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Abstract–We present results from a model of oxygen isotopic anomaly production through selective
photodissociation of CO within the collapsing proto-solar cloud. Our model produces a proto-Sun
with a wide range of ∆17O values depending on the intensity of the ultraviolet radiation field.
Dramatically different results from two recent solar wind oxygen isotope measurements indicate that
a variety of compositions remain possible for the solar oxygen isotope composition. However,
constrained by other measurements from comets and meteorites, our models imply the birth of the
Sun in a stellar cluster with an enhanced radiation field and are therefore consistent with a supernova
source for 60Fe in meteorites.

INTRODUCTION

The oxygen isotope composition of the Sun is central to
understanding the oxygen isotope evolution of the solar
system as recorded in meteorites. Recent theories for oxygen
isotopes in the solar nebula (Clayton 2002; Yurimoto et al.
2004; Lyons and Young 2005) suggest a linkage between the
bulk Sun, calcium-aluminum inclusions (CAIs) in meteorites,
and the ultraviolet radiation field in the vicinity of the proto-
solar nebula, and, if correct, place strong constraints on the
formation environment of the solar system. In these models
isotope-selective photodissociation of CO, either in the solar
nebula or parent cloud, results in a mass-independent isotope
signature in atomic oxygen that is incorporated into nebula
H2O. Segregation of water ice to the nebular midplane imparts
a positive mass-independent signature to the planets, but was
assumed to not alter the isotopic signature of the bulk proto-
Sun. We show here that this assumption is in general not
correct.

Measurements of oxygen isotopes in lunar metal grains
(Hashizume et al. 2005; Ireland et al. 2006), are potential
proxies for the isotopic composition of the convective zone of
the Sun. Earlier work on N isotopes in lunar regolith grains
demonstrated the presence of both solar and non-solar N

components with very distinct δ15N values (Hashizume et al.
2000). The O isotope results from Hashizume and Chaussidon
(2005) and Ireland et al. (2006) are quite disparate, but in
view of the N results this is not entirely unexpected.
Expressed as the mass-independent component of the isotopic
delta values, ∆17OSMOW = δ17OSMOW − 0.52δ18OSMOW, which
eliminates the mass-dependent fractionations affecting solar
wind ions, the measured values are down to ~ −20‰ in one
case (Hashizume et al. 2005) and +26 (±3)‰ in the other
(Ireland et al. 2006). Clayton (2002) predicted that the Sun
would have ∆17O ~ −20‰ based on the isotopically lightest
CAIs, which were assumed to have oxygen isotope ratios
similar to the bulk parent cloud. This assumption is open to
debate. According to Wiens et al. (2004), the solar values
measured from the solar wind and the photosphere are not
different from values measured from meteorites and comets at
the 2σ uncertainty level. We may argue that a planetary
oxygen isotope composition of ~0‰ is a possible solar
composition as well. Here we explore the possibility that CO
self-shielding can also explain various values of solar ∆17O. 

Irradiated disk models (Lyons and Young 2005) likely do
not provide enough mass to alter bulk solar oxygen isotope
ratios, except possibly by a late addition of water-rich
material to the solar convective zone. For a convective zone
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mass of 0.03 M�, and assuming cometary material with water
with ∆17O ~ +100‰, about 50 Earth masses of comets (a
mass comparable to the Oort cloud) are needed to increase
∆17O of the convection zone by ~20‰. Such large external
input of planetary material to stellar convective zones does
not, in general, appear to be supported by recent observations
of extrasolar planetary systems (Ecuvillon et al. 2006). By
comparing stellar atmosphere elemental abundances versus
elemental condensation temperature for stars with and
without planets, Ecuvillon et al. (2006) concluded that the
metallic excess observed in planet host stars is mainly
“primordial,” the result of galactic chemical evolution rather
than “pollution” by planets. Here we present results of a
model that examines the question of whether material that is
isotopically enriched within the proto-solar cloud that
collapses to form the star and planet-forming disk can impart
these anomalies directly to the proto-Sun. 

A MODEL OF A PROTO-SOLAR MOLECULAR 
CORE COLLAPSE 

Figure 1 describes schematically the sequence of star
formation. Stars form by the gravitational collapse of a slightly
rotating dense molecular cloud core with the accretion through
a disk, which forms due to the intrinsic rotation in the parent
molecular cloud. This figure also describes the development of
oxygen isotopic anomalies in the molecular core and the
transfer of the anomalies to the disk from the envelope. The
envelope of the dense molecular core is reasonably
approximated with a symmetric sphere, making a self-
consistent calculation of the coupled physical and chemical
evolution practicable. We use a chemo-dynamical model (Lee
et al. 2004) that computes simultaneously the inward transfer
and chemistry of gas and dust within a collapsing molecular
core (i.e., prior to the formation of solar nebula). The results at
the inner radius of the molecular core model can be considered
as initial conditions to the outer disk. We do not model the
processes in the disk, instead we use a simple calculation to
show the possible variation of solar values, as described in the
Material Fractionation section below.

The model of a collapsing molecular core describes the
evolutionary stages when accretion is still active in the star
formation process and assumes that a central concentrated
molecular core collapses from “inside-out” (Shu 1977). In the
inside-out collapse model, we use a 10 K isothermal sphere
with an outer radius of 30,000 AU and an effective sound
speed of 0.222 km s−1. The collapse model has been
combined with dust continuum radiative transfer and gas
energetics to calculate dust and gas temperatures self-
consistently (see Lee et al. 2004 for more details). The model
core is assumed to evolve through a sequence of 7 Bonnor-
Ebert spheres (Ebert 1955; Bonnor 1956), which have flat
densities at small radii and power-law density profiles at large
radii and are believed to describe density structures of dense

molecular cores prior to collapse (Evans et al. 2001), for 5
× 105 yr before collapse. Figure 2 describes the evolution of a
dense molecular core before and after collapse. The central
density grows with time before collapse, and collapse occurs
from the center and moves outward (inside-out collapse).
Therefore, the central density decreases with time after
collapse.

The chemical evolution was solved using the UMIST
kinetics database (Millar et al. 1997) that has been previously
adopted to include interactions of molecules with grains and a
full isotopic chemistry (Bergin et al. 1997a, 2006). In order to
include the isotope-selective dissociation of CO, the self-
shielding functions of Van Dishoeck and Black (1988)
(Table 5) were adopted (see the next section). 

In our chemical model, the molecular core is assumed to
have initially the following composition (with respect to H
nuclei): X(He) = 0.08, X(CO) = 1.4 × 10−4, X(H2O) = 0.6
× 10−4, X(Fe) = 3 × 10−8, and X(Fe+) = 6 × 10−12. The
isotopic ratios of 16O/18O and 16O/17O are assumed to be 500
and 5.16 × 500, respectively, for the initial abundances of
C18O, C17O, H2

18O, and H2
17O. We assume that initially, all

CO is in gas while all H2O is in ice. Excluding water ice
(which is subject to hydrogen bonding), binding energies to
bare silicate grains are used throughout. The binding energies
(E/k, where k is the Boltzmann constant) for CO and H2O are
1180 and 4800 K, respectively. 

In this model, we include photodesorption as well as
thermal desorption of ice. The photodesorption yield of other
molecules except for H2O and CO is set to be 10−4 (Greenberg
1973). We adopt 10−3 for the photodesorption yield of H2O
(Westley et al. 1995) and CO (Öberg et al. 2007).
Photodesorption can affect the oxygen isotopic anomalies in
ice at the edge of the proto-solar cloud. Photodesorption of
H2O results in the (mass-dependent) photodissociation of
H2O, which in turn, provides oxygen for CO formation and
subsequent photodissociation, the key process for mass-
independent isotopic fractionation of oxygen.

Finally, chemical evolution has been calculated by
following each gas parcel, whose physical conditions at each
time step can be traced based on the continuity equation in
Lagrangian coordinates (see Equations 1, 2, and 3 of Lee et al.
2004). Once the chemical calculation is done for all gas
parcels, they are transferred to an Eulerian coordinate system
to describe the distribution of abundances at any given time.
Therefore, this chemical model combined with a dynamical
model can describe the transfer of the oxygen isotopic
anomalies, which are imprinted in infalling material, inward.

ISOTOPIC SELECTIVE PHOTODISSOCIATION

The creation of anomalies can occur by the selective
dissociation of C16O and its isotopologues (C18O and C17O)
because the dissociation rate sensitively depends on the
abundance of each isotopologue. In particular, CO
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dissociation from external radiation occurs via a line process
and CO molecules closer to radiation source can effectively
shield other CO molecules by absorbing radiation. Due to the
dependence of the self-shielding on column densities, C18O
and C17O, which are less abundant than C16O by factors of
500 and 5.16 × 500, respectively, are dissociated in deeper
regions. Thus, there will exist a layer of atomic 18O (and 17O)
when all gaseous 16O is locked in CO. This process is well
documented in interstellar molecular clouds (Van Dishoeck
and Black 1988). The free 18O (and 17O) can freeze onto
grains and react with hydrogen to make isotopic enriched
water ice. Thus, there will exist a water ice layer with an
enrichment of 18O and 17O relative to 16O (above the values
estimated for the interstellar medium). 

Similar to the previous examination of isotopic
anomalies in the solar nebula (Lyons and Young 2005), we
quantify the CO isotopologue photodissociation rates and
self-shielding using the parameterization developed for
molecular cores (Van Dishoeck and Black 1988). All
photodissociation rates are scaled by the enhancement factor,
G0, which is a measure of the strength of the local far-
ultraviolet (FUV) radiation field relative to the standard
interstellar radiation field (Habing 1968). The self-shielding
becomes more and less effective with density and G0,
respectively. As described in Fig. 2, for a given G0, the FUV
photons penetrate less deeply as the density grows before
collapse since FUV attenuation by grain absorption increases
at a given radius (i.e., the total column/optical depth

increases). A scale to measure the amount of shielding of the
radiation field by grain absorption at optical wavelengths is
the visual extinction (AV), and the photodissociation rate is
proportional to G0 × exp(−3 × AV). Figure 3 shows the
distribution of AV for 7 Bonnor-Ebert spheres, that is, at the
time steps of 5 × 105, 2.5 × 105, 1.25 × 105, 6.5 × 104, 3.5 × 104,
1.5 × 104, and 5 × 103 yr before collapse.

We investigate various FUV enhancement factors from
the normal interstellar radiation field (G0 = 1) to an extremely
enhanced FUV field such as G0 = 105, which is representative
of a massive O star in the near vicinity (0.1−0.3 pc) of the
proto-solar cloud as it was collapsing. There is some evidence
for the latter case in the literature from the inference that 60Fe
was present in the solar nebula during early evolutionary
stages (Shukolyukov and Lugwair 1993; Tachibana and Huss
2003). The presence of 60Fe has been suggested as primary
evidence that the Sun formed near a massive O star (see
Wadhwa et al. 2007). 60Fe is believed to be produced during
the core collapse of a supernova and externally seeded to the
disk (Ouellette et al. 2005) or into the proto-solar molecular
cloud/core (Cameron et al. 1977; Gounelle 2006). There is a
caveat in our 1-dimensional model for the FUV field
enhanced by a nearby massive star since the irradiation by the
nearby star is not spherically symmetric. However, the
material accreted from the envelope to the disk will mix and
distribute evenly in the azimuthal direction in the disk although
the effect of the selective CO photodissociation obtained in the
envelope is reduced by a factor of 2 ~ 4 by the mixing.

Fig. 1. The development of oxygen isotopic anomalies in a collapsing molecular core and the transfer of the anomalies to the disk, through
which accretion occurs. 
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Figures 4 and 5 compare results from various models with
different values of G0 at 4 time steps before collapse and two
time steps after collapse. 4.6 × 105 yr here represents the time

scale when the proto-Sun achieves 1 M� through accretion.
The 18O anomaly is calculated from water ice, and it is relative
to the standard mean ocean water (SMOW), δ18OSMOW from
the equation, δ18OSMOW = δ18OMC−50 and δ18OMC = 103 ×
([H2

18Oice]/[H2Oice]/(1/500)−1) where δ18OMC is the anomaly
relative to interstellar molecular clouds. We assume the initial
condition of δ18OSMOW in the molecular cloud is −50‰
according to Yurimoto and Kuramoto (2004). It could also be
argued that we should use the −80‰ as the initial condition
based on the isotopically lightest chondrule measured
(Kobayashi et al. 2003). Isotopic anomalies are reached in the
steady state pre-collapse phase. Before collapse, in most cases,
the largest anomalies are observed toward the cloud edge.
However, at early evolutionary stages before collapse, due to
the coupled interaction between CO self-shielding and UV
attenuation by grain absorption, there is a variable level of
anomaly imprinted at the core center. This reaches maximum
at G0 = 25, where the isotope-selective photodissociation
implants the highest levels of anomalies in the water ice in the
core center. δ18OSMOW developed in water ices at small radii at
earlier time steps will be preserved throughout the evolution of
the proto-solar molecular core before collapse. This owes to
the fact that the dust temperatures are below the water ice
evaporation temperature; in addition, as the volume and
column density grows FUV photons cannot penetrate to the
deep center to photodissociate more C18O and C17O, or to
photodesorb water. Thus, once collapse begins, the anomalies
built at large radii move inward with infalling material, as seen
at the time steps of 2 × 105 and 4.6 × 105 yr after collapse in
Figs. 4 and 5.

In the following we illustrate how anomalies are
imprinted in ices due to isotope selective photodissociation.

Fig. 2. A schematic diagram of the evolution of a parent solar molecular core from its very early time step before collapse to later time steps
after collapse. The central density of the core, modelled as a Bonnor-Ebert sphere, grows with time (darker shading) making it difficult for
FUV photons to penetrate to the deep center. Once a protostellar object forms at the center by gravitational collapse, the density at the center
decreases, and the infall radius, inside which material is falling into the center, propagates outward with time (inside-out collapse). In our
model, the time scales of Mprotosun = 0.5 and 1 M� are 2.2 × 105 and 4.6 × 105 yr, respectively. 

Fig. 3. The distribution of visual extinction (AV) for 7 Bonnor-Ebert
spheres, which describe the evolution of density profiles before
collapse. Time steps of lines are 5 × 105 (solid line), 2.5 × 105 (dotted
line), 1.25 × 105 (short dashed line), 6.5 × 104 (long dashed line), 3.5
× 104 (dot-short dashed line), 1.5 × 104 (dot-long dashed line), and 5
× 103 (short dash-long dashed line) years before collapse. In the upper
right corner, three earliest time steps, which are the most important
stages for the coupling between self-shielding of CO isotopes and
shielding of FUV photons by dust grains, are brought up.



Oxygen isotope anomalies of the Sun 1355

In Fig. 6 we show the distribution of the abundances of CO
and O isotopes as well as δ18OSMOW at 2.5 × 105 yr before
collapse with respect to AV, at G0 = 1. In this model C16O is
photodissociated at AV < ~1 mag while C18O and C17O are
photodissociated at AV < ~2 mag when exposed to the normal
interstellar radiation field. As a result, the selective
photodissociation occurs at AV < ~2 mag, producing a peak
at AV = 1. In our model, all isotopes are completely shielded
at AV > ~2 mag (log r < 3.3). However, for 1 < AV < 2 mag
(3.3 < log r < 4), C16O is almost completely self-shielded
while C18O and C17O are partly self-shielded with their
photodissociation rates decreasing inward leading δ18OSMOW
to decrease inward. In contrast, at AV < 1 (log r > 4),
δ18OSMOW decreases outward since almost all C18O is
photodissociated while C16O is partly photodissociated with
its photodissociation rate increasing outward. 

As described, in the isotope-selective photodissociation,
there are four regimes: (1) completely shielded for both C16O
and C18O, (2) completely shielded for C16O but partly

shielded for C18O with the C18O photodissociation rate
increasing outward, (3) completely photodissociated in C18O
but partly photodissociated in C16O with the C16O
photodissociation rate decreasing inward, and (4) completely
photodissociated in both C16O and C18O. As a result, the
anomaly peak is built between regimes (2) and (3). Figure 7a
presents how the anomaly peak shifts with changing G0.
δ18OSMOW for G0 = 10, 25, and 100 peaks at AV = 1.6, 1.85,
and >2.2 mag, respectively. This shift is caused by the
photodissociation rates that are a function of G0 and AV
which, excluding self-shielding, scales as G0 exp(−3 × AV)
(1-exp(−1.5 × AV))/AV (Van Dishoeck and Black 1988). In
Fig. 7b, we show the C16O photodissociation rates for variable
radiation field and also, kmax, the photodissociation rate where
δ18OSMOW reaches its maximum in the case of G0 = 1 (at AV =
1 mag). As can be seen the depth at which the photorate
decay reaches kmax is the same depth where the maximum
anomaly is found in Fig. 7a (AV = 1.6, 1.85, and ~2.3 mag for
G0 = 10, 25, and 100, respectively). 

Fig. 4. Comparison of models with G0 = 1, 10, 25, and 102 at four time steps before and at 2 × 105 and 4.6 × 105 yr after collapse. At 4.6 ×
105 yr, the total mass accreted to the proto-Sun is about 1 M�. G0 is constant through the whole evolution in all models. δ18OSMOW is calculated
for water ice. The coupled effect of CO shelf-shielding and dust self-shielding causes various levels of anomalies at the core center before
collapse. After collapse, the peaks of anomalies are shifted inward. At 4.6 × 105 yr after collapse, the material inside ~20,000 AU is infalling
to the central protostar (while material outside 20,000 AU is static), thus anomalies established in the outer regions are carried inward with
the material. The material at 100 AU at 4.6 × 105 yr was originally located at 2000 AU before collapse. However, in the case of G0 = 1, the
anomaly peak is developed at too large a radius to provide water ice highly enriched in heaver isotopes to the outer boundary of the solar nebula
at later time steps.
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In some cases (e.g., G0 = 25), we find high values for
δ18OSMOW even in the core center. The previous discussion
illustrates how anomalies are imprinted at the core edges (and
then carried inward by collapse). However, it does not explain
how, in a few cases, the heavy isotopes are enriched in the
dense core center. Here the answer lies in the evolution of
extinction shown in Fig. 3. At early times the cloud is more
diffuse and radiation can penetrate throughout and as the core
contracts the column and volume density rises providing
increased radiation shielding. At the earliest time, a
combination of radiation field strength and total AV can lead
to cases where anomalies are imprinted throughout the diffuse
cloud, essentially as a starting condition for collapse. This is
the case for G0 = 25, 100, and at later times G0 = 105. 

To illustrate this issue, in Fig. 8 we show the ratio of
photodissociation rates for two models, G0 = 25, with high
anomalies at all radii during the initial evolutionary stage,
and G0 = 100, which only shows anomalies increasing
towards the core center (see Fig. 4). In Fig. 8 the ratio is flat
for r < 3000 AU at G0 = 25, but at similar radii is increasing
toward the center when G0 = 100. This somewhat mirrors the
structure seen for δ18OSMOW in Fig. 4 in the sense that large
and near constant anomalies are seen when G0 = 25; in
contrast anomalies are rising towards the center for G0 =
100. Thus in these models a photo-rate ratio of ~6–10 is the
most efficient at leading to heavy oxygen isotope

enrichment. Lower ratios are where both isotopologues are
either fully shielded or dissociated with no subsequent
anomaly.

The above discussion places focus on the results for the
first time step where G0 = 25 and 100 produce isotopic
enrichments deep in the core. Other models do not produce
anomalies at this stage because, in the case of G0 = 1, the
center is fully shielded, while for G0 > 100 both species
are dissociated even in the center. However, at the second
step, the extinction rises and the relation between CO self-
shielding and UV attenuation by grain absorption is altered.
Here, selective photodissociation at G0 = 103, 104, and 105

have similar effectiveness as G0 = 1 − 102 in the first time
step. However, CO self-shielding turns on at smaller radii,
which, in turn, makes the anomaly rise appear at smaller radii
than at lower G0.

The dependence of isotopic anomalies on G0 at small
radii before collapse is significant because it suggests much
of the cloud mass can be implanted with anomalies. Thus, the
solar oxygen isotope ratio can be affected by the original
environment (i.e., the collapsing gas cloud to form the Sun).
Once collapse begins, material with imprints of high
anomalies at large radii move inward, and the enrichment of
heavier isotopes become larger since remaining mass in the
cloud envelope decreases with collapse, thus more FUV
photons can penetrate to dissociate more CO isotopes. 

Fig. 5. Comparison of models with G0 = 103, 104, and 105 at the same time steps as in Fig. 4.
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MATERIAL FRACTIONATION BETWEEN WATER 
ICE AND CO GAS 

There are two separate processes related to the
enhancement of heavier oxygen isotopes in our solar system.
First we must have an enhancement of the heavier oxygen
isotopes in ice and their deficiency in gas. Second, solid
bodies in the inner solar system condensed out of evaporated
solids and mixed with the gas (and the Sun formed from this
mixed material). Therefore there must be a mechanism to
segregate ice and gas components to lead to anomalies in the
forming bodies. In the following we will refer to this
mechanism as material fractionation.

 Our model of molecular core collapse shows that the first
process can be operative during the formation and collapse of
the proto-solar cloud. A number of recent authors have also
suggested that material fractionation in the inner nebula is
also possible (Cuzzi et al. 2004; Ciesla et al. 2006). In their
models the ice coated grains accreted to the outer disk at the
early stages will settle in the midplane of the disk, grow in
size, and move inward to small radii due to gas drag. In
contrast, the gas can be removed from the disk midplane
through advection, diffusion, or dispersal (Yurimoto et al.
2007). Cuzzi et al. (2004) have shown that the drifting grains
coated with icy mantles containing the enhancement in
heavier oxygen isotopes evaporate when crossing the water
evaporation front (snow line). As a result, the inner disk is
enhanced in H2

17O and H2
18O vapors, which cool down,

condense again, and finally constitute planets and meteorites

in later evolutionary stages. It is known from studies of other
systems that disks exist from early stages in the star formation
process and accretion is mediated by the disk (Terebey et al.
1984; Hartmann 1998). In addition, the grain growth and
settling have been detected in disks (Van Boekel et al. 2004;
Furlan et al. 2006). Therefore, material fractionation is
potentially operative during evolutionary stages prior to the
proto-Sun achieving its final mass.

 To model the potential enrichment of the Sun we must
account for the total oxygen isotopic anomaly measured in
the Sun, which is uncertain (δ18O = +50/−50 or ∆17O =
+20/ −20‰), and the solar C/O ratio (~0.5) (Allende Prieto
et al. 2002). The C/O ratio can be affected by material
fractionation because the ices contain an excess of oxygen
relative to the carbon (i.e., when the ices form most of the
carbon is in the gas in the form of CO). If the initial C/O ratio
was identical to the current solar value, there would be no
material fractionation functioning until the proto-Sun
achieved its final mass, and the solar δ18O would be the
assumed initial ISM value of −50‰ for all G0. However, as
mentioned above, material fractionation possibly operates
before the proto-Sun achieved its final mass. Therefore, the
initial C/O ratio in the solar parent cloud may have been
higher than the current solar value since as material
fractionation occurs, the total solar δ18O will increase, but the
solar C/O ratio will decrease. Coupled with this effect, we
have found an initial C/O ratio of 0.7 provides the measured
highest solar δ18O (+50‰) when the solar C/O ratio is
determined by material fractionation. This ratio is within
known interstellar values (see Bergin et al. 1997b for a
discussion of C/O ratios in molecular clouds). However,
lower values of the C/O ratio could account for lower solar
δ18O ratios. Nonetheless, if material fractionation is active in
the inner nebula as posited by Cuzzi et al. (2004) then the
current solar ratio is likely a lower limit to the ratio of the
parent cloud.

 We also assume that inside the snow line, H2O is
enhanced compared to CO by a factor (f), which is a measure
of the fact that grains of a certain size can accrete more
quickly than gas through the disk (Ciesla et al. 2006). In
addition, the isotopic fractionation is preserved from
~100 AU, which is the innermost boundary of our molecular
core collapse model and the outer radius of the solar nebula,
to the snow line located at 5 AU. Figure 9 shows the C/O ratio
and δ18O in the proto-Sun versus Mf, the fraction of the solar
mass affected by the material fraction. The value of Mf varies
according to the time at which we assume significant grain
growth in the midplane has occurred and material
fractionation can begin. For example, if we assume that
material fractionation begins at 4 × 105 yr after the collapse,
then only 0.1 M� out of total 1 M� (Mf = 0.1) of the forming
proto-Sun is affected. 

Here, δ18OSMOW of the proto-Sun has been calculated
based on the equation,

Fig. 6. The distribution of C16O, 16O, C18O, and 18O abundances
(left scale) and the oxygen isotopic anomaly, δ18O (right scale), at
−(2.5 + ε) × 105 yr before collapse with respect to AV for G0 = 1. ε is
a very short time scale (~1 s here). AV is coupled to the
photodissociation rates of CO isotopes, but is held constant during the
calculation of chemical abundances at a given time step. The results
shown here were computed with AV at a time step of −5 × 105 yr
(Fig. 3), which keeps constant until −(2.5 + ε) × 105 yr. The anomaly
peak is located at AV =1 mag. 
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δ18OSMOW (proto-Sun) = , (1)

where δ18Osnow_line is the isotope anomaly of material
crossing the snow line at a given time, dM/dt is the mass of
the accreting material at the time, and t′ = 4.6 × 105 yr, when the
proto-solar mass becomes 1 M�. δ18Osnow_line is given by the
equation,

δ18Osnow_line = δ18Ograin (Cloud) 

+ δ18Ogas (Cloud) , (2)

where δ18Ograin (Cloud) and δ18Ogas (Cloud) are isotope
anomalies calculated from grains and gas, respectively, at 125 AU
of the proto-solar cloud. Most of the oxygen in grains is in the
form of water ice, with CO as the main reservoir of gaseous
oxygen. [O]grain and [O]gas are oxygen abundances in  grain

and gas at 125 AU, respectively, and and

, where f is the material fractionation between
grain and gas at the snow line. In this calculation, we use f = 1
(no material fractionation) until the time when material
fractionation begins (i.e., it takes some time for grains to grow
to a size such that they are subject to radial gas drag forces).

In our calculations we must also account for the carbon
and oxygen locked in the grain refractory component. Here
we assume that carbon is in the form of graphite and oxygen
is locked in silicates (FeMgSiO4 as assumed in Lyons and
Young 2005). These additional atoms are included in the
calculation of the solar C/O ratio and δ18OSMOW affected by
the material fractionation. FeMgSiO4 grains are not
affected by photodissociation, and hence, have no oxygen
isotope anomalies. For the initial abundance of carbon
locked in grains we assume that the solar carbon abundance
arises from contributions from CO in the gas and carbon in
grains, which corresponds to grains having an abundance
that is 20% of CO. The amount of oxygen locked in
silicates can be calculated from our initial C/O ratio (0.7)
and accounting for the various other oxygen reservoirs
(H2O ice and CO gas).

Based on Fig. 9a, if 7–13% of the solar mass is affected
by the material fractionation, then the solar C/O ratio
becomes 0.5, and the proto-Sun can have various δ18O
depending on G0. As seen in Fig. 9b, the solar δ18O = +50
(∆17O = +25)‰ can only be accounted for  with  G0 = 25 and
Mf = 0.13 while −50 (∆17O = −20)‰ can be matched by
models with either Mf = 0.13 (G0 = 1) or 0.07 (G0 = 102, 103,
and 105). G0 = 10 and 104 can provide the solar δ18O of 0‰
and −30‰, respectively, at Mf = 0.13 and Mf = 0.07. If 10% of
the solar mass is affected by the material fractionation, that is,
Mf = 0.1, material around 2000 AU before collapse mainly
contributes to the fractionation. As seen in this calculation,
various values of solar δ18O are possible depending on G0.
Therefore, accurate measurements of δ18O from the Sun can

Fig. 7a. The distribution of the oxygen isotopic anomaly for various
G0. The time step for δ18OSMOW is the same as in Fig. 6. Anomaly
peaks of G0 = 10, 25, and 102 are located at AV = 1.6, 1.85, and
>2.2 mag.

Fig. 7b. The distribution of the photodissociation rate (kphotodiss) of
C16O in various G0 at −(2.5 + ε) × 105 yr before collapse. The grey
horizontal line indicates the photodissociation rate at the anomaly
peak of G0 = 1 (kmax), which is located at AV = 1 as seen in Fig. 6
and Fig. 7a. The same photodissociation rate of C16O occurs at AV =
1.6, 1.85, and >2.2 mag in G0 = 10, 25, and 102, respectively. These
AV are consistent with the AV where δ18OSMOW has peaks in G0 = 10,
25, and 102 as seen in Fig. 7a. 
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constrain the radiation environment in which the Sun started
to form.

DISCUSSION

The solar nebula beyond the snow line becomes deficient
in water because of the material fractionation process. As a
result, the total δ18O in the outer solar nebula is almost the
same as that of CO gas, which is very deficient in heavier
isotopes. This is in contrast to the enhancements seen in
meteorites and planetary bodies. Therefore, at later times, the
water ices from the cloud to the outer disk should be highly
enriched in heavier isotopes to compensate for its deficiency
in the solar nebula. In our models we have 5 cases that can
reproduce the solar δ18O of either −50‰ or +50‰. Of these
the G0 = 1, 102, and 103 models do not provide water ices
highly enriched in heavier isotopes to the solar nebula during
the final accretion phase. This is due to the fact that anomaly
peaks (Fig. 4) are located at too large radii to affect the
anomalies in the solar nebula within a reasonable time scale.
In the case of G0 = 25, the enrichment is very large through
out the cloud, so this is not an issue during any stage of
collapse. Due to the strong radiation field (maximum
anomalies are developed at small radii and move inward) for
G0 = 105, large enhancements can be provided to the solar
nebula during the final stages of collapse. 

To demonstrate this effect, in Fig. 10 we present the
isotopic anomalies evolving with time at the outer edge of the
disk in the model of G0 = 1, 25, and 105 (G0 = 102 and 102

show similar values (<100‰) to G0 = 1). The time steps in
this plot begin at 4.5 × 105 yr, when the mass of proto-Sun is
~1 M�, and increase in steps of 5000 yr. By definition in our

model, δ17O/δ18O follows the slope observed for CAIs. The
CAIs follows the mass-independent fractionation line (MIF)
as opposed to the mass-dependent terrestrial fractionation line
(TFL). As seen, δ18O in the outer edge of the solar nebula
grows with time because higher anomalies imprinted in outer
parts of the collapsing cloud are carried inward. In addition,

Fig. 8. The distribution of the photodissociation rate ratio between
C18O and C16O in G0 = 25 (black lines) and 100 (grey lines) during
the first time step of calculation (here seen at −4 × 105 [solid line])
and −(2.5 + ε) × 105 yr [dashed line] before collapse). 

Fig. 9a. The variation of the C/O ratio in the proto-Sun with respect
to the solar mass affected by the material fractionation (Mf). In this
calculation, we assume f = 10, where f is the material fractionation
between grains and gas, and the initial C/O ratio of 0.7. Horizontal
grey line indicates the solar value. This plot shows 7 (for G0 ≥ 102)
~13 (for G0 ≤ 25)% of the solar mass should be affected by material
fractionation in order to provide the solar C/O ratio (~0.5) when the
protosun has 1 M� Mf = 0.1 is equivalent with material fractionation
that begins around t = 4 × 105 yr. 

Fig. 9b. The variation of δ18OSMOW in the proto-Sun versus Mf. f = 10
is assumed in this calculation. Various solar δ18OSMOW values are
possible depending on G0 and Mf. At a given G0, Mf is constrained by
the solar C/O ratio (Fig. 9a).
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unlike the case of G0 = 1 (as well as G0 = 102 and 103),
oxygen isotopic anomalies in the models of G0 = 25 and 105

are big enough to compensate for the deficiency of heavier
oxygen isotopes developed by material fractionation in the
outer solar nebula and thus to explain the observations in the
solar system. However, the δ18O from comets (Eberhardt
et al. 1995) are not much greater than 100‰. Water ice in
comets is assumed not to be altered from the water ice
provided into the solar nebula from the proto-solar cloud.
Therefore, the model of G0 = 25 provides anomalies that are
too high if the measurements from comet Halley are
representative of pristine comets. However, given the
evidence for radial mixing in the nebula observed in Stardust
samples (e.g., Brownlee et al. 2006), it is unlikely that
cometary water can be compared isotopically to predicted
pristine water. Also for G0 = 105, accretion from the parent
core to the disk should cease quickly after the proto-Sun has
gathered its final mass since anomalies grow with time and
reach the value obtained in G0 = 25 at later time steps. 

The δ17O and δ18O values for H2O ice in Fig. 10 agree
qualitatively with recent measurements of nanocrystal
aggregates in Acfer matrix (Sakamoto et al. 2007). The
nanocrystals are a poorly characterized phase of an Fe-Ni-
O-S bearing mineral that probably formed by oxidation of Fe

metal or FeS by water in the solar nebula or in a planetesimal;
Sakamoto et al. (2007) argue against formation on the Acfer
parent body. δ-values for inferred H2O are ~150−200‰, and
lie close to the CCAM and slope-1 lines. These are, by far, the
most 16O-depleted solar system materials known. Large
positive δ-values for H2O are predicted by all self-shielding
models (Yurimoto and Kuramoto 2004; Lyons and Young
2005), but the largest values are predicted by the present
model (Fig. 10) at the inner edge of the collapsing cloud. The
values in Fig. 10 would most likely be significantly diluted at
~3 AU. The mass fraction of the nanocrystal aggregates is
~100 ppm in Acfer matrix, and the size of the implied 16O-
depleted H2O reservoir is small. Whether the Acfer data is a
residual fraction of a much larger 16O-depleted water
reservoir, as is needed by the CO self-shielding models
(Clayton 2002; Yurimoto and Kuramoto 2004; Lyons and
Young 2005), remains to be seen.

Our study shows that various solar δ18O and δ17O are
possible depending on G0, which can constrain the
environment for the formation of the Sun. The best model
constrained by measurements from meteorites, comet Halley,
and the nanocrystal aggregates in Acfer matrix (Sakamoto
et al. 2007) may be G0 = 105 as seen in Fig. 10. However, this
is clearly not a unique solution.

The inferred presence of short-lived radionuclides in
meteorites (Wadhwa et al. 2007, and references therein)
suggests the Sun formed near a massive star, which is
consistent with G0 = 105. The OB stars in a cluster of ~4000
stars (e.g., Trapezium in Orion) provide G0 of about 105 at a
distance of ~0.1 to 0.3 pc from the center of the cluster
(Adams et al. 2004; Ouellette et al. 2005). Our results are
consistent with the presence of a massive star formed coeval
with the Sun in a large cluster, and in this model the bulk Sun
would have δ18,17O = −50 (∆17O = −25)‰. Coeval, in this
context, does not imply that the Sun and the massive star were
of exactly equal age. It merely means that they overlapped for
some period of time, before the massive star went supernova.
Several authors have independently argued for this value of
the solar ratio (Clayton 2002; Yurimoto and Kuramoto 2004;
Lyons and Young 2005), and our results also suggest that to
obtain this ratio requires the presence of a massive star.
Preliminary analyses of Genesis samples suggest that the
solar wind has ∆17O ~ –20 ‰ (McKeegan et al. 2008).

However, this model can also account for a range of
possible solar isotopic ratios. For instance, our model can also
explain an enhancement in solar 17O and 18O (δ18O, δ17O
~~ +50 or ∆17O = +20‰) (Ireland et al. 2006) by invoking a
moderate FUV radiation field (G0 = 25) during pre-collapse.
To dissociate CO this FUV radiation must be generated
between ~912−1000 Å where the CO pre-dissociation bands
lie. To generate sufficient FUV radiation requires the
presence of at least a ~5 M� star (spectral class > B8) and
more likely higher masses (see Fig. 1 in Parravano et al.
2003). Massive OB stars are only born in associations or

Fig. 10. The evolution of isotope anomalies calculated from water
ices at the outer boundary of the solar nebula (r = 125 AU) in the
models of G0 = 1 (circles), 25 (squares), and 105 (× symbols).
δ17OSMOW is calculated using the same equations for δ18OSMOW
except the isotope ratio, 16O/17O = 2600. In the model of G0 = 105,
time steps for symbols starts at t = 4.5 × 105 yr and increase in steps
of 5000 yr up to t = 6 × 105 yr. In the models of G0 = 1 and 25,
however, the time step for the plot is 50,000 yr to avoid confusion.
The isotope anomalies in these two models do not vary much with
time. Anomalies calculated from water ices plot along the line with a
slope of 1, the MIF (dotted line) rather than the TFL (solid line), as
seen in meteorites.
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stellar clusters (Blaauw 1992) and therefore even this weaker
radiation field implies birth in a group of stars. An
enhancement G0 = 25 could arise by a nearby (0.1–0.5 pc) B
star or a more massive O star with significant absorption
between the proto-solar core and the massive star. The
astrophysical context readily allows a situation where
massive stars are exposed while other stars are still forming
buried within absorbing molecular cloud material (e.g., the
Trapezium and the Orion Molecular Cloud). In this case, for
an O star which, depending on its relative location, can
provide enhancement factors of G0 = 105, would only need
~3 mag of dust absorption to reduce its radiation field on a
forming molecular core to G0 ~ 25. In this instance the
implantation of 60Fe directly into the solar nebular disk would
be inhibited and the 60Fe would need to be deposited into the
molecular cloud that collapsed to form a centrally
concentrated core and then onto the solar nebula.

To summarize, we have presented a model that details the
creation of oxygen isotopic anomalies on the surface of the
proto-solar core by photo-chemical self-shielding of CO and
its isotopologues, prior and commensurate with star birth.
These anomalies are then delivered to the forming planetary
disk via infall and advect inwards to feed the inner nebula
where meteorites are born. Depending on the degree of
decoupling during inward migration of gas and ice-coated dust
grains (which carry isotopically enriched water ice), CO self-
shielding can also alter the oxygen isotopic composition of the
forming proto-Sun. Only proto-solar core models of isotopic
enrichment via photo-chemical self-shielding predict altered
solar isotopic composition, but all self-shielding models
predict that the inner nebula should be enhanced in any
isotopic (e.g., oxygen, nitrogen, etc.) enrichment potentially
carried by dust grains. The external environment plays a key
role as the presence of massive stars in the near vicinity can
significantly alter the amount of isotopic enrichment, and thus
the oxygen isotopic ratio of the Sun can constrain the original
environment of the solar system. We find that our models
suggest that the oxygen isotopic ratio of the Sun (based on two
disparate measurements) require that the Sun is born in a
stellar cluster in the presence of a massive star. Preliminary
results from Genesis (McKeegan et al. 2008) argue for an
16O-rich Sun, which is consistent with several radiation
environments, including that of a nearby massive star.

Acknowledgments–Support for this work was provided by
NASA through Hubble Fellowship grant HST-HF-01187
awarded by the Space Telescope Science Institute, which is
operated by the Association of Universities for Research in
Astronomy, Inc., for NASA, under contract NAS 5-26555 and
by the NSF under grant no. 0335207. This work was also
supported by the Korea Science and Engineering Foundation
(KOSEF) under a cooperative agreement with the
Astrophysical Research Center for the Structure and
Evolution of the Cosmos (ARCSEC). We are very grateful to

Mike Jura for helpful discussions and comments. J.-E. Lee
also thanks Ed Young and John Wasson for helpful
discussions. J. R. Lyons gratefully acknowledges NASA
Origins grant NNG06GD99G for support.

Editorial Handling—Dr. Marc Caffee

REFERENCES

Adams F. C., Hollenbach D., Laughlin G., and Gorti U. 2004.
Photoevaporation of circumstellar disks due to external far-
ultraviolet radiation in stellar aggregates. The Astrophysical
Journal 611:360–379.

Allende Prieto C., Lambert D. L., and Asplund M. 2002. A
reappraisal of the solar photospheric C/O ratio. The Astrophysical
Journal Letters 573:137–140.

Bergin E. A. and Langer W. D. 1997a. Chemical evolution in pre-
protostellar and protostellar cores. The Astrophysical Journal
486:316–328.

Bergin E. A., Goldsmith P. F., Snell R. L., and Langer W. D. 1997b.
The chemical composition and evolution of giant molecular
cloud cores: A comparison of observation and theory. The
Astrophysical Journal 482:285–297.

Bergin E. A., Maret S., Van der Tak F. F. S., Alves J., Carmody S., and
Lada C. J. 2006. The thermal structure of gas in prestellar cores:
A case study of Barnard 68. The Astrophysical Journal 645:369–
380.

Bergin E. A., Aikawa Y., Blake G. A., and Van Dishoeck E. F. 2007.
The chemical evolution of disks. In Protostars and planets V,
edited by Reipurth B., Jewitt D., and Keil K. Tucson: The
University of Arizona Press. 1024 p.

Blaauw A. 1992. OB associations and the fossil record of star
formation. In The physics of star formation and early stellar
evolution, edited by Lada C. J. and Kylafis N. D. NATA ASI
Series 342. 125 p. 

Bonnoer W. B. 1956. Boyle’s Law and gravitational instability.
Monthly Notices of the Royal Astronomical Society 116:351–359.

Brownlee D., Tsou P., Aléon J., Alexander C. M. O’D., Araki T.,
Bajt S., Baratta G. A., Bastien R., Bland P., Bleuet P., Borg J.,
Bradley J. P., Brearley A., Brenker F., Brennan S., Bridges J. C.
Browning N., Brucato J. R., Brucato H., Bullock E., Burchell
M. J., Busemann H., Butterworth A., Chaussidon M.,
Cheuvront A., Chi M., Cintala M. J., Clark B. C., Clemett S. J.,
Cody G., Colangeli L., Cooper G., Cordier P. G., Daghlian, C.,
Dai Z., D'Hendecourt L., Djouadi Z., Dominguez G.,
Duxbury T., Dworkin J. P., Ebel D., Economou T. E., Fairey S.
A. J., Fallon S., Ferrini G., Ferroir T. Fleckenstein H., Floss C.,
Flynn G., Franchi I. A., Fries M., Gainsforth Z., Gallien J.-P.,
Genge M., Gilles M. K., Gillet P., Gilmour J., Glavin D. P.,
Gounelle M., Grady M. M., Graham G. A., Grant P. G., Green
S. F., Grossemy F. Grossman L., Grossman J., Guan Y.,
Hagiya K., Harvey R., Heck P., Herzog G. F., Hoppe P., Hörz F.,
Huth J., Hutcheon I. D., Ishii H., Ito M., Jacob D., Jacobsen C.,
Jacobsen S., Joswiak D., Kearsley A. T., Keller L., Khodja H.
Kilcoyne A. L. D., Kissel J., Krot A., Langenhorst F.,
Lanzirotti A., Le L., Leshin L., Leitner J., Lemelle L.,
Leroux H., Liu M.-C., Luening K., Lyon I., MacPherson G.,
Marcus M. A., Marhas K., Matrajt G., Meibom A., Mennella V.,
Messenger K., Mikouchi T., Mostefaoui S., Nakamura T.,
Nakano T., Newville M., Nittler L. R., Ohnishi I., Ohsumi K.,
Okudaira K., Papanastassiou D. A., Palma R., Palumbo M. O.,
Pepin R, E., Perkins D., Perronnet M., Pianetta P., Rao W.,
Rietmeijer F., Robert F., Rost D., Rotundi A., Ryan R., Sandford



1362 J.-E. Lee et al.

S. A., Schwandt C. S., See,T. H., Schlutter D., Sheffield-Parker
J. A., Simionovici S., Sitnitsky S., I. Snead C. J. Spencer M. K.
Stadermann F. J., Steele A., Stephan T., Stroud R., Susini J.,.
Sutton S. R., Taheri M.. Taylor S., Teslich N., Tomeoka K.,
Tomioka N., Toppani A., Trigo-Rodríguez J. M., Troadec D.,
Tsuchiyama A., Tuzolino A. J., Tyliszczak,T., Uesugi K.,
Velbel  M., Vellenga J., Vicenzi E., Vincze L., Warren J.,
Weber I., Weisberg M., Westphal A. J., Wirick S., Wooden D.,
Wopenka B., Wozniakiewicz P. A., Wright I., Yabuta H.,
Yano H., Young E. D., Zare R. N., Zega T., Ziegler K.,
Zimmerman L., Zinner E., and Zolensky M. 2006. Comet
Wild 2 under a microscope. Science 314:1711–1716.

Cameron A. G. W. and Truran J. W. 1977. The supernova trigger for
formation of the solar system. Icarus 30:447.

Ciesla F. J. and Cuzzi J. N. 2006. The evolution of the water
distribution in a viscous protoplanetary disk. Icarus 181:178.

Clayton R. N. 2002. Self-shielding in the solar nebula. Nature 415:
860–861.

Cuzzi J. N. and Zahnle K. J. 2004. Material enhancement in
protoplanetary nebulae by particle drift through evaporation
fronts. The Astrophysical Journal Supplement 614:490–496.

Ecuvillon A., Israelian G., Santos N. C., Mayor M., and Gilli G. 2006.
Abundance ratios of volatile versus refractory elements in planet-
harbouring stars: Hints of pollution? Astronomy and
Astrophysics 449:809–816.

Ebert R. 1955. Über die Verdichtung von H I-Gebieten. Mit 5
Textabbildungen. Zeitschrift für Astrophysik 37:217–232.

Eberhardt P., Reber M., Krankowsky D., and Hodges R. R. 1995. The
D/H and 18O/16O ratios in water from comet P/Halley. Astronomy
and Astrophysics 302:301–316.

Evans N. J. II, Rawlings J. M. C., Shirely Y. L., and Mundy L. G.
2001. Tracing the mass during low-mass star formation. II.
modeling the submillimeter emission from pre-protostellar cores.
The Astrophysical Journal 557:193–208.

Furlan E., Hartmann L., Calvet N., D’Alessio P., Franco-Hernández
R., Forrest W. J., Watson D. M., and Uchida K. I. et al. 2006. A
survey and analysis of Spitzer infrared spectrograph spectra of T
Tauri stars in Taurus. The Astrophysical Journal Supplement 165:
568–605.

Greenberg J. M. 1973. Photodesorption from interstellar dust grains.
In International Astronomical Union Symposium No. 52,
Interstellar dust and related topics, edited by Greenberg J. M.
and Van de Hulst H.C. Dordrecht: Reidel. 584 p.

Gounelle M. 2006. The origin of short-lived radionuclides in the
solar system. New Astronomy Reviews 50:596.

Habing H. J. 1968. The interstellar radiation density between 912 A
and 2400 A. Bulletin of the Astronomical Institutes of the
Netherlands 19:421–431.

Hartmann L. 1998. Accretion processes in star formation.
Cambridge: Cambridge University Press. 260 p.

Hashizume K., Chaussidon M., Marty B., and Robert F. 2000. Solar
wind record of the Moon: Deciphering presolar from planetary
nitrogen. Science 290:1142–45.

Hashizume K. and Chaussidon M. 2005. A non-terrestrial 16O-rich
isotopic composition for the protosolar nebula. Nature 434:619–
622.

Ireland T. R., Holden P., Norman M. D., and Clark J. 2006. Isotopic
enhancements of 17O and 18O from solar wind particles in the
lunar regolith. Nature 440:776–778.

Kobayashi S., Imai H., and Yurimoto H. 2003. New extreme 16O-rich
reservoir in the early solar system. Geochemical Journal 37:663–
669.

Lee J.-E., Bergin E. A., and Evans N. J. II 2004. Evolution of
chemistry and molecular line profiles during protostellar
collapse. The Astrophysical Journal 617:360–384.

Lyons J. R. and Young E. D. 2005. CO self-shielding as the origin of
oxygen isotope anomalies in the early solar nebula. Nature 435:
317–320.

McKeegan K. D., Jarzebinski G., Kallio A. P., Mao P. H., Coath C. D.,
Kunihiro T., Wiens R., Allton J., Callaway M., Rodriguez M.,
and Burnett D. S. 2008. A first look at oxygen in a Genesis
concentrator sample (abstract #2020). 39th Lunar and Planetary
Science Conference. CD-ROM.

Millar T. J., Farquhar P. R. A., and Willacy K. 1997. The UMIST
Database for Astrochemistry. Astronomy and Astrophysics
Supplement 121:139–185.

Öberg K. I., Fuchs G. W., Awad Z., Fraser H. J., Schlemmer S., Van
Dishoeck E. F., and Linnartz H. 2007. Photodesorption of CO ice.
The Astrophysical Journal 662:L23–L26.

Ouellette N., Desch S. J., Hester J. J., and Leshin L. A. 2005. A
nearby supernova injected short-lived radionuclides into our
protoplanetary disk. In Chondrites and the protoplanetary disk,
edited by Krot A. N., Scott E. R. D., and Reipurth B.
Astronomical Society of the Pacific Conference Series, vol. 431.
pp. 527–538.

Parravano A., Hollenbach D. J., and McKee C. F. 2003. Time
dependence of the ultraviolet radiation field in the local
interstellar medium. The Astrophysical Journal 584:797.

Sakamoto N., Seto Y., Itoh S., Kuramoto K., Fujino K.,
Nagashima K., Krot A. N., and Yurimoto H. 2007. Remnants of
the early solar system water enriched in heavy oxygen isotopes.
Science 317:231–233.

Shu F. H. 1977. Self-similar collapse of isothermal spheres and star
formation. The Astrophysical Journal 214:488–497.

Shukolyukov A. and Lugwair G. W. 1993. Live iron-60 in the early
solar system. Science 259:1138–1142.

Tachibana S. and Huss G. R. 2003. The initial abundance of 60Fe in
the solar system. The Astrophysical Journal Letters 588:41–44.

Terebey S., Shu F. H., and Cassen P. 1984. The collapse of the cores
of slowly rotating isothermal clouds. The Astrophysical Journal
286:529–551.

Van Boekel R. M., Min M., Leinert Ch., Waters L. B. F. M.,
Richichi A., Chesneau O., Dominik C, Jaffe W., Dutrey A.,
Graser U., Henning Th., de Jong J., Köhler R., de Koter A.,
Lopez B., Malbet F., Morel S., Paresce F., Perrin G.,
Preibisch Th., F. Przygodda F., Schöller M., and Wittkowski M.
2004. The building blocks of planets within the “terrestrial”
region of protoplanetary disks. Nature 432:479–482.

Van Broekhuizen F. 2005. PhD thesis, Leiden University, Leiden,
Netherlands. pp. 73–104.

Van Dishoeck E. F. and Black J. H. 1988. The photodissociation and
chemistry of interstellar CO. The Astrophysical Journal 334:
771–802.

Wadhwa M., Amelin Y., Davis A. M., Lugmair G. W., Meyer B.,
Gounelle M., and Desch S. J. 2007. From dust to planetesimals:
Implications for the solar protoplanetary disk from short-lived
radionuclides. In Protostars and planets V, edited by Reipurth B.,
Jewitt D., and Keil K. Tucson: The University of Arizona Press.
1024 p. 

Westley M. S., Baragiola R. A., Johnson R. E., and Baratta G. 1995.
Photodesorption from low temperature water ice in interstellar
and circumsolar grains. Nature 373:405–407.

Yurimoto H. and Kuramoto K. 2004. Molecular cloud origin for the
oxygen isotope heterogeneity in the solar system. Science 305:
1763–1766.

Yurimoto H., Kuramoto K., Krot A. N., Scott E. R. D., Cuzzi J. N.,
Thiemens M. H., and Lyons J. R. Origin and evolution of oxygen
isotopic compositions of the solar system. 2007. In Protostars
and planets V, edited by Reipurth B., Jewitt D. and Keil K.
Tucson: The University of Arizona Press. 1024 p.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


