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Introduction: Coexistence of the large (between CAIs
and chondrules) and small (among chondrules) variations of
oxygen isotopic composition in chondrites is a longstanding
enigma. On an oxygen three-isotope plot [1], chondrules locate near δ 17,18 OSMOW ∼ 0 h with little variation (about ±5
h). In contrast, CAIs plot on a slope-1 line δ 17,18 OSMOW
from ∼ 0 to ∼ −40 h. Measurements of Pb-Pb and Al-Mg
ages of them [2–4] imply that the oxygen isotopic composition of the inner solar nebula had evolved from 16 O-rich
(CAIs-like) to 17,18 O-rich (chondrules-like) one by more than
40 h in ∼ 1 Myr. In addition, the little isotopic variation
among chondrules (and planetary materials) implies that the
oxygen isotopic composition was spatially and temporally unchanged during their main formation period (1–2.5 Myr after
CAIs [3,4]).
Such pattern of chondritic constituents suggests the existence of 16 O-rich and 17,18 O-rich reservoirs, and mechanical
mixing of them in the solar nebula. Yurimoto and Kuramoto
(2004, hereafter YK04) [5] have applied an enrichment process
of vaporized species due to radial gas-dust fractionation [6] to
17,18
O-rich H2 O originated in the parent molecular cloud, and
given an explanation for the isotopic heterogeneity between
CAIs and chondrules. However, the time and spatial variations
of the nebula oxygen isotopic composition are poorly revealed
because their calculation was limited to the quasi-steady states
for CTTS and WTTS stages.
In this study, we improve the YK04 model to simulate
the time-dependent isotopic evolution of the solar nebula, and
perform advanced comparisons with the isotopic composition
and chronology of CAIs and chondrules. A detailed simulation
on the H2 O enrichment process has already been presented by
Ciesla and Cuzzi (2006) [7]. In their model, the enrichment
is mainly caused by m-size boulders, which migrate inward
fastest. However, even mm- or cm-size particles are capable
of concentrating the oxygen reservoirs severalfold [5]. In
addition, the ubiquitous occurrence of chondrules in primitive
meteorites seems to imply that their formation had mainly
occurred before large bodies occupied dominant mass fraction
of solid material. Thus our interest is the epoch before the
formation of the boulders and planetesimals.
Model: We solve advection-diffusion equations for the
reservoirs in both gas and solid phases;
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where t is time, r is the distance from the center, Ci is the concentration of species i (silicate and H2 O), Ssubl,i and Scond,i

are the source/sink due to sublimation and condensation, Σg ,
vg and D are the column density, radial velocity and turbulent
diffusivity of the nebula gas and vd is the radial velocity of dust
particles, respectively. Difference between vg and vd causes
“traffic jam” at the sublimation fronts of the reservoirs, which
result in the enrichment of them.
Disk model. According to the observations of T Tauri
disks [8,9], the mass accretion rate is given by Ṁ (t) ∼ 10−8 ×
(t/106 yr)−1.5 M¯ yr−1 . Our calculation begins at the time
Ṁ = 10−7 M¯ yr−1 . The
R t nebula mass at each time is obtained
from M (t) = M0 − 0 Ṁ (t0 )dt0 , where M0 is the initial
nebula mass. We simply model Σg in the form of Σg (t, r) =
−p
Σg (t, 1 AU)×(r/1AU)
, where Σg (t, 1 AU) is determined
R rout
to satisfy 0.05AU
2πrΣg (r, t)dr = M (t) (rout is the outer
edges of the nebula). Then vg and D are calculated by using
the relation
Ṁ = −2πrΣvg = 3πΣD ,
where D is assumed to be equal the turbulent viscosity ν. The
midplane temperature of the nebula is determined by solving
radiative transfer with simple method [7,10]. Although uncertainty in the nebula opacity might displace the location of
evaporation fronts, our results are essentially unchanged.
Determination of vd . Motion of dust particles in the
turbulent nebula gas is described by the two-component fluid
equations [11]. However, calculation of vd requires the typical
radius of dust particles. Assuming that larger particles occupy
dominant mass fraction, the radius is represented by that of
the largest particle amax . We calculate amax supposing that it
is maintained by collisional disruption. Dust particles mainly
accrete the smallest particles to grow. The collisional velocity,
which is dominated by vertical dust motion, increases with
size difference and collisional disruption begin to occur at the
critical collisional velocity vcrit . This puts an upper limit on
the dust particle size. Taking vcrit = 1 m s−1 [12], we obtain
amax ∼ several mm at Ṁ ∼ 10−8 M¯ yr−1 . This size is
consistent with that of the largest chondrules.
Partitioning of oxygen: Partitioning of oxygen, with
which we translate CH2 O and Csilicate into local mean oxygen isotopic composition of the nebula, is shown in Table 1.
Taking the total number of oxygen equals 14, the amount of
oxygen partitioned into silicate (MgO + SiO2 ) is 3 based on
the solar abundance [13]. We adopt H2 O and CO abundances
and their initial isotopic fractionations after YK04 for comparison. Note that the origin of δ-values in the table is the initial
solar composition. The relationship between δ 17,18 Osolar and
δ 17,18 OSMOW is discussed later.
Results & Discussion: Figure 1 shows the model results
for M0 = 0.05M¯ , p = 1.0, rout = 100 AU. It appears
that the concentrations of silicate and H2 O at their sublimation
fronts (where the gradient discontinuously changes) increase
with time over first ∼ 2 Myr. This is mainly because of the
decrease of |vg | associated with decay of the disk accretion
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Table 1: Partitioning of O
Property/Reservoir
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5
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Figure 1: Evolution of the concentrations of total silicate and
H2 O in gas and solid phases (top) and the local mean oxygen
isotopic composition (bottom) in the solar nebula. In the top
panel, the green and blue lines represent the concentration of
silicate and H2 O, respectively.
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and the increase of |vd | due to dust growth. The enriched
silicate and H2 O vapors are transported inward, thus the composition inside the sublimation fronts also changes gradually.
During this epoch, the enrichment of H2 O vapor inside the
snow line monotonically changes the local mean oxygen isotopic composition from the initial solar to 17,18 O-rich one, as
proposed by YK04. In addition, the isotopic evolution at the
innermost region is partially inhibited owing to the enrichment
of relatively 16 O-rich (solar) silicate. After t ∼ 2.3 Myr, increase of the concentrations begins to decelerate, then turns
into decrease, because of dust depletion outside the sublimation fronts. Until t ∼ 3.3 Myr, the temporal variation of the
isotopic composition inside the snow line is kept within ∼ 10
h.
Next, we compare the model result with the isotopic composition and chronology of CAIs and chondrules. Chondrules
would be formed at a moderately hot region between the
silicate-sublimation line and the snow line. Considering that
chondrules have to be formed at the time when the nebula was
temporally constant in isotopic composition, their formation
stage matches during 2.3 . t . 3.3 Myr in this model run
(Figure 2). In this case, the oxygen isotopic composition of
chondrules (δ 17,18 OSMOW ∼ 0 h) becomes δ 17,18 Osolar ∼
70 h. During this stage, the spatial heterogeneity is also fairly
small inside the snow line, which may explain the small isotopic variation among chondrules and planetary material. The
chronological constraint infers the occurrence of CAIs formation at ∼ 1 Myr prior to the onset of chondrules formation.
Then the isotopic difference between CAIs and chondrules is
expected to be ∼ 40 h, which is consistent with the actual
chondritic samples.
During the chondrules formation, the disk accretion have
decayed to Ṁ ∼ 10−9 M¯ yr−1 . In this quiescent nebula,
dust particles efficiently settle and concentrate at the nebula
midplane [14]. If the dust layer becomes substantially thin,
planetesimals are possibly formed by gravitational instability.
The prior formed chondrules would accrete into their parent
body at this time. CAIs, which would be formed at the innermost region of the nebula, might be circulated by bipolar flows
[15] and then taken up by planetesimals.
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Figure 2: Time variation of the local mean isotopic composition at the present orbits of Mercury, Earth and Vesta.

