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Abstract

We review two models for the origin of the calcium-, aluminum-rich inclusion (CAI) oxygen isotope mixing line in the solar
nebula: (1) CO self-shielding, and (2) chemical mass-independent fractionation (MIF). We consider the timescales associated
with formation of an isotopically anomalous water reservoir derived from CO self-shielding, and also the vertical and radial
transport timescales of gas and solids in the nebula. The timescales for chemical MIF are very rapid. CO self-shielding models
predict that the Sun has D17OSMOW � �20& (Clayton, 2002), and chemical mass-independent fractionation models predict
D17OSMOW �0&. Preliminary Genesis results have been reported by McKeegan et al. (McKeegan K. D., Coath C. D., Heber,
V., Jarzebinski G., Kallio A. P., Kunihiro T., Mao P. H. and Burnett D. S. (2008b) The oxygen isotopic composition of cap-
tured solar wind: first results from the Genesis. EOS Trans. AGU 89(53), Fall Meet. Suppl., P42A-07 (abstr)) and yield a
D17OSMOW of � �25&, consistent with a CO self-shielding scenario. Assuming that subsequent Genesis analyses support
the preliminary results, it then remains to determine the relative contributions of CO self-shielding from the X-point, the sur-
face of the solar nebula and the parent molecular cloud.

The relative formation ages of chondritic components can be related to several timescales in the self-shielding theories.
Most importantly the age difference of �1–3 My between CAIs and chondrules is consistent with radial transport from
the outer solar nebula (>10 AU) to the meteorite-forming region, which supports both the nebular surface and parent cloud
self-shielding scenarios. An elevated radiation field intensity is predicted by the surface shielding model, and yields substantial
CO photolysis (�50%) on timescales of 0.1–1 My. An elevated radiation field is also consistent with the parent cloud model.
The elevated radiation intensities may indicate solar nebula birth in a medium to large cluster, and may be consistent with the
injection of 60Fe from a nearby supernova and with the photoevaporative truncation of the solar nebula at KBO orbital dis-
tances (�47 AU). CO self-shielding is operative at the X-point even when H2 absorption is included, but it is not yet clear
whether the self-shielding signature can be imparted to silicates. A simple analysis of diffusion times shows that oxygen isotope
exchange between 16O-depleted nebular H2O and chondrules during chondrule formation events is rapid (�minutes), but is
also expected to be rapid for most components of CAIs, with the exception of spinel. This is consistent with the observation
that spinel grains are often the most 16O-rich component of CAIs, but is only broadly consistent with the greater degree of
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exchange in other CAI components. Preliminary disk model calculations of self-shielding by N2 demonstrate that large d15N
enrichments (� +800&) are possible in HCN formed by reaction of N atoms with organic radicals (e.g., CH2), which may
account for 15N-rich hotspots observed in lithic clasts in some carbonaceous chondrites and which lends support to the CO
self-shielding model for oxygen isotopes.
� 2009 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

The implications of the CAI oxygen isotope mixing line
(Clayton et al., 1973) for meteorite and solar system forma-
tion have been debated for over three decades. Clayton and
Mayeda (1984) recognized that the CAI line was the result
of mixing between a 16O-rich silicate reservoir and 16O-poor
water reservoir, but the origin of the water reservoir was
unknown. Clayton (2002) proposed that self-shielding dur-
ing CO photodissociation produces an abundance-depen-
dent fractionation in the rare isotopologues of CO, a
process well known in molecular clouds (Bally and Langer,
1982) and previously discussed for the solar nebula (Thie-
mens and Heidenreich, 1983; Navon and Wasserburg,
1985). The resulting O atoms, highly enriched in 17O and
18O compared to the initial composition, combine with
H2 by various reactions to form the hypothesized isotopi-
cally heavy H2O reservoir. The H2O reacts rapidly with sil-
icates and silicate precursors (e.g., SiO) to enrich inner solar
system materials in 17O and 18O, with the exception of
CAIs. If CAIs and 16O-rich forsterite are condensates from
a solar gas (Grossman, 1972), they are representative of the
bulk molecular cloud from which the Sun and the solar
nebula formed (e.g., Krot et al., 2002). With respect to oxy-
gen isotopic composition, the most 16O-rich CAIs should be
similar to the Sun, assuming that gas–dust isotopic mass
fractionation has not occurred in the solar nebula prior to
or during the time of CAI formation. Therefore, a neces-
sary test of the self-shielding scenario is measurement of
the oxygen isotope composition of the Sun, which should
be similar to the most 16O-rich CAIs.

The main competing hypothesis for the formation of the
CAI mixing line is chemical mass-independent fractionation
of oxygen isotopes during high-temperature reaction of sil-
icate oxide precursors (Marcus, 2004). This idea evolved
from the discovery of chemical MIF during the gas-phase
formation of ozone (Thiemens and Heidenreich, 1983).
The origin of the chemical MIF is believed to be the non-
equilibrium distribution of energy states in the vibrationally
excited O3, which are dependent on the symmetry of the
ozone isotopomers (Gao and Marcus, 2001). Marcus
(2004) employed similar arguments for XO2 formation,
where X = a rock forming element (e.g., Si, Al, Ti). In
terms of the CAI mixing line, chemical MIF forms the CAIs
with a negative D17O value from initial material with a bulk
oxygen isotope composition that is approximately terres-
trial. Thus, the Sun is predicted to have a D17O value that
is also approximately terrestrial.

Given the variety of processes and locations that have
been proposed for creating the 16O-depleted end member
reservoir of the CAI mixing line, there are a large number
of relevant timescales to be considered. Our focus here will
be primarily on the physical and chemical timescales asso-
ciated with CO self-shielding, with a short discussion of
mass-independent fractionation (MIF) in high-temperature
CAI-forming reactions. The preliminary results for the oxy-
gen isotopic composition of the solar wind from Genesis
(McKeegan et al., 2008b) are not in agreement with super-
nova injection of oxygen into the disk after formation of the
Sun (Gounelle and Meibom, 2007). We will not address the
suggestion that galactic chemical evolution is responsible
for the 16O enrichment of CAIs (Clayton, 1988).

The recent discovery of magnetite and pentlandite grains
in Acfer 094 matrix highly enriched in 17O and 18O along a
long extension of slope-1 CAI mixing line (Sakamoto et al.,
2007; Seto et al., 2008) lends credence to the idea that CO
self-shielding formed an 16O-depleted H2O reservoir, with
subsequent exchange of oxygen during low temperature
oxidation (and sulfidization) of the metal grains. This sce-
nario is consistent with recent model predictions for self-
shielding at low temperatures (Yurimoto and Kuramoto,
2004; Lyons and Young, 2005a; Lee et al., 2008). To be
consistent with the X-wind self-shielding scenario, 16O-rich
water would have to be transported to lower temperature
locations. The case made for self-shielding at any location
is not proven until both the size of the 16O-depleted reser-
voir and the oxygen isotopic composition of the Sun are
known. The implications for the chemical mass-indepen-
dent mechanism (Thiemens, 1988, 1999, 2006; Marcus,
2004) remain to be investigated.

A schematic view of the solar nebula is shown in Fig. 1.
Region 1 is the hot, thermally ionized, low-dust, inner solar
nebula, and is MRI (magnetorotational instability) active.
Region 2 is the MRI-dead zone (Gammie, 1996), and is sep-
arated from region 1 by the dust front. Region 3 is the
MRI-active nebular surface. Region 4 is the outer nebula
which is generally MRI-active if the dust content is suffi-
ciently low. Region 5 represents disk accretion during col-
lapse of the parent molecular cloud. Material accreting to
the disk passes through a weak shock with shock tempera-
tures – several hundred Kelvin, enough to vaporize ices but
not silicates (Lyons and Young, 2005b). CO self-shielding
has been proposed to occur in regions 1 (Clayton, 2002)
and 3 (Lyons and Young, 2005a), and in the parent molec-
ular cloud (Yurimoto and Kuramoto, 2004; Lee et al.,
2008) which then accretes onto the disk at region 5. MRI-
induced vertical mixing is expected in region 4. Chemical
mass-independent fractionation reactions have been pro-
posed to occur in region 1 (Marcus, 2004). The dead zone
(region 2) has not yet been quantitatively included in oxy-
gen isotope radial transport models. The outer boundary
of the dead zone is unknown but is expected to be tens of
AU (e.g., Sano et al., 2000). Observations and modeling
of disk spectral energy distributions (SEDs) are interpreted
as providing evidence for an inflated inner rim in region 1
(Dullemond et al., 2001), which is not shown in Fig. 1.



Fig. 1. Schematic of dynamical regions of the solar nebula. Region 1 is thermally ionized and MRI-active and has flux tubes extending from
the inner disk to the protosun. Region 2 is the ‘dead zone’ (MRI inactive). Region 3 is the disk surface which is partially ionized and MRI-
active. Region 4 is ionized by cosmic rays and is MRI-active. Region 5 undergoes active accretion (blue arrows) from the collapsing parent
cloud. Shock fronts are indicated by curved solid line. (Figure after Gammie, 1996).(For interpretation of color mentioned in this figure the
reader is referred to the web version of the article.)
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An inflated region will shadow a portion of the disk surface
from direct protostellar radiation out to a distance of
�10 AU.

The ages of formation of the components of chon-
dritic meteorites are essential to understanding the evolu-
tion of the solar nebula inside the snow line. The
principal chondrite components are chondrules, CAIs,
amoeboid olivine aggregates (AOAs), metal, and matrix
material. CAIs formed by condensation from a 16O-rich
gas (D17O = d17O–0.52d18O � �20& to �25&) of
approximately solar composition (Yoneda and Grossman,
1995), although most have been remelted early in solar
system history (Grossman et al., 2000). Most chondrules
and matrix material formed in a 16O-depleted gas
(D17O > �10&) under more oxidizing conditions and at
lower temperatures (<1000 K). Chondrules formed �1–
3 My later than CAIs for the CV, CR and CB chondrites
(Amelin et al., 2002; see also review by Krot et al., 2009).
Most CAIs have been remelted early in solar system his-
tory, well before chondrule formation, but a small frac-
tion were remelted later during chondrule formation
conditions. The 26Al–26Mg chronometer has constrained
the duration of formation of CV CAIs to be <20–
30 Ky (Jacobsen et al., 2008). The correlation between
age and oxygen isotope composition of CAIs/AOAs
and chondrules/matrix suggests that oxygen isotope evo-
lution occurred in the planet-forming region of the solar
nebula on a timescale �1 My (e.g., Krot et al., 2005).
Here, we address the timescales of oxygen isotope evolu-
tion inherent in CO self-shielding and chemical mass-
independent fractionation models of the solar nebula.

2. RECENT MEASUREMENTS

The key unknown in understanding oxygen isotopes in
the solar system is the oxygen isotopic composition of the
Sun. There are several models that seek to explain the dis-
tribution of oxygen isotopic composition in the solar system
through UV self-shielding (Clayton, 2002; Yurimoto and
Kuramoto, 2004; Lyons and Young, 2005a; Lee et al.,
2008) or chemical reactions that cause mass-independent
fractionation (Thiemens, 1988, 1999, 2006; Marcus, 2004).
The self-shielding models disagree on where self-shielding
might have occurred, but agree that the Sun should have
about the same isotopic composition as the most 16O-rich
minerals in CAIs, d17O � d18O � �50&. The chemical
models suggest that the Sun should have about the same
oxygen isotopic composition as the Earth. Spectroscopic
measurements of the solar photosphere give an 18O/16O ra-
tio corresponding to d18O = 41þ63

�61& (see review by Davis
et al., 2008; 1r errors), which is permissive of all models,
and no spectroscopic data are available for 17O.

We summarize here the recent progress towards the
identification of the oxygen isotopic composition of the so-
lar wind implanted in lunar regolith samples. The surface of
the Moon has been exposed over billions of years to irradi-
ation by solar ions and to contributions of various extrater-
restrial sources, including interplanetary dust particles,
micrometeorites, meteorites and comets. From studies of
nitrogen isotopes among various lunar soils sampled at dif-
ferent locations, a competition of at least two fluxes with
different origins (solar wind and micrometeorites) accreting
onto the Moon surface was clearly observed (Hashizume
et al., 2002).

Two groups have attempted to measure solar wind oxy-
gen implanted in lunar metal grains, and have reached
opposite conclusions. Hashizume and Chaussidon (2005)
reported the presence among metallic grains from lunar
sample 79035 of a deeply implanted oxygen component en-
riched in 16O (D17O < �20 ± 4&). Silicate grains from this
sample were enriched in D-depleted hydrogen
(dD < �930&; Hashizume et al., 2000) and solar noble
gases (Wieler et al., 1999; Hashizume et al., 2002), suggest-
ing not only enrichment of the solar component in this
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sample, but a relatively low contribution of components
that carry D-rich hydrogen, like the asteroidal components.
From this sample, they estimated the protosolar isotopic
compositions of nitrogen (Hashizume et al., 2000) and car-
bon (Hashizume et al., 2004) and they inferred that the ob-
served 16O-enriched component had a solar origin.
However, Ireland et al. (2006) came to a contrasting conclu-
sion from the finding of a 16O-depleted component
(D17O = +26 ± 3&) at the surface of metallic grains from
a solar noble-gas-rich lunar regolith 10084, which they like-
wise argued to have a solar origin.

The two groups have continued their analyses of lunar
samples during the last several years. Ireland et al. (2007)
reported the results of the oxygen isotope analyses among
metallic grains from two regolith samples (61141 and
78481) which are considered to be exposed fairly recently
at the lunar surface. They did not find other components
beside the isotopically normal (D17O = 0&) component in
these grains. Hashizume and Chaussidon (2008) analyzed
the small metallic grains from the 79035 sample which
was left unmeasured in their previous analyses (Hashizume
and Chaussidon, 2005), and several grains from sample
71501, a recently exposed solar noble-gas-rich sample. In
contrast to the case of Ireland et al. (2007), widely different
D17O values were detected among the grains
(�11 ± 4 < D17O < +33 ± 3&), confirming all earlier re-
sults. However the negative D17O values were not as ex-
treme as those observed by Hashizume and Chaussidon
(2005) (<�20&), likely due to the increased contribution
of the normal components (D17O = 0 &) commonly ob-
served among the lunar grains. The 16O-enriched compo-
nent was found among grains from both the 79035 and
71501 samples. Hashizume and Chaussidon (2008) further
inferred that the 16O-depleted (positive D17O) component
probably did not come from the Sun. This is because of
the more than one order of magnitude higher concentration
of the 16O-depleted component in the 79035 grains, com-
pared to the estimated range of the solar oxygen concentra-
tions based on the solar noble gas measured among many
grains from this sample (Wieler et al., 1999; Hashizume
et al., 2002). The concentration of the 16O-enriched compo-
nent is within this expected solar concentration range, lead-
ing them to argue that the solar component is 16O-rich.
Their results suggest the supply to the Moon of two extra-
selenial components with different origins. Further work is
required to precisely resolve the different information re-
corded grain-by-grain among the lunar samples.

The Genesis mission collected solar wind and returned
collectors to Earth. The most anticipated result is the oxy-
gen isotopic composition of the solar wind. McKeegan
et al. (2008a) report that there is sufficient oxygen in the
SiC target from the Genesis solar wind concentrator to
measure and that contamination can be controlled. Preli-
minary Genesis results have just been reported (McKeegan
et al., 2008b) and show that the solar wind has a D17O of
about �25 ± 15& (2r errors, counting statistics only)
based on seven analyses. An eighth analysis at a location
on the SiC target displaced from the other seven by about
9 mm has D17O = �8 ± 20&, and is consistent with either
the terrestrial fractionation line or a mass-dependent line
intersecting the other seven analyses. Mass-dependent frac-
tionation across the target is expected due to the electro-
static concentrator (Wiens et al., 2003). Matrix effects due
to differences in the composition of the Genesis SiC targets
from that of the magnetite standard may introduce addi-
tional mass-dependent inaccuracies in the calculated solar
wind isotopic composition. The preliminary results appear
to rule out a Sun depleted in 16O, and even an isotopically
terrestrial Sun. The Sun is apparently 16O-rich; although it
is not known at the present time whether the composition
lies along the CAI mixing line because of uncertainties in
mass-dependent corrections to the data, we will assume
hereafter that it does lie on this line. The self-shielding mod-
els are consistent with the Genesis results, but the chemical
mass-independent fractionation models (e.g., Marcus,
2004) are not, at least in their current form.

It is useful to compare Genesis results with the lunar me-
tal grain analyses of Hashizume and Chaussidon (2005).
The solar wind ions collected by Genesis were implanted
at a depth �100 nm, as expected for multiply charged oxy-
gen ions accelerated to a few tens of keV by the electrostatic
concentrator (Ziegler et al., 1985; McKeegan et al., 2008a).
The deeply implanted (100 nm to P 1 lm) oxygen reported
by Hashizume and Chaussidon (2005) was not observed in
the preliminary Genesis analyses. The energy of solar ener-
getic particles is too high to be reflected by the ion mirror in
the concentrator and the fluence is far too low to be ob-
served in nonconcentrator Genesis targets. Several techni-
cal issues concerning the measurements of the lunar
grains, such as the range of depths of the analysis pits cre-
ated in different ion microprobe measurements and the
imprecise determination of the implantation depth, will be
discussed by Hashizume and Chaussidon in a future
publication.

Recently, very large oxygen isotope fractionation as a
result of CO photodissociation has been demonstrated in
the laboratory as an experimental test of self-shielding
(Chakraborty et al., 2008). The photodissociation experi-
ments were performed at wavelengths �100 nm using a syn-
chrotron source with a bandwidth of �1 nm. CO2 was
formed from the O liberated from CO dissociation, and
was isolated with cold traps. Isotopic analyses of the CO2

show very large fractionations (>>2000&) relative to the
initial CO, and d17O/d18O ratios that depend on wavelength
(Chakraborty et al., 2008). Because the d17O/d18O ratios
differ from unity (e.g., 1.38 at 105.17 nm) and because the
enrichments are so large, Chakraborty et al. argue that
the large fractionations are not due to self-shielding but
rather are a result of the photophysics of CO dissociation.
The very large CO cross sections (�10�15 cm2 at
105.17 nm) and the high column densities used in the exper-
iments (�1018 cm�2) imply that C16O is, in fact, strongly
self-shielding. Modeling CO self-shielding in the solar neb-
ula using shielding functions (Lyons and Young, 2005a)
yields large delta values for the molecules produced as a re-
sults of CO photodissociation, with d17O/d18O ratios �1.3
at early times (Section 5, Fig. 3), so even shielding functions
can yield non-unity slopes. The experiments of Chakr-
aborty et al. (2008) demonstrate the need for accurate spec-
tra for CO isotopologues (e.g., Eidelsberg et al., 2006).
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With such spectra a full integration over wavelength can be
performed to evaluate isotopologue photodissociation
rates, and the corresponding isotope delta values. The
sum over all CO bands, and including absorption by H2,
will then tell us whether a slope near unity is expected for
CO photodissociation in the solar nebula or parent cloud.

3. THE BIRTH ENVIRONMENT OF THE SUN

If the Sun formed in proximity to massive stars, a ready-
made source of external UV radiation would be present,
capable of photodissociating CO and leading to large isoto-
pic fractionations. This would also be a very likely mode of
star formation for the Sun to have taken, as the majority of
Sun-like stars form in large clusters, as we argue below. Sta-
tistics alone do not require that the Sun formed in such an
environment, but other evidence (e.g., the presence of live
60Fe and the orbits of Kuiper belt objects) may, and can
even provide broad constraints on the UV flux in the Sun’s
star-forming environment.

Most low-mass stars form in clusters containing at least
hundreds of stars. A complete census of the nearest 2 kpc
shows that 70–90% of all low-mass stars form in such
environments (Lada and Lada, 2003). As the very largest
star-forming clusters in Galaxy lie beyond 2 kpc, even this
fraction may overestimate the fraction of Sun-like stars that
form outside of clusters. Low-mass star formation in high-
mass star-forming regions was reviewed by Hester and
Desch (2005), to which the reader is referred for more de-
tails. Here we emphasize that formation in rich clusters
(>100 stars) is common.

Of those stars born in rich clusters, defined as containing
102–106 stars, it is essentially the case that as many stars
form in clusters with �102 stars as in clusters with �106

stars. This is a consequence of the fact that the cluster initial
mass function scales as dN/dM �M�2 (Elmegreen and
Efremov, 1997), where N is the number of clusters of mass
M. The number of stars formed in clusters with mass
M1 < M < M2 is 1

<M�>

RM2

M1

dN
dM MdM / log M2

M1

� �
where

<M*> is the mean stellar mass, so that roughly equal num-
bers of stars are produced per decade in mass. Massive stars
in the cluster provide the bulk of the ionizing UV radiation,
and consideration of the orbit of a protostellar system in
the cluster relative to the massive star or stars (assumed
to be at the cluster center) allows a mean UV flux to be esti-
mated due to the cluster radiation. Within a cluster with N

stars, the average UV flux experienced by a solar system is
FUV = 1.6 � 1012 (N/2000) d�2 photons cm�2 s�1 (Adams
and Laughlin, 2001), where d is the spatial scale of the clus-
ter in parsecs. For comparison, the ionizing UV radiation
due to the central star is FUV = 3.5 � 1013 R�2 photons
cm�2 s�1, where R is the distance to the central star in
AU, which is smaller than the cluster radiation beyond
R = 5 AU for a cluster with N = 2000 and d = 1 pc (Adams
and Laughlin, 2001). Assuming an average photon energy
of 20 eV and scaling to the Habing flux (G0 = 1 for a UV
flux of 1.6 � 10�3 erg cm�2 s�1), we find G0 � 3 � 104 (N/

2000) d�2. Very roughly, then, perhaps a third of all Sun-
like stars form outside rich clusters with external G0 � 1
(and for which the UV flux from the protostar dominates),
an equal number form in small clusters (N = 102–104,
d = 1–2 pc) for which G0 � 1 � 103–3 � 104, and another
third form in even larger clusters (N = 104–106, d � several
pc) for which G0 � 3 � 104–1 � 105. Examples of these dif-
ferent star formation regions would be, respectively, the
Taurus Molecular Cloud, the Orion Nebula Cluster and
the Carina Nebula. These simple arguments suggest
G0 = 103–105 is common during star formation. A more
sophisticated analysis by Fatuzzo and Adams (2008)
including integration over cluster sizes and orbital motions
of stars in the cluster environment, and other factors, con-
firms that G0 � 103–104 is the most probable degree of irra-
diation for the solar system to have experienced.

The above arguments show that high UV fluxes are a
typical feature of low-mass star formation, but several lines
of evidence directly put the formation of the solar system in
a cluster environment, and even suggest a likely range of
G0. The early solar system contains radionuclides such as
60Fe that are most plausibly explained by injection into
the solar nebula by a nearby supernova (see review by Wad-
hwa et al., 2007). For a cluster to be likely to contain a star
massive enough to go supernova, it must contain at least
about 2000 stars (Adams and Laughlin, 2001), implying
G0 � 104. It is possible that 60Fe was inherited from the
interstellar medium (ISM) rather than directly injected into
the disk from a nearby supernova. Gounelle and Meibom
(2008) argue for this origin of 60Fe, and offer specific criti-
cisms against an intracluster supernova origin of 60Fe,
based on the timing and location of the protosolar disk
within a cluster (e.g., massive star lifetimes are �3–5 My,
too long to have injected 60Fe into the protosolar disk with-
in �1 My of its formation). High initial values of 60Fe/56Fe
(>10�6) in the solar nebula would only be explained by lo-
cal supernova injection. Slightly lower meteoritic values are
currently favored (3 � 10�7, Wadhwa et al., 2007). Low
values of 60Fe/56Fe may be explained by supernova injec-
tion or by inheritance from the ISM. At this time, it is
not clear how much 60Fe can be inherited from the ISM
(Wasserburg et al., 1996; Hester and Desch, 2005), and so
the question of the origin of 60Fe is still open. 60Fe is sug-
gestive of a cluster origin for the Sun, but the issue is not
closed.

More direct arguments come from the structure of the
solar system. The Kuiper Belt exhibits a prominent dearth
of objects with semimajor axes beyond 47 AU (Trujillo
and Brown, 2001). Proposed explanations for this sharp
‘‘edge” of the Kuiper Belt include stellar encounters that
dynamically truncate the disk (Laughlin and Adams,
1998; Ida et al., 2000), or external photoevaporation
(Adams et al., 2004). The distant perihelia of Kuiper Belt
Objects (KBOs) like Sedna in fact require a stellar encoun-
ter at some point, a scenario only likely if the Sun formed in
a rich cluster environment (Kenyon and Bromley, 2004).
An outer edge due to photoevaporation is consistent with
G0 � 3 � 103–3 � 104 on timescales of 2–5 My (shorter
timescale for higher G0) at 47 AU (Adams et al., 2004). Re-
cently Desch (2007) examined the initial surface density of
the solar nebula and found it was characterized by a very
steep profile that is consistent with a steady-state decretion
disk (a disk that is losing mass) that is being photoevapo-
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rated, providing corroboration for the photoevaporation
model and with similar values for G0. Another possible
cause of the lack of KBOs beyond 47 AU is the depletion
of outer solar system solids due to gas drag migration (Cie-
sla and Cuzzi, 2006, and references therein).

In summary, it is most probable that solar systems like
ours formed in rich clusters with G0 � 103–104, and inde-
pendent lines of evidence (short-lived radionuclides, the
dynamical properties of planets and Kuiper Belt objects,
and the mass distribution of the solar nebula) confirm that
our solar system did indeed form in such an environment.
The intersection of G0 constraints from these three lines
of evidence favors G0 � 3 � 103–1 � 104. However, many
uncertainties are present in the above arguments, and we
propose that the range in G0 considered in self-shielding
models should be G0 � 1 � 103–3 � 104.

4. THE INNER SOLAR NEBULA

The hot, dense inner nebula (region 1 of Fig. 1) is the
location for CO self-shielding suggested by Clayton
(2002), and the most likely place for proposed MIF-produc-
ing CAI/silicate reactions (Marcus, 2004). The chemical
timescales here are rapid (<<104 y) due to the high-temper-
atures, high gas density and large photon flux.

4.1. High-temperature CO self-shielding

For CO self-shielding, O liberated during CO photol-
ysis reacts immediately with H2 to form H2O at temper-
atures >1000 K. H2O then passes the MIF signature to
silicate precursors. However, at higher temperatures the
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magnitude of the MIF signature produced during self-
shielding is reduced by H2 absorption. Fig. 2 illustrates
this for the CO E1P(1)–X1R+(0) band in which H2

absorption has been included in the line-by-line calcula-
tion. The figure shows the d-values for total H2O (disk
H2O + H2O derived from CO photolysis) at the disk mid-
plane at gas temperatures of 50, 300 and 1500 K, corre-
sponding to distances of 30, 0.87, and 0.035 AU,
respectively. At 1500 K the MIF signature of H2O is high
enough to raise silicates from ��50& to �0&, but only
in d17O. At 300 K and 50 K very large MIF signatures
are predicted for this band of CO. The calculations for
Fig. 2 only include the photolysis of CO isotopologues,
so that reactions to reform CO are not accounted for.
It is for this reason that the MIF signature at 50 K is
much larger than obtained in Lyons and Young
(2005a). The reduction in the amplitude of the MIF sig-
nature decreases with increasing temperature due to
absorption by H2 and a reduction in the CO cross sec-
tions. The steep slope at 1500 K is the result of coinci-
dent structure in the computed H2 and C18O spectra
(Lyons et al., 2008).

The 3-isotope trajectories in Fig. 2 are for a single
band of CO. That one band out of about 20 active bands
(some bands are completely shielded by H2 absorption)
can yield trajectories far from the slope-1 line defined
by CAIs is not surprising. However, if self-shielding is
in fact the mechanism responsible for the CAI mixing
line, the sum over all active CO bands must yield a
slope-1 trajectory for nebular H2O. The wavelength
dependence of the experimental results of Chakraborty
et al. (2008) for photolysis of CO by synchrotron FUV
radiation also demonstrates the need to sum over all
bands. Similarly, although probably of secondary impor-
tance, if self-shielding occurs at multiple disk/cloud loca-
tions at different temperatures, the sum over all locations
must yield a slope of close to unity.

4.2. Chemical mass-independent fractionation

The chemical mass-independent fractionation model
(Marcus, 2004) assumes D17O = d17O–0.52 d18O � 0&

(relative to SMOW) in the Sun and bulk solar nebula.
This is in contrast to the CO self-shielding models
(Clayton, 2002; Yurimoto and Kuramoto, 2004; Lyons
and Young, 2005a) which require that silicates initially
have D17O = ��25& (i.e., like the majority of 16O-rich
CAIs), and are later altered or modified by a 16O-poor
water vapor. As already noted, the preliminary Genesis
results indicate D17O � �25& for the solar wind
(McKeegan et al., 2008b), and so favor the CO self-
shielding models. However, because these are prelimin-
ary results, and because chemical MIF reactions may
still occur in the solar nebula, we consider the MIF
models in more detail.

The archetypal example of chemical mass-independent
fractionation is the gas-phase formation of ozone (Thie-
mens and Heidenreich, 1983). The formation mechanism
for the asymmetric isotopomer is shown in reaction
scheme I,
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where QOO* is the vibrationally excited intermediate, Q is
either 17O or 18O, and M is a background molecule that
provides collisional stabilization to QOO. The source of
the mass-independent anomaly is proposed to be a slight
deficiency in the redistribution of intramolecular energy
(i.e., the vibrational quanta) of the symmetric isotopomer,
OQO*, relative to QOO* (Gao and Marcus, 2001, 2002).
This is expressed as a lower density of states for OQO* ver-
sus QOO*, so that kb and k–a are larger for OQO* than for
QOO*, yielding an excess of QOO formation relative to
OQO. The excess in QOO occurs for both Q = 17O and
18O, and therefore produces a chemical MIF signature.
The deficiency in intramolecular energy redistribution oc-
curs for the symmetric isotopomers because there are
roughly half as many states available as for the asymmetric
isotopomers, making anharmonic and other couplings less
effective (Gao and Marcus, 2001; Marcus, 2008). Applica-
tion of unimolecular dissociation theory, with the inclusion
of the symmetric density of states at a value �85% of the
statistical density of states, yields excellent agreement
(Gao and Marcus, 2001, 2002) with measured isotopo-
mer-specific rate coefficients (Mauersberger et al., 1999),
and with the measured temperature and pressure depen-
dence of the MIF signature in ozone (Gao and Marcus,
2007).

It has been proposed (e.g., Thiemens, 1999) that symme-
try-dependent isotopic reactions analogous to O3 formation
occurred among CAI precursors in hot regions of the solar
nebula. Specifically, gas phase reactions such as
Oþ SiO ¡

M
SiO�2 ! SiO2 could yield mass-independent

products. Marcus (2004) showed that such 3-body gas
phase reactions are far too slow to compete with reaction
of O with H2. At 2000 K and 1 mbar, and assuming
H2/CO � 103, the rate of reaction of O with H2 exceeds
the rate of O addition to SiO by a factor of �109. The like-
lihood of gas-phase formation of compounds such as SiO2

would be greater at higher pressures (>> 1 mbar), in the
presence of significant dust enhancements, and if H2 has
been removed preferentially relative to CO.

As an alternative to gas phase reactions producing MIF
in the solar nebula, it has been shown (Marcus, 2004, 2008;
Young et al., 2008) that reactions on surfaces greatly in-
crease the probability of reaction. The mechanism for sili-
cates is proposed to operate at high-temperatures and on
the surface of a growing CAI grain. Surface reactions be-
tween O and XO, where X = Si, Ca, Al, etc., provide an
entropic rate enhancement of �106 over gas phase reac-
tions. (In transition state theory, the rate coefficient of reac-
tion is kTST = (kT/h)e�DG–, where DG– = DH––T DS– is
the Gibbs free energy of activation and DH– and DS– are
the enthalpy and entropy of activation, respectively. Rate
enhancement can arise from a decrease in DH– and/or an
increase in DS–. The latter contributes most to rate
enhancement in surface reactions.) The surface MIF mech-
anism is postulated to be symmetry-dependent, with OXO
as the symmetric species, and OXQ as the asymmetric spe-
cies. The mechanism for OXQ(ads) formation, where OX-
Q(ads) is the adsorbed species, is shown in reaction
scheme II. The reaction scheme includes CAI growth by up-
take of adsorbed species, evaporation of adsorbed species,
and uptake of gas phase oxygen, O1–w, as dictated by the
stoichiometry of the various CAI minerals. w is the fraction
of O in SiO2 units to total O in a given CAI mineral, and
represents the fraction of adsorbed O that is incorporated
into the CAI; w � ½ for most CAIs (Marcus, 2004). The
source of O(ads) in scheme (II) is either binding of O atoms
directly from the hot nebular gas onto the CAI grain sur-
face, or a surface disproportionation of nebular H2O on
the grain to produce O(ads) and H2. Because of the much
greater concentration of H2O in the nebula, Marcus
(2004) favors the H2O disproportionation reaction as the
primary source of O(ads).

At the high-temperatures of CAI formation (�1500–
2000 K), the mass-independent mechanism will yield sim-
ilar isotope fractionations for 17O and 18O, so a single
quantity, dQ, may be used to define both. To obtain
dQ � �50& relative to the bulk solar nebula for CAIs
(in the vicinity of CAI formation) requires a density of
states of the symmetric adsorbed species to be �0.90 of
the statistical value, while the asymmetric adsorbed spe-
cies has a fully statistical density of states. These values
are very similar to those determined for ozone (Gao
and Marcus, 2001). Laboratory experiments are needed
to determine whether MIF effects do in fact occur during
high-temperature surface reactions.

We consider here the internal consistency of the MIF
scenarios by considering the implications of isotopic mass
balance. Accretion onto the disk and accretion onto the
protosun from the disk implies that the solar nebula is
not a closed system. In addition, mass loss from the pro-
tosun-nebula system occurs via bipolar jets and high-
velocity disk winds, and later (after several My) as a re-
sult of photoevaporation of nebular gas. In the discussion
of chemical MIF presented below, we assume that the
solar nebula in the region of CAI formation may be con-
sidered a closed system with respect to D17O. By contrast,
in the CO self-shielding scenario loss of CO via photo-
evaporation in the later stages of nebular evolution may
represent a significant flux of low-D17O material from
the nebula, which would yield planets with bulk D17O dif-
ferent from the Sun.

A key test of the surface MIF mechanism (Marcus,
2004) is to determine if it can self consistently explain the
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isotope anomalies in both CAIs and in nebular H2O. Based
on analyses of Murchison, Clayton and Mayeda (1984) in-
ferred that initial nebular water (gas) had a minimum D17O
of 6.3–8.6&. The observation of a mass-independent anom-
aly in magnetite grains in the Semarkona meteorite (Choi
et al., 1998) argues for nebular water enriched in 17O rela-
tive to SMOW. The magnetite grains are believed to have
formed by the reaction 3Fe0 þ 4H2O! Fe3O4 þ 4H2, and
so D17O of magnetite reflects nebular water. The mean
D17O measured by Choi et al. (1998) is � +5.0&. Because
of the possibility of isotope exchange with other phases
during alteration, the Choi et al. (1998) results should be
considered a minimum value for nebular water. The highly
16O-depleted magnetite and pentlandite grains
(D17O � +70–85& and d17O/d18O � 1) discovered in Acfer
094 (Sakamoto et al., 2007; Seto et al., 2008) are �10 lm in
size and have an abundance of �100 ppm by mass. They
were most likely formed during alteration reactions with
nebular water, and so provide evidence for a (small) reser-
voir of nebular water highly enriched in 17O and 18O.

The chemical MIF mechanism predicts that both nebu-
lar water and non-CAI silicates have D17O > 0 (Marcus,
2004). According to reaction scheme II (with X = Si),
SiO2(ads) is formed on the CAI surface, and then evapo-
rates adding SiO2 with D17O > 0 to the nebular gas. Forma-
tion of H2O with D17O > 0 occurs at high-temperatures
by Hþ SiO2 ! OHþ SiO, followed by OHþH2 !
H2OþH. McSween (1977) found that CAIs are about
5% by volume of carbonaceous chondrites, with values
ranging from 0.3% in Renazzo to 9.4% in Allende. The ele-
mental abundances within CAIs have been demonstrated to
be close to solar when sampling biases are properly ac-
counted for (Simon and Grossman, 2004). The photospher-
ic ratios of Ca/Si and Al/Si are 0.065 and 0.042, respectively
(Lodders, 2003), suggesting that a solar fraction of CAIs
would be � 5% of the total silicate fraction in the solar neb-
ula. Isotopic mass balance requires that the SiO2 produced
in scheme II (center downward branch) would have a posi-
tive D17O with a magnitude � 1/20 of D17O(CAIs), or �
+1&, comparable to the D17O values measured in ordinary
chondrites (e.g., McKeegan and Leshin, 2001). Nebular
water in isotopic equilibrium with silicates will have a posi-
tive D17O, but a factor of 2–3 lower, demonstrating that
chemical MIF as outlined in scheme II cannot account
for the Choi et al. (1998) and Sakamoto et al. (2007) obser-
vations, at least when applied to a solar gas.

Enhancement of dust relative to gas will increase D17O
of silicates and water in the chemical MIF scenario. Conser-
vation of D17O for the solar nebula in the vicinity of CAI
formation may be written as

D17OðnebÞ � bfCAID
17OðCAIÞ þ bfsilD

17OðsilÞ
þ fCOþH2OD17OðCOþH2OÞ � 0;

where fi is the atom fraction of oxygen for component i rel-
ative to bulk solar composition (taken from Lodders, 2003),
and b is the dust enrichment factor relative to solar gas sil-
icate (i.e., the enrichment of Si, Mg, Fe, Ca, Al, etc., relative
to the amount condensed from a gas of solar composition).
Ca and Al are assumed to be exclusively in CAIs, but CAIs
also contain some Mg and Si. The amount of Mg and Si in
CAIs was taken from the average of all CAI bulk composi-
tions reported by Grossman et al. (2008). The remaining
Mg and Si (most of it) and all of the Fe is assumed to be
in silicates. For CAIs and silicates, the amount of oxygen
is one atom per atom of Mg, Fe and Ca, 1.5 atoms per atom
of Al and 2 atoms per atom of Si. Using the abundances of
Lodders (2003), we calculate the following f i values:
fCO+H2O = 5.3 � 10�4, fsil = 1.4 � 10�4 and fCAI � 1.2
� 10�5. For no dust enhancement (b = 1), and assuming
isotopic equilibration of silicates, CO and H2O, we find
D17O(CO + H2O) = D17O(silicate) = +0.90&. For higher
dust enrichment (b >> 10), we find that
D17O(CO + H2O) = D17O(silicate) = 4.3&.

These D17O values for high-temperature CO, H2O and
silicate are too low by a factor of �2 compared to the neb-
ular water D17O values inferred from carbonaceous chon-
drites (Clayton and Mayeda, 1984; Young, 2001) and
magnetite measurements (Choi et al., 1998), and are a fac-
tor of �20 below the recent values inferred from Acfer 094
matrix (Sakamoto et al., 2007). The size of the water reser-
voir represented by the Acfer 094 results is unclear; it may
be negligible compared to bulk nebular water. Nevertheless,
if the chemical MIF mechanism is to account for the ob-
served oxygen isotopes in both CAIs and nebular water,
some modification to the surface MIF mechanism (Marcus,
2004) appears to be necessary.

5. THE SURFACE NEBULA

CO self-shielding at the nebular surface (region 3 of
Fig. 1) was previously discussed (Thiemens and Heidenr-
eich, 1983; Navon and Wasserburg, 1985; Lyons, 2002),
but was first treated quantitatively by Lyons and Young
(2005a) (LY05). Thiemens and Heidenreich rejected O2

self-shielding as unimportant in an H2-rich nebular envi-
ronment. However, Kitamura and Shimizu (1983) showed
that at temperatures of �100 K H2O photolysis would lead
to O2 in the nebular surface. Kitamura and Shimizu pro-
posed that mineral grains would exchange oxygen with
17O and 18O-enriched O atoms produced from O2 photoly-
sis during shock events. They also suggested that planetes-
imals would have formed from these isotopically enriched
grains. However, Kitamura and Shimizu did not discuss
the isotopic composition of the Sun, which is a necessary
test of self-shielding models. Although Kitamura and Shi-
mizu (1983) did not account for O atom exchange with
O2, which will act to erase an O2-derived isotope effect
(Navon and Wasserburg, 1985), they did identify several
key aspects of present-day self-shielding theories.

Here, we will focus on quantitative models for CO self-
shielding We will not review LY05 in detail, but will instead
show some of the results from that model that were not in-
cluded in the original publication; all of these results have
been presented (by J.R.L.) at conferences since 2004.
LY05 utilized a 1-D atmospheric chemistry code (courtesy
of J. Kasting), adapted to the solar nebula, to account for
turbulent vertical mixing of all chemical species, including
oxygen isotopologues. The model assumes a 2-D mini-
mum-mass solar nebula (MMSN) with an a-viscosity
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parameterization of turbulent mixing, and also assumes
that the vertical diffusivity, D, is identical to the radial tur-
bulent viscosity, v. (The validity of the latter assumption is
discussed below.) The chemical reactions in the model are
derived from a subset of the UMIST database of reactions
(Le Teuff et al., 2000) and include gas–grain reactions on
the surfaces of dust grains (Willacy et al., 1998). An exam-
ple of d-values for several species in the model illustrating
the very large fractionations that occur, especially in the
early stages of photolysis, is shown in Fig. 3.

Several timescales relevant to the a-disk model are
shown in Fig. 4. The maximum positive D17O for total neb-
ula H2O occurs when � ½ of the column abundance of CO
is dissociated. However, this maximum D17O is also a func-
tion of the intensity of the radiation field, G0, and of a. The
timescale tsurf CO is defined, at a given radial distance, as the
shortest time needed to reach the inferred D17O for bulk
nebular H2O, as inferred from carbonaceous chondrites
(Clayton and Mayeda, 1984; Young, 2001). At 30 AU the
shortest tsurf CO is �105 years (Fig. 4) for a � 10�2 and
G0 � 103, which is comparable to the diffusive radial trans-
port timescale, tradial, at 30 AU. As discussed in LY05 self-
shielding of surface CO can yield a significant fraction of
16O-depleted H2O at the midplane of a MMSN only if ver-
tical mixing is rapid (D = a > 10�3). Weak mixing (a � 10�4

or less) precludes reaching the inferred D17O values in neb-
ular water (Fig. 5). Similarly, at heliocentric distances <10–
20 AU, tsurf CO becomes comparable to the expected lifetime
of the nebular gas (few My) (Fig. 6). A recent box model of
the solar nebula (Young, 2007), emphasizing radiation
from the protosun rather than from a nearby massive star,
yields similar CO photodissociation timescales (�105 years)
at similar distances (�30 AU). (As a point of clarification,
the Young (2007) model is not an extension of the model
developed by Lyons in LY05. The two sets of calculations
are independent.)

A few additional points concerning self-shielding at the
nebular surface must be made. First, dust provides a sur-
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face for condensation of H2O vapor, with eventual seques-
tration of ice-coated dust at the midplane. Dust evolution
by growth and sedimentation is intimately tied to the avail-
ability of surface area for condensation. In LY05 dust was
assumed to be static and uniformly distributed. One of us
(J.R.L.) is presently extending the photochemical model
to include dust evolution (Ciesla, 2007). These results will
be coupled to a radial transport model (Ciesla and Cuzzi,
2006). Second, the nebular surface (region 3, Fig. 1) is very
likely to be MRI-active. Dust sedimentation here will be
fast (tsurf sed, Fig. 4), and a reservoir of 16O-enriched CO will
be present (Fig. 7). The 16O-enriched reservoir will move in-
ward with a smaller diffusive timescale than the bulk outer
nebula because a3 > a4, where the subscripts refer to the re-
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gions in Fig. 1. Mixing between the surface region and the
top of dead zone is weak but nonzero, and will transfer this
16O-enriched reservoir into the much more massive dead
zone. Such pockets of 16O-rich CO may transfer their iso-
tope signature to dead zone silicates during shock events
(Kitamura and Shimizu, 1983), and could provide a mech-
anism to explain extreme 16O-rich chondrules (Kobayashi
et al., 2003). Third, the nebular gas temperature may be ele-
vated relative to the dust temperature in the zone of active
CO photodissociation (e.g., Jonkheid et al., 2004) because
of photoelectric effect on polycyclic aromatic hydrocarbons
(PAHs) and H2 formation. Evidence for elevated gas tem-
peratures comes from observations of rotational tempera-
tures in a variety of disk surface molecules. In AA Tau
rotational temperatures from 350–900 K have been mea-
sured inside of 3 AU (Carr and Najita, 2008). Although
grains and gas are not in thermal equilibrium in the surface
disk (>4 scale heights above the midplane), an elevated gas
Fig. 7. Model profiles of D17O of CO at 30 AU for a = 10�2 and
G0 = 500. At early times (<105 years) D17O(CO) << 0 is concen-
trated in the surface layers of the disk.
temperature heats grain surfaces and increases the rate of
desorption of ice from the grain. An increased rate of
desorption increases the fraction of H2O as vapor, and
leads to more rapid conversion of H2O back to CO via
H2O photolysis and subsequent reactions with C-contain-
ing ions and molecules. The importance of these processes
needs to be explored quantitatively in the surface shielding
models.

LY05 showed that as C17O and C18O are preferentially
photodissociated and the liberated O atoms react with H2

to form water, D17O(H2O) rises, approaching several percent.
Then, as the 16O-poor water reacts with other species and
chemical equilibrium is established, D17O falls. In order for
an isotopic signature to be preserved and transferred to solar
nebula solids, the 16O-poor water must be vertically mixed to
the disk midplane before this chemical equilibrium is estab-
lished. The rate of chemical equilibrium scales roughly as
the UV flux (parameterized via G0), and the rate of vertical
mixing scales roughly as the degree of turbulence in the disk
(parameterized via a). Generally speaking, isotopically frac-
tionated water will reach the meteorites only if G0 and a are
both ‘‘high” or both ‘‘low”. In what follows, we use the time-
scales of the problem to constrain the values of these
parameters.

Calculations in LY05 reveal the timescales over which iso-
topic fractionation in water are produced. They assume a
MMSN at 30 AU and a midplane temperature of 51 K.
The diffusion coefficient of vertical mixing was set equal to
a H2 X, with a = 10�2. The scale height of the disk is H =

c/X, where c is the sound speed and X the Keplerian orbital
frequency. Fig. 2 of LY05 shows two trends. First, the time-
scale over which isotopic fractionations are established scales
inversely with the UV flux. For G0 � 5 the timescales are sev-
eral My, while for G0 � 103 they peak at about 0.2 My, and
for G0 � 104 they peak at just about 0.1 My. Second, the peak
fractionation also scales inversely with G0. As long as
G0 < 104, the peak fractionations pass through the required
range (D17O = +5& to +20&) at some point. Significantly,
the fractionation of water tends to linger in this range for
the longest time (for �4 � 105 y) if G0 � 103. Faster time-
scales obtain if a higher effective a characterizes the vertical
diffusion. These results are robust in the sense that many disk
configurations (G0 and a) potentially can explain the ob-
served oxygen isotope fractionations in meteorites. For an
effective a � 10�2, the models suggest G0 � 103–104. These
UV fluxes are consistent with those expected in high-mass
star-forming regions (see Section 3). We now discuss the
likely magnitude of turbulent diffusion.

The cause of turbulent diffusion in disks is almost cer-
tainly the magnetorotational instability, or MRI (Balbus
and Hawley, 1991). Essentially the only requirements
are that a large-scale magnetic field threads the disk,
and that the ionization fraction is high enough locally
for the gas to couple to the magnetic field. In protoplan-
etary disks the ionization fraction is likely to exceed the
threshold in the surface layers everywhere due to the
combination of low densities and unattenuated X-ray
and galactic cosmic ray ionization. The delineation be-
tween these actively accreting layers and the MRI-stable
‘‘dead zones” is, however, sensitive to the disk structure
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and the ionization chemistry. Here we make some esti-
mates of the boundary between the active layers and
dead zones. In the context of the Hayashi minimum-mass
solar nebula, surface densities are R(r) = 10 (r/
30 AU)�1.5 g cm�3. In the Desch (2007) model they are
only somewhat higher at these radii: R(r) = 32 (r/
30 AU)�2.2 g cm�3. A necessary (but not sufficient)
requirement for initiating the MRI is that the ionization
fraction exceed a critical value of 10�13 (T/100 K)�0.5

r�1.5, where r is the radius in AU (Gammie, 1996), to
overcome the electrical resistivity of the gas. This critical
ionization fraction is only exceeded outside of 10 AU in
the Hayashi et al. (1985) model, and outside of 20 AU
using the Desch (2007) surface density. These predictions
of the radial extent of the dead zones are consistent with
other more sophisticated models (Sano et al., 2000). Be-
yond these radii, the stability of the disk is likely to be
sensitive to more subtle effects such as the degree of Hall
diffusion (Wardle, 1999; Desch, 2004). In what follows we
adopt the picture of dead zones overlain by actively
accreting layers, extending out to beyond 30 AU.

In the active, MRI-unstable layers of the disk, the turbu-
lent viscosity reaches levels v � aH2X, with a estimated
from numerical simulations to be at least 10�3, potentially
as high as 0.5, depending on the disk conditions. Pessah
et al. (2007) recently reviewed the results of 35 modeling pa-
pers that estimated the value of a in MRI-turbulent disks.
They found that the majority of simulations were affected
by numerical limitations and derived a simple formula for
a. In a realistic disk in which the MRI has progressed to
a steady state (so that the magnetic field strength has grown
to about 0.1 times the equipartition field), it is straightfor-
ward to show that a approaches 0.5. This is consistent with
constraints from a variety of observations of dwarf novae,
X-ray transients and active galactic nuclei disks, which are
all fully ionized and for which values a � 0.1–0.4 are
inferred.

Within the dead zones a is much lower than in the active
layers, but is not zero. With ratios of dead zone surface den-
sities to active layer densities �10, Fleming and Stone
(2003) and Oishi et al. (2007) found dead zone a � 10�4–
10�5. If the active layer is active because of X-ray ioniza-
tion, a reasonable estimate of the surface density is a few
g cm�2 (Igea and Glassgold, 1999), which is roughly one
tenth of the total surface density in the disk and the dead
zone at 30 AU, �30 g cm�2. Clearly further modeling is
necessary to verify these estimates, but they suggest an ac-
tive layer with a � 0.1 and surface density 3 g cm�2, and a
dead zone with a � 3 � 10�4 and surface density 30 g cm�2.
Transport in this disk is dominated by the active layer, and
a vertically integrated a (weighted by mass) yields a � 10�2

in the context of radial transport.
Observations of radial spreading of protoplanetary disks

support an effective a � 10�2. Models of the disk evolution
around DM Tau and GM Aur imply a � 10�2 (Hueso and
Guillot, 2005). Likewise Hartmann et al. (1998) model the
viscous spreading of disks in low-mass star-forming regions
with a � 10�2. The combined weight of the evidence then is
that the outer regions of disks may be divided into dense
dead zones and thin active layers a few g cm�2 thick.
The turbulent viscosity is related to the diffusivity of
gases via the Schmidt number, Sc = v/D, where D is the dif-
fusion coefficient. Numerical simulations (Johansen et al.,
2006) show that for mixing in the vertical direction,
Sc = 8.8 (a/0.1)0.46, while for mixing in the radial direction,
Sc = 2.5 (a/0.1)0.26. In other words, if a = 0.1, mixing in the
vertical direction is equivalent to an effective value a � 0.01,
and radial mixing equivalent to a = 0.04 within the active
layer, vertically averaged to a = 0.004. Disk photoevapora-
tion has been neglected in modeling of nebular mixing and
surface nebular CO self-shielding. For G0 � 103–104 photo-
evaporation of the disk occurs on timescales �3–10 My at
47 AU in an MMSN (Adams et al., 2004), and is even long-
er at 30 AU. The CO photodissociation timescales are
�0.1–1 My at 30 AU, and even shorter at larger heliocen-
tric distances, and so are rapid compared to disk
evaporation.

The rate of mixing by MRI-induced turbulence is ex-
actly in line with the values of a favored by the chemical
model. The chemical model described above assumed verti-
cal mixing with effective a = 10�2. At 30 AU, the vertical
mixing timescale is � 1/(a X) � 2000 y. The radial mixing
timescale is � (r/H)2 / (a X) � 1 My, which is comparable
to the timescales for producing the isotopic fractionations
if G0 = 103–104, and comparable to the timescales for disk
evolution. Closer to the Sun, the radial mixing timescale
falls steeply with r (roughly as r2), so that even though a
is expected to decrease nearer the Sun (due to the presence
of dead zones), the bottleneck for radial mixing would
probably remain the 30 AU region. We therefore conclude
that isotopically fractionated water can be transported
effectively to the inner regions of the disk, by turbulent
diffusion.

6. SELF-SHIELDING IN THE PARENT CLOUD

External radiation fields can create anomalies via isoto-
pic selective photodissociation on the disk surface (Lyons
and Young, 2005a) or on the surface of the molecular cloud
that condensed to form the Sun (Yurimoto and Kuramoto,
2004). In the latter case, Yurimoto and Kuramoto (2004)
presented the schematic outline and justification for anom-
aly creation in molecular clouds by considering astronomi-
cal observations and model simulations on cloud surfaces,
and by pointing out the key role played by water ice con-
centration in the disk midplane following cloud collapse.
Lee et al. (2008) explored the creation of anomalies in a de-
tailed model of cloud collapse. This model utilizes informa-
tion gleaned from our current astronomical understanding
of the physics and chemistry of collapse of condensed re-
gions—called cores—within molecular clouds (e.g., Lee
et al., 2004) coupled to a model of the oxygen isotope pro-
duction as outlined in Lyons and Young (2005a). A key fea-
ture of this new model is the capability to explore the
external environment of the solar nebula. Most stars in
the Galaxy are formed in stellar clusters with associated
massive stars (Lada and Lada, 2003). These massive stars
are strong emitters of molecule destroying ultraviolet radi-
ation that lie at the heart of the new schemes for production
of oxygen isotope enhancements. Hence, it is probable that



Fig. 8. d-Values for H2O ice formed from CO in a collapsing cloud
core. Results are shown at 125 AU, which is the inner boundary of
the collapsing cloud model, and for several values of G0, which
defines the intensity of the interstellar radiation field. The plotted
values start at the time of completion of solar accretion (0.45 My).
Each symbol corresponds to a timestep of 50 Kyr for G0 = 1 and
25, and 5 Kyr for G0 = 105. The large d-values predicted for H2O
ice may be the source of high D17O phases present in Acfer matrix
(Sakamoto et al., 2007). By definition, d17O = d18O for CO self-
shielding in the model. (Figure from Lee et al. (2008) with
permission of Meteoritics & Planetary Science, � 2008 by the
Meteoritical Society.)
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the Sun formed in a cluster and its natal core was exposed
to a radiation field that is enhanced when compared to the
average interstellar radiation field.

Lee et al. (2008) model the collapsing cloud as inside-out
collapse of an 10 K isothermal sphere, within which isoto-
pic selective photodissociation produces an atomic oxygen
layer near the exposed core surface where 18O and 17O
are enhanced relative to 16O. These oxygen atoms then
freeze onto cold grain surfaces and form water ice on the
grain surface via catalytic reactions with atomic hydrogen.
Water ice is strongly bound to grain surfaces and these
enhancements are maintained throughout the subsequent
evolution until the gas/dust mixture is carried close to the
newly forming star (�several AU). Some key results of
the model can be summarized. (1) Very large isotopic
anomalies are produced on the cloud surface depending
on the strength of the external radiation field
(d18OSMOW � d17OSMOW �50�1000&; we use SMOW as
a reference for comparison with meteorites), comparable
to and larger than recent inferred d-values for nebular water
(Sakamoto et al., 2007). (2) These anomalies can be carried
inward by collapse to the protoplanetary disk. Within the
disk the ‘‘surface” ices will be mixed with ices produced
without anomalies deeper inside the cloud (Yurimoto and
Kuramoto, 2004). (3) To create meteoritic anomalies the
gas and ice-coated dust motions within the disk must be
decoupled to some extent (e.g., Kuramoto and Yurimoto,
2005; Ciesla and Cuzzi, 2006). (4) Because the mass of the
cloud is large, it is possible to seed the entire disk with oxy-
gen isotope enhancements that can later be incorporated
into solids. In addition, the isotope ratio of the forming
Sun can also be slightly altered and is dependent on the
strength of the external radiation field. An accurate mea-
surement of the solar oxygen isotope ratio as inferred from
solar wind (McKeegan et al., 2008a,b) may provide a strong
constraint on the external environment in which the Sun
formed (this is true for both surface nebular shielding and
parent cloud shielding models). By contrast, surface shield-
ing models are not capable of influencing the oxygen iso-
tope composition of the Sun. The best estimate of solar
oxygen isotope ratio presently available (McKeegan et al.,
2008b) suggests that the Sun formed in an environment
where the ultraviolet radiation field was enhanced and that
the Sun therefore formed within a cluster of stars including
at least one star that is significantly more massive (>5 solar
masses). The Lee et al. (2008) model corroborates the sug-
gestion of Yurimoto and Kuramoto (2004), and demon-
strates the strong dependence of the resulting H2O ice d-
values on the radiation field (and time) at the inner edge
(�100 AU) of the collapsing cloud (Fig. 8).

Rapid inward transport of high D17O water ice along the
disk surface (e.g., Ciesla, 2007) may have supplied the water
necessary to form the high D17O phases observed in Acfer
094 (Sakamoto et al., 2007). Alternatively, and perhaps as-
sisted by photodesorption and photolysis in the disk surface
layer, the high D17O water ice may have undergone low
temperature (i.e., <300 K) reaction with accreted grains in
the vicinity of the accretion shock. Watson et al. (2007)
have recently observed water emission from a low mass
(�0.14 M�) class 0 protoplanetary disk. They infer a gas
temperature of �170 K from far-infrared emission lines.
This temperature is consistent with accretion onto a proto-
planetary disk, as Watson et al. argue, but is not high en-
ough to drive isotopic reequilibration of H2O and CO
(Lyons and Young, 2005b). Isotopic reequilibration could
occur via photochemical reactions in the accretion zone in
which H2O is dissociated and reacts with C and O radicals
and ions, but the high observed dust opacity makes this un-
likely. Observations of higher mass disks exhibiting water
emission may prove to be more directly comparable to
the early solar nebula.

7. RADIAL TRANSPORT OF OXYGEN ISOTOPES

Currently, in all models for the CAI mixing line, the
location of the isotopic fractionation is very different from
the regions where the terrestrial planets and meteorite par-
ent bodies are expected to form. Specifically, the chondritic
meteorites, which preserve the original isotopic composi-
tion of the nebular solids that were accreted into the build-
ing blocks of the planets, are thought to have formed at the
midplane of the nebula between 2 and 4 AU. The mecha-
nisms discussed thus far have focused solely on producing
a nebular component that is enriched in heavy oxygen
(water) from a solar composition (presumed to have
d17,18O = �50&). Two further steps are thus required:
transport of these anomalies to the region where terrestrial
materials formed and isotopic exchange between the isoto-
pically heavy water and silicate minerals.
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The exact order in which these additional steps are
thought to take place depends on the particular model for
self-shielding being discussed. In the model of Clayton
(2002), self-shielding takes place at the very inner edge of
the solar nebula (<0.1 AU) where high-temperatures are ex-
pected, thus allowing isotopic exchange between nebular
silicates and nebular water to take place in the same region.
In this region, dissociation of CO leads to far more oxidiz-
ing conditions than thermodynamic equilibrium for a solar
composition gas, such that iron-bearing silicates can con-
dense at high-temperature (Clayton, 2005). Such a region
may also be the location from which protostellar jets are
launched (Shu et al., 1996). If this is the case, both the solids
and gas present in this region could be launched in the
X-wind, with the gas being carried out to space, possibly
with small dust grains entrained. Larger solids, however,
will eventually decouple from the gas, or potentially be
launched on ballistic trajectories which carries them both
upward and away from the central star. These solids would
then rain back down upon the solar nebula, where they
could be incorporated into growing planetesimals. An
advantage of this mechanism as proposed is that the
high-temperature processing of chondrules and CAIs and
their redistribution throughout the nebula are explained
by a single process. A disadvantage of this mechanism is
that matrix is considered to be ambient nebular material
not heated by close proximity to the protosun (Shu et al.,
1996), a supposition not supported by the chemical and iso-
topic similarity of matrix to chondrules.

In the models of Yurimoto and Kuramoto (2004) (here-
after, YK04) and LY05, the situation is more complex.
These models predict that water becomes enriched in heavy
oxygen either in the molecular cloud from which the solar
system formed (YK04) or at the surface of the nebula in
the cool, outer regions far from the star (LY05). The low
temperatures of these environments allow for more efficient
trapping of the isotope anomaly in water ice, however these
temperatures are well below those that are needed to allow
for isotopic exchange between the water and silicates that
would be present. These low temperatures are necessary
to prevent complete erasure of the isotopic fractionation
through recombination of the liberated oxygen with the
carbon atom to which it was bonded. At these low temper-
atures, if the oxygen atom collides with a silicate grain, it
can stick to its surface, provided its encounter velocity
was low. The oxygen atom can then bond with hydrogen
on the grain surface to form H2O. Once this isotopically
heavy water has formed, it is necessary to transport it to
a region of the nebula in which temperatures are high en-
ough for such exchange to take place. Oxygen exchange
may also occur during passage of nebular shock waves.
With water ice concentrated near the midplane relative to
CO gas, isotope exchange will form more 16O-depleted
silicates.

Solids, such as water ice, are subjected to three major
forms of transport in the solar nebula: diffusion due to tur-
bulence, advective flows, and gas drag migration. Turbu-
lence is likely tied to the evolution of the solar nebula,
that is, the transport of mass through the nebula and onto
the Sun. The cause of this evolution is still the subject of
ongoing research, with the two leading candidates being a
viscosity (v = acH) produced through the magnetorotation-
al instability (Balbus and Hawley, 1991) or gravitational
torques (e.g., Boss, 2002; Boley et al., 2006). Under stea-
dy-state conditions, the large-scale advective flow of the
disk has a local velocity of Vr = �v/2r (typical velocities
are 0.01–1 m s�1) and the diffusion coefficient of a tracer-
species is given by D � v (i.e., Sc � 1). Gaseous molecules
in the disk are also subjected to both of these forms of
transport. In the hot inner solar nebula X-winds and/or
disk winds may also be an important form of transport
for nonvolatile grains, and are invoked in Clayton (2002),
but will not be quantitatively considered here.

The model of solar nebula evolution put forth by Desch
(2007) suggests an outward flow of mass through the outer
solar system (a few to 30 AU) during the era of planet for-
mation, beginning soon (few � 105 y) after the disk is first
exposed to an external UV flux, and continuing for as long
as 10 My. As the model of Desch (2007) favors
a � 4 � 10�4, the timescale for outward transport is several
My; by necessity, this is comparable to the inward mixing
of material by diffusion. Inward transport of isotopically
fractionated gas should proceed in any case, but at a mar-
ginally reduced rate (factors of a few).

Gas drag migration of solids arose due to the radial
pressure gradient that was present in the solar nebula
(hot, dense gas close to the Sun and cool, sparse gas further
out). This pressure gradient served to partially support the
gas against the gravity of the Sun, effectively reducing the
central force, and allowing the gas to orbit the Sun at
sub-Keplerian rates. Solids in the nebula would not feel this
pressure gradient, and thus would attempt to orbit the Sun
at Keplerian velocities. The motion of the solids through
the gas resulted in a drag force on the solids, causing them
to lose energy and angular momentum to the gas and spiral
inwards over time. Weidenschilling (1977) found that the
inward drift rate was a strong function of size, with me-
ter-sized bodies drifting inwards at the highest rate of speed
(�50 m s�1).

These dynamic processes that could have combined with
water derived from CO self-shielding to produce the oxygen
isotope variations seen in chondritic meteorites. Water ice
in the outer solar nebula would have been incorporated into
larger and larger bodies through collision and sticking pro-
cesses with other solids. As these solids grew, they drifted
inwards more rapidly than the isotopically lighter gas due
to gas drag migration, meaning the inward flux of heavy
oxygen isotopes would exceed the inward flux of the light
isotopes.

As the icy solids drifted inwards, they would eventually
cross the snow line. Upon entering this warmer region of
the nebula, the water would be released from the solids
and be incorporated into the gas. While this gas then will
continue to move inwards due to the advective flows in
the disk, it will do so at a much slower rate than it is deliv-
ered by the icy solids migrating inward from the outer disk.
This leads to a ‘‘pile up” of water vapor, where the local
concentration can exceed the solar value. Cuzzi and Zahnle
(2004) originally estimated that this pile up would result in
concentrations of water that were 100–1000 times solar.
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Fig. 9. Computed timescales for oxygen diffusion in several CAI
minerals (Ryerson and McKeegan, 1994) and Ca–Al–silicate melt
(Oishi et al., 1974). The timescale curves stop at the mineral
condensation temperatures determined for the components of
typical type B CAIs (Stolper, 1982). All diffusion calculations
assume a 1 mm diameter spherical grain. Also shown is the
timescale for exchange between CO and H2O in the nebular at a
total pressure of 10�3 bars. The timescales of peak chondrule
heating (<10 min) and more gradual chondrule cooling (�1 day)
are indicated by dotted lines.
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More detailed models by Ciesla and Cuzzi (2006) found
that the finite mass of the disk limited the enhancements
to being <10 times solar. While temperatures just inside
the snow line would still be too low to allow for isotopic ex-
change between the water and silicates, energetic events
such as those responsible for chondrule formation would al-
low such exchange to take place.

In the YK04 model, it is the level of water enhancement
that determines the magnitude in the shift of the oxygen iso-
tope values in chondritic materials. In this model, the water
is globally enriched in heavy oxygen prior to the formation
of the solar nebula, and thus the average d17,18O values
(averaged over silicates, water, and CO) of a gas of solar
composition would be equivalent to that of the parent
molecular cloud, expected to be �50&. However, by pref-
erentially increasing the concentration of the isotopically
heavy water, the average d17,18O would become higher.
Yurimoto and Kuramoto (2004) estimated that water
enhancements of 2–5 would be sufficient to produce the ob-
served range of oxygen isotope ratios, consistent with the
migration models of Ciesla and Cuzzi (2006). The water
in the LY05 model may require a lower level of water
enhancement in the inner solar nebula because the water
produced as a result of self-shielding in the outer solar neb-
ula is delivered to the inner nebula before the isotopically
light CO arrives. In the YK04 model inner nebula CO is al-
ready isotopically enriched in 16O when the outer solar sys-
tem water arrives. Both models require some level of water
enrichment.

The YK04 and LY05 models are intriguing as they tie
the evolution of the oxygen isotopes to the dynamical evo-
lution of water in the solar nebula. Not only would the
abundance of water vapor in the inner solar system affect
the oxygen isotopic ratios seen in chondritic materials,
but it would also affect the redox state of the nebula, and
thus the specific mineralogy of what is able to form (e.g.,
Kuramoto and Yurimoto, 2005). CAIs, whose mineralogies
suggest that they formed in a gas of solar composition
(Yoneda and Grossman, 1995) also record the most 16O-
rich formation environment. Chondrules and processed
matrix, which are enriched in heavy isotopes of oxygen by
comparison, appear to have formed in a wide range of re-
dox conditions, with the high levels of FeO observed in or-
dinary and carbonaceous chondrites requiring very
oxidizing conditions to form (e.g., enhanced water concen-
trations; Krot et al., 2000) whereas the enstatite chondrites
require very reducing conditions (depleted water concentra-
tions relative to solar) to explain the incorporation of Si
into the Fe-metal and other minerals unique to that class
of meteorite (Cyr et al., 1999; Hutson and Ruzicka,
2000). The enstatite chondrites precursor materials may
have been processed in the 16O-depleted inner nebula along
with other silicate materials, and then processed a second
time in a more reducing, water-depleted nebula. Given that
dynamical models predict both enhancements and deple-
tions of the water vapor in the inner solar nebula (Cuzzi
and Zahnle, 2004; Ciesla and Cuzzi, 2006), the YK04 and
LY05 models offer a way of simultaneously explaining the
chemical and isotopic composition of chondrules and ma-
trix, including the enstatite chondrites. Transport models
predict that water depletion in the inner nebula should oc-
cur �1 My after water enhancement, which should be re-
flected in a younger formation age for the enstatite
chondrites if this scenario is correct.

8. TIMESCALES OF OXYGEN ISOTOPE EXCHANGE

The self-shielding scenarios (YK04; LY05) in which 16O-
depleted water is transported from the outer solar nebula to
inside the snow line require oxygen isotope exchange be-
tween nebular water and silicates (chondrules and matrix).
It is most likely that this exchange occurred between nebu-
lar gas and chondrules during chondrule formation events,
rather than in low temperature aqueous alteration. The
timescales for diffusion of oxygen in CAI mineral grains
and hot chondrules may be used to assess the viability of
this process. We use the laboratory data from Ryerson
and McKeegan (1994) on diffusion in CAIs, Oishi et al.
(1974) on CAS melts, and Yu et al. (1995) on chondrule
melts. The diffusion timescale in a spherical grain of diam-
eter a is tdiff � a2/4D, where D = D0e�Q/RT is the diffusion
coefficient and Q is the activation energy for diffusion. Dif-
fusion timescales as a function of temperature for grains
with a = 1 mm are given in Fig. 9. This calculation neglects
surface kinetic effects (Yu et al., 1995) and assumes CAIs of
a single mineral composition.

Chondrule formation is believed to occur by shock heat-
ing (e.g., Desch and Connolly, 2002; Ciesla and Hood,
2002). Peak temperatures of 1800–2100 K are maintained
for several minutes, largely melting the chondrule and most
CAI precursors. Cooling occurs on a range of timescales
(�10–100 K hr�1), but is largely complete within �1 day
or less. Fig. 9 shows that the oxygen diffusion timescale in
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a 1 mm sample of CAS melt at peak heating temperatures is
comparable to or less than the duration of heating, which
argues for complete exchange. Diffusion in 1 mm diameter
spinel minerals is �109 times slower at 1800 K. Thus, shock
heating of large spinel grains (condensed from a solar gas
�1 My earlier, probably close to the X-point) and chon-
drule precursors in the 1–3 AU region of the nebula is con-
sistent with preferential exchange of (16O-depleted) nebular
oxygen with chondrules. Integrated heating times of �102 –
103 years at 1600 K estimated from Mg isotopes (Young
et al., 2005; Young, 2007) argue for greater oxygen ex-
change in melilite and negligible exchange in spinel, as is
observed in CAIs (McKeegan and Leshin, 2001). However,
many CAI and chondrule components will be melted simul-
taneously under strong shock heating conditions, so that
exchange would be expected for both sets of precursor
grains. Apart from spinel, the very simple analysis (e.g.,
partial melting is neglected) presented in Fig. 9 does not
support the preferential gas–chondrule exchange versus
gas–CAI exchange. Exchange of oxygen between CO and
H2O gases in the nebula is rapid (Fig. 9) compared to
gas–solid exchange (Alexander, 2004). Preferential ex-
change of silicate melt with H2O versus CO (Boesenberg
et al., 2005) may be important for moderate heating events,
depending on the size of the melt droplets.

9. TESTS OF THE THEORIES

The models discussed in this paper can be used to make
testable predictions. For the grain surface chemical mass-
independent fractionation theory of Marcus (2004), the
most important test is laboratory demonstration of the ef-
fect. By contrast, the self-shielding theories invoke an effect
known to occur, but for which accurate quantification is
not yet possible. The self-shielding models propose that
CO shielding occurred in one or more of three distinct loca-
tions (parent cloud, nebular surface, X-point). The temper-
ature and pressure dependence of CO photochemical
fractionation at these locations can in principle be used to
determine the best model. Accurate temperature-dependent
CO photodissociation calculations are needed for this to be
a meaningful test, but require accurate CO isotopologue
cross section data. An essential test of the self-shielding sce-
nario is to determine whether fractionation with a slope
near unity does in fact occur when all bands of CO are ac-
counted for. The experimental results of Chakraborty et al.
(2008) on selected subsets of bands show significant wave-
length dependence in O isotope fractionation, but are not
able to address the net fractionation due to broadband
radiation.

Can we distinguish among the three self-shielding
models? All three models invoke isotopic modification
(i.e., 16O-depletion) of the terrestrial planet-forming re-
gion of the solar nebula. The surface disk model and
the parent cloud model predict that the giant planets
are also isotopically enriched (e.g., Yurimoto et al.,
2007), unless Jupiter formed faster than the timescale
for surface self-shielding (<<1 My), in which case Jupiter
may be solar in oxygen isotopes if surface shielding was
dominant. Because the oxygen isotopic compositions of
most planets, with the exception of Earth, Moon and
Mars, are unknown, we cannot rule out self-shielding
models on the basis of planetary oxygen isotopes. The
discovery of large 16O-depletion in Acfer 094 grains
(Sakamoto et al., 2007) will likely provide a useful con-
straint to the self-shielding models, particularly models
that include radial transport. It is possible that the Acfer
094 data is not consistent with X-point self-shielding, due
to reduced isotope fractionation at high-temperatures, but
this requires further investigation. For now we must use
careful evaluation of the self-shielding models, together
with new CO cross section data, to determine which (if
any) of the models is correct. Such modeling should be
supplemented by observations of other young stellar ob-
jects to constrain the physical and chemical conditions
(e.g., Carr and Najita, 2008) and possibly isotopic com-
position (e.g., Smith et al., 2008) of nebular gas in proto-
planetary disks.

Other isotope systems such as H, C and N isotopes,
may offer additional tests of the self-shielding theory. Each
of these has only 2 stable isotopes, and so unambiguous
MIF signatures are not possible, but large photochemically
induced isotope signatures may still be recognized. We will
consider C and N isotopes here, but not discuss H isotopes
which undergo large isotope fractionation due to numer-
ous processes. C produced by CO photolysis will be isoto-
pically enriched due to self-shielding, and the residual CO
will be depleted in 13C. Carbon atoms are ionized in
roughly the same wavelength range in which CO is photo-
lyzed, and so C atoms are rapidly converted to C+ ions
and higher order organics species. Carbon-13 ions undergo
rapid and slightly exothermic exchange with 12CO,
12CO + 13C+

M
13CO + 12C+ + 35 K, which leads to 13C

enrichment of CO in the cold disk midplane. A recent
MMSN disk model (Woods and Willacy, 2009) obtains
d13C values for CO of � �40& to �150& in the disk sur-
face and positive thousands of & in the midplane inward
of 30 AU. Because most disk organic compounds (e.g.,
H2CO, CH4, HCN, etc.) are derived from C+, the model
predicts 12C-enriched organics in the cold midplane, in
good agreement with observations of HCN in Comet
Hale-Bopp (Jewitt et al., 1997). The disk model of Woods
and Willacy considers CO and H2 dissociation due only to
a �1 G0 interstellar radiation field, and does not include
vertical mixing, both of which limit comparison with the
type of solar nebula discussed here. Nevertheless, their
model clearly demonstrates the importance of 13C fraction-
ation due to ion-molecule exchange at low temperatures.
Hashizume et al. (2004) likewise proposed a test for the
formation pathway of planetary carbon by comparing
the carbon isotopic ratio of the solar composition and
the planetary composition represented by those of the bulk
meteoritic organics. They have pointed out a slight
enhancement of 13C for the planetary composition based
on the solar wind carbon composition observed among lu-
nar grains, however, verification of the solar composition
is necessary for further discussion.

N2 self-shielding is also very likely in a nebula and/or
parent cloud environment. The discovery of massive 15N
enrichment in lithic clasts in CB and CH carbonaceous
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chondrites (Sugiura et al., 2000; Ivanova et al., 2008) could
be due to either low temperature ion-molecule chemistry
that leads to NH3 formation (Charnley and Rodgers,
2002; Rodgers and Charnley, 2008) or N2 self-shielding.
N2 is isoelectronic with CO and has a series of bands qual-
itatively similar to CO from 91 to 100 nm. Liang et al.
(2007) have demonstrated that N2 self-shielding yields large
isotopic fractionation in the upper atmosphere of Titan,
where product N atoms are rapidly converted to HCN.
Similar reactions are expected in the outer solar nebula
and parent cloud to form HCN and other products, which
form ices on grains at rates qualitatively similar to H2O ice.
Reaction of HCN with other organics compounds could
yield refractory organics that would be effectively trans-
ported into the inner solar system and incorporated into
CB and CH parent bodies or matrix material. One of us
(J.R.L.) derived approximate N2 shielding functions from
the Liang et al. (2007) model, and incorporated them in
the LY05 disk model. Using a restricted set of nitrogen
reactions (including HCN but not NH3), large 15N fraction-
ation is predicted, particularly at very early times (Fig. 10).
These results needs to be verified with a more complete
chemical model, but do demonstrate N2 self-shielding is
potentially important in the disk, and also in the parent
cloud. Whether N2 self-shielding modified the nitrogen iso-
topic composition of the bulk solar nebula, or at least the
inner solar nebula as proposed by Clayton (2002), is less
clear. Nitrogen isotopes in TiN refractory grains (Meibom
et al., 2007) have d15N values similar to Jovian NH3 (Owen
et al., 2001) and to upper limits from analyses of lunar
grains (Hashizume et al., 2000), all of which are depleted
in 15N relative to chondrites and the terrestrial planets.
The 15N enrichment of bulk chondrites and terrestrial plan-
ets may be in part a result of N2 self-shielding.
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Fig. 10. Model results for the nitrogen isotopic composition of
HCN ice produced from N2 photodissociation. Self-shielding in N2

yields an enrichment in 15N atoms. N2 shielding functions were
estimated from a Titan atmospheric model (Liang et al., 2007).
Results shown are for the nebula midplane at 30 AU, and assume
a = 0.01 and an isothermal disk temperature of 51 K. The initial
isotopic composition of N2 is assumed to be �350& relative to the
terrestrial atmosphere (subscript ‘atm’). Only about 30 nitrogen
reactions have been included in this preliminary model.
10. CONCLUSIONS

We have focused on two models for the CAI mixing line:
1) CO self-shielding and 2) chemical mass-independent frac-
tionation. The two models we have focused on make dis-
tinct predictions for the oxygen isotope composition of
the Sun. CO self-shielding models predict that the Sun is de-
pleted in 17O and 18O by �50& relative to SMOW (Clay-
ton, 2002). Chemical MIF models predict that the Sun is
�0& relative to SMOW (Marcus, 2004; Thiemens, 2006).
The location of the anomalous isotope fractionation also
differs between these models. Chemical MIF occurs during
CAI formation, and requires the constituents of CAIs be
present in the gas phase. This requirement implies temper-
atures above that of silicate sublimation (>1400 K), and
therefore chemical MIF is restricted to regions of the neb-
ula that are hotter than the dust front (i.e., generally at radii
less than the dust front) but below the temperatures of CAI
condensation. By contrast CO self-shielding has been pro-
posed at three locations: (1) the hot inner solar nebula
(Clayton, 2002), (2) the outer nebular surface (LY05), and
3) the precollapse cloud core (YK04; Lee et al., 2008). Pre-
liminary Genesis results (McKeegan et al., 2008b) provide
evidence for an isotopically light solar wind, consistent with
CO self-shielding (Clayton, 2002), but not necessarily at the
X-point. The next step is to quantitatively constrain the pri-
mary location at which the self-shielding occurred. Model
results from Lyons and Young (2005a) and Lee et al.
(2008) demonstrate the need for a high FUV environment
(G0 � 103 or more), consistent with formation of the solar
system in a stellar cluster consisting of at least hundreds
of stars.

The self-shielding models, together with radial trans-
port models of the nebula, inherently contain several
important timescales that can be related to the evolution
of chondrites (e.g., Krot et al., 2005). Radial transport
timescales are �0.1–1 My for a � 0.01–0.001, respectively,
from the outer nebula. This defines the transport time-
scale for 16O-depleted water, produced by CO self-shield-
ing at either the outer nebular surface or in the parent
cloud, into the inner solar system, and is consistent with
the age difference measured for CAIs and chondrules
(e.g., Amelin et al., 2002). Surface self-shielding requires
that a substantial fraction of the CO initially present in
the nebula is converted to H2O and organics (LY05).
Radiation fields of �102–104 G0 yield optimal CO disso-
ciation and H2O production in the outer nebula on time-
scales of 0.1–1 My. CO self-shielding in the parent cloud
can yield large abundances of highly 16O-depleted H2O
for a wide range of radiation fields (Lee et al., 2008),
including G0 � 103–105. The surface self-shielding model
is most consistent with an interstellar radiation field
expected for a cluster of �103 stars; radiation from the
central star is also potentially important but the neces-
sary 2-D radiative transfer problem has not been prop-
erly solved yet. The general picture of CO self-shielding
due to radiation in a medium-to-large-sized cluster may
be consistent with injection of 60Fe from a nearby super-
nova, and with photoevaporative truncation of the outer
disk to the orbits of KBOs (�47 AU).
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In order for a self-shielding scenario to be viable, CAIs
must reside within the (presumably inner) solar nebula for
�1 My until the time of chondrule formation. In addition,
after the 16O-depleted water has arrived from the outer so-
lar system, chondritic silicates must undergo oxygen isotope
exchange due to either the ambient temperature of the neb-
ular gas, or to sporadic heating events from protosolar
flares and/or other nebular shocks, whereas the most refrac-
tory CAIs must resist exchange. Condensation of CAIs
from a high pressure (up to �0.1 atm) solar gas (Grossman
et al., 2008) is consistent with formation in the vicinity of
the X-point. The X-wind could have transported the CAIs
to the meteorite-forming region of the nebula. CAIs,
chondrules and matrix material underwent (probably epi-
sodic) heating, and chondrules and matrix exchanged oxy-
gen isotopes with nebular H2O, but CAIs did not. The
timescales for oxygen isotope diffusion in melted chond-
rules are � minutes (Yu et al., 1995), whereas the oxygen
diffusion timescales in unmelted spinel (1 mm diameter) is
�1–105 years (Ryerson and McKeegan, 1994) at tempera-
tures corresponding to chondrule formation. Most other
CAI minerals are likely to have melted under chondrule for-
mation conditions, and therefore will have undergone oxy-
gen exchange. Grain size and partial melting considerations
must be included in an analysis of the relative degree of
chondrule and CAI mineral exchange with the nebular
gas. Enstatite chondrite precursors were comprised of
16O-depleted silicates, but appear to have been processed
a second time in a highly reducing environment. Such an
environment is consistent with the arrival of water-depleted
gas from the outer solar system on timescales of �2 My,
although obtaining sufficient water enhancement to deplete
bulk silicates in 16O at times <1 My and sufficient water
depletion at later times to form enstatite chondrites may
be problematic (Ciesla and Cuzzi, 2006).

In the X-point version of self-shielding (Clayton, 2002),
all inner solar system CAIs and silicates pass through the
X-point. Silicates exchange oxygen isotopes with nebular
16O-depleted H2O gas, but CAIs do not. The younger age
of chondrules is more difficult to accommodate in this the-
ory because of the more nearly simultaneous formation and
transport of CAIs and chondrules. If a reservoir of 16O-de-
pleted H2O can be transported and maintained at �2–4 AU
by the X-wind, it may be possible to form (or reform)
chondrules much later than CAIs, perhaps by nebular
shocks generated by the formation of Jupiter �1 My after
the formation of CAIs.
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