-temperature condi-
tions, compared to terrestrial planets. CCs possess the 
vital records of H2O, organics, and other types of vola-
tiles in the early solar system. These volatiles were 
possibly delivered to the rocky planets by the early or 
late accretion. Therefore, the formation processes of 
CC parent bodies are essential not only to establish the 
comprehensive evolutional model of the solar system, 
but also to constrain the origin of volatiles in the plan-
ets. However, the initial formation regions of CC 
parent bodies were not identified yet. 

CCs are considered to be generally originated from 
C-type asteroids, based on the similarity in the reflec-
tance spectroscopy [e.g., 1]. Present heliocentric dis-
tance of C-type asteroids might be related to the initial 
formation region of CC parent bodies, however, their 
orbits would have been disturbed by the migration of 
giant gas planets [e.g., 2]. 

On the other hand, the original information on the 
formation region of C-type asteroids was recorded in 
CCs, as the variation of the isotopic compositions, 
termed as "(nucleosynthetic) isotopic anomalies." The 
isotopic compositions of bulk CCs can be varied with 
the spatial and / or temporal heterogeneous distribution 
of presolar grains that possess extremely anomalous 
isotopic compositions, compared to bulk meteorites. 
Presolar grains were micrometer-scale dusts observed 
in unequibillated chondrites, and they were condensed 
within asymptotic giant stars and supernovae. 

In this study, we conducted numerical calculations 
for the evolution of isotopically different ("solar" and 
"presolar") dusts in the protoplanetary disk. Our model 
determines the formation regions of various types of 
CCs, including CI, Tagish Lake, CM, CO, and CV 
subgroups. Finally, we constructed the evolutional 
model of B-, D-, Ch- and K-type asteroids from which 
individual CCs were most likely derived. 

2. Methods: We calculated the viscous evolution 
of a protoplanetary disk, then we obtained the radial 
distribution of gas and dust particles with the disk con-
ditions modified from previous studies [e.g., 3,4]. The 
initial distribution of the gas surface density, Σg,0, is 
given by a self-similar profile, Σg,0 = [(2−γ)Md/(2πRd

2)] 
(r/Rd)−γ exp[−(r/Rd)2−γ], where r is the distance from the 
Sun. We set the disk exponent of γ = 15/14, the initial 
disk radius of Rd = 5 au. and the total disk mass of Md 
= 0.01 solar mass. The turbulent viscosity of the disk, ν, 

is described by ν = α cs hg, where α is the dimension-
less parameter, cs is the sound speed, and hg is the gas 
scale height. The α is the key parameter to understand 
the viscous evolution of the gas disk and the diffusion 
of dust particles. We also adopted the temperature pro-
file using the passively heated disk model [5].  

We assumed that proto-Jupiter of 30 Earth mass 
forms at 0.5 Myr [e.g., 6] at 3 au from the Sun [4]. The 
depth and width of the gas gap formed by the planet 
were calculated from the empirical formulae of Kana-
gawa et al. [7,8]. The gas gap creates a pressure maxi-
mum near the outer edge of the gap, and large dust 
particles, such as chondrules and CAIs, are trapped 
around the region [e.g., 4]. 

In this study, we consider three processes, i.e., ad-
vection, diffusion, and drift, along with the formulation 
of Desch et al. [4]. We introduce two populations of 
the dust particles in this study: solar and presolar com-
ponents. The initial distribution of the surface density 
of solar dust, ΣSD, is assumed as ΣSD,0 = 0.01 Σg,0, and 
ΣSD,0 decreases with increasing the distance from the 
Sun. On the other hand, we assumed that the presolar 
component is injected from a nearby supernova at the 
initial stage of disk evolution. Then we set the surface 
density of presolar dust is ΣPSD,0 = Σinj exp[−(r/Rd)2−γ], 
and ΣPSD,0 is the approximately constant within the disk 
radius. We parameterized Σinj in this study. The parti-
cle radius of solar and pre-solar dust was set to grains 
observed in meteorites [9] without size distribution, 
and we do not consider the dust growth. The surface 
density of injected dust from a nearby supernova is 
evaluated from Ouellette et al. [10] as Σinj = 2 × 10−3 
(d/1 pc)−2 g cm−2. Therefore, the estimated Σinj from 
our model is consistent with a supernova with a dis-
tance of d = 0.45–0.66 pc. 

3. Results and discussions: Using the surface den-
sity distribution of the solar and presolar components 
at 3 Myr (which is the typical accretion age of carbo-
naceous chondrite parent bodies), we obtain the spatial 
distribution of Cr isotope anomalies. The Cr isotope 
anomalies are described in ε notation, which represents 
parts per 104 deviations from the mean values of terres-
trial rocks (µiM = (Rmeteorites / Rterrestrial rocks – 1) × 104, R 
= iM / jM). The ε54Cr at each location was calculated 
from the mass balance equation, ε54Cr = [(ε54Cr)SD ΣSD 
+ (ε54Cr)PSD ΣPSD] / (ΣSD + ΣPSD). We assumed 
(ε54Cr)PSD = 26,000 from the measurement of chromi-
um isotope anomalies in presolar Cr-rich spinel grains 
[9]. Cr-rich spinel grains are considered to be formed 
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in supernovae environments. Because we assumed that 
the ε54Cr at the outer edge of the proto-Jupiter’s gap (= 
3.8 au for the case of α = 10−3), (ε54Cr)SD can be 
uniquely determined.  

Cr isotopic anomalies of individual CCs were de-
termined by high-precision isotope ratio measurements 
and well-discriminated with each other [e.g., 11]. Re-
cently, it has been suggested that the isotopic composi-
tions of calcium-aluminum-rich inclusions (CAI) in 
CCs were deviated from other chondritic components 
(e.g., chondrules and matrices) in several heavy ele-
ments. CAI were most likely formed within r = 0.1 au, 
interpreted from their highly refractory characteristics. 
Because CAI and other CC components would have 
formed separately in the protoplanetary disk, we sub-
tracted the Cr isotopic contribution of CAIs from bulk 
CCs based on modal abundances of CAIs [12]. The 
better correlation between Cr and other elements (e.g., 
Sr) isotopic anomalies corroborated that the correction 
is successful to obtain the more accurate compositions 
of CC parent bodies (Fig. 1). 

After the correction of CAI, we compared the spa-
tial distribution of ε54Cr and isotopic anomalies on CCs 
(Fig. 2). We estimated the initial formation regions of 
five types of CCs (CV, CO, CM, Tagish Lake, and CI). 
The formation region of individual CCs can be ob-
tained; CI = 5.0–6.1 au, Tagish Lake = 4.4–5.0 au, CM 
= 4.1–4.4 au, CO = 3.9–4.0 au, CV = 3.8 au. Here we 
assumed that the CI and Tagish Lake parent bodies are 
formed beyond and within 5 au, which is the possible 
location of proto-Saturn. Because the typical size of 
grains are similar, our model also explains the isotopic 
anomalies caused by other carrier grains (e.g., main-
stream silicon carbide). In addition, our model general-
ly explains the relative abundances of CAIs [4] and 
H2O in CCs. 

Subgroups of CCs can be linked to individual types 
of asteroids using reflectance spectroscopy of the as-
teroid surfaces. Best spectral matches between each 
CCs and asteroids are CV&CO–K-type, CM–Ch-type, 
Tagish Lake–D-type, and CI–B-type [e.g., 13].  Our 
results on the initial formation regions of CC parent 
bodies suggested that the orbits of these asteroids have 
been disturbed during the evolutional history of Solar 
System (Fig. 3). For example, D-type asteroids were 
most likely transported into >5.0 au after the formation 
of the parent bodies. This process includes the migra-
tion of giant planets like Jupiter and Saturn. The exist-
ence of isotopic dichotomy in Ti–Cr [14], Mo [6], Sr–
Nd [15] suggested that this planet migration started 
after the formation of all types of NC (non-
carbonaceous meteorites) and CC parent bodies. 
 
 

Fig. 1: ε54Cr versus ε84Sr diagram for CAI-corrected 
and uncorrected carbonaceous chondrites. 

Fig. 2: Spatial distribution ε54Cr. Dotted lines represent 
the individual ε54Cr of CAI-corrected CCs. 

Fig. 3: Schematic image of evolution for CC parent 
bodies. 
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