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CO self-shielding as the origin of oxygen isotope
anomalies in the early solar nebula

J.R. Lyons"? & E. D. Young"?

The abundances of oxygen isotopes in the most refractory mineral
phases (calcium-aluminium-rich inclusions, CAls) in meteorites'
have hitherto defied explanation. Most processes fractionate iso-
topes by nuclear mass; that is, 180 is twice as fractionated as 7O,
relative to '°0. In CAIs 70O and '®0 are nearly equally fractio-
nated, implying a fundamentally different mechanism. The CAI
data were originally interpreted as evidence for supernova input of
pure '°0O into the solar nebula’, but the lack of a similar isotope
trend in other elements argues against this explanation®. A
symmetry-dependent fractionation mechanism>* may have
occurred in the inner solar nebula’, but experimental evidence
is lacking. Isotope-selective photodissociation of CO in the inner-
most solar nebula® might explain the CAI data, but the high
temperatures in this region would have rapidly erased the signa-
ture’. Here we report time-dependent calculations of CO photo-
dissociation in the cooler surface region of a turbulent nebula. If
the surface were irradiated by a far-ultraviolet flux ~10°> times that
of the local interstellar medium (for example, owing to an O or B
star within ~1 pc of the protosun), then substantial fractionation
of the oxygen isotopes was possible on a timescale of ~10’ years.
We predict that similarly irradiated protoplanetary disks will have
H,0 enriched in 7O and '®0 by several tens of per cent relative to
Co.

Self-shielding of CO in the solar nebula is a process of isotope-
selective photodissociation that occurs at far-ultraviolet (FUV)
wavelengths from 91.2nm to 110 nm. Because CO first goes to a
bound excited state before dissociating, the absorption spectrum of
CO consists of many narrow lines. The wavelength of each line is
determined by the specific vibrational and rotational levels involved,
and is shifted when the mass of the molecule is changed as a result of
an isotopic substitution. The absorption spectra of the various CO
isotopologues do not overlap significantly, particularly at the low
temperatures of molecular clouds and the outer regions of the solar
nebula. During photodissociation the most abundant isotopologue
(C'°0) saturates, which reduces its rate of dissociation relative to the
less abundant C'®*0 and C'7O. This produces a zone of enrichment of
%0 and 70, and corresponding depletion of C'*0 and C'70.

Very large fractionations (~10%%o) are observed®® and predicted'’
in diffuse and translucent molecular clouds, and it has recently been
suggested'' that H,O produced by CO dissociation in the parent
molecular cloud can explain oxygen isotope abundances in CAls.
Because large fractionations are not observed in cloud cores’,
this mechanism implies that the solar nebula derived from cloud
envelope material. However, star formation results from core collapse
in dense molecular clouds, and it is unclear whether large fractiona-
tions in more tenuous clouds are inherited by protostellar nebulae.

Surface regions of the nebula are similar in temperature and
pressure to dense molecular clouds, and are therefore a likely site
for formation and preservation of oxygen isotope heterogeneity
produced during self-shielding'. To investigate the influence of

CO self-shielding on oxygen isotope ratios in the early Solar System,
we used a one-dimensional photochemical model to compute the
time-dependent oxygen isotope profiles in a two-dimensional, axi-
symmetric nebula. The total gas number density in the disk was
specified with a standard analytical disk model”. For a nebula of
bulk composition similar to the solar composition', the initial
volume fractions are fy. = 0.16, fco =2 X 107 % fao=2%x10"*
and fugresio, = 2 X 107>, assuming that all C is in CO, all Si is in
MgFeSiOy, and all remaining O is in H,O.

Disk photochemistry in the model is initiated by CO dissociation

CO+hv—C+"0 (1)

where x = 16, 17 and 18, and by H, and H photoionization at
wavelengths less than 91.2 nm. Disk chemistry was restricted to H-,
C- and O-containing chemical species, and the reaction rate coeffi-
cients used are a subset of the UMIST kinetics database'. By using
previously published disk models'*'*"7, we developed a reduced set
of 96 species and 375 reactions to model the disk chemistry. Gas—
grain reactions are also included, using published desorption ener-
gies'>”. Although our model is less sophisticated in its treatment of
chemistry and radiative transfer than some recent models'®", it is, to
our knowledge, the first model to include both vertical transport and
oxygen isotopes.

To follow the time evolution and vertical distribution of
O-containing species in the disk resulting from CO photodissocia-
tion high above the midplane, we solved the one-dimensional
continuity equation for each species as a function of height above
the midplane (see Supplementary Information). Vertical motion is
characterized by a vertical diffusion coefficient, D, which is assumed
to be comparable to the turbulent viscosity, v, = acH, where c is the
sound speed, H is the vertical scale height in the nebular gas, and
a < 1is a parameter used in disk models to describe the strength of
turbulent mixing®. Theoretical models of disk instabilities® suggest
that o« = 107 to 10~ ". All quantities depend on 7, the radial location
in the disk, and so a value of r must be specified. We have chosen
r = 30 AU (midplane temperature of 51 K) as representative of cold
regions of the disk where water ice formation is expected.

To quantify the effects of self-shielding, we derived fits to numeri-
cally determined shielding functions developed for molecular clouds
in the interstellar medium'®?' (see Supplementary Information). The
photodissociation rate of each CO isotopologue is proportional to
the product &] s\, where Jisp = 2.0 X 10~ 157! is the rate constant
for CO photolysis due to the local interstellar medium (LISM) FUV
field", and € is an FUV flux enhancement factor. Dust opacity is
identical for all isotopologues, and was parameterized in the same
manner as is done for the interstellar medium. We consider a range of
& = 1to 10°, consistent with an FUV enhancement due to proximity
to a massive O star in a star-forming region™.

Integration of the system of continuity equations yields the
time evolution of species abundances in the model. Following CO
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Figure 1| Model results for the time evolution of molecular abundances and
isotope ratios at the nebula midplane at a heliocentric distance of

30 Au. The temperature at the midplane is 51 K, and 0.1-pm dust particles
are uniformly distributed in the gas. The turbulent viscosity parameter

« = 10~?, consistent with previously published estimates®***, The FUV flux
enhancement factor is & = 500 relative to the LISM flux, which implies a
dust temperature of 110 K at the nebula surface. a, Volume fractions of
several species relative to total nebular gas (the subscript ‘ss’ refers to O
derived from CO self-shielding). C is ionized and forms a suite of
hydrocarbon ions and molecules (not shown) as is predicted in other disk
models". b, 5170 and §'®0 of CO and total nebular H,O (H,O,,,) relative to
standard mean ocean water (SMOW). H,0,,; consists of H,O plus H,O
from the parent molecular cloud, H,Oouq. The oxygen isotope d-value for
an unknown ‘v’ is computed as

(*0/™0)co

x(y /16

BxOCOiniﬁal (w)= 10° <(O/—O)u - 1)
initial

for all oxygen-containing molecules in the nebula, for x = 17 and 18. Initial
CO in the nebula is assumed to have oxygen isotope ratios of '°0/'*0 = 500
and '°0/"70 = 2,600. The §-values are then converted from a ‘CO initial’
reference to a SMOW reference (see Supplementary Information), assuming
that 8" Ospow(COhnitial) = —50%o0, the measured value of the isotopically
lightest CAIs. The oxygen isotope composition of total nebular H,O is then
given by the weighted sum of 5" Ospow(H;Oc10ua) and 8 Ospow(HOs),
where the volume fraction of H,O from the parent cloud is
f11,0c0ua = 2 X 10~ * and the isotope composition of the H,O in the cloud is

8" Osmow(H200ua) = —50%o.
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self-shielding and dissociation, H,O is formed by reactions of H and
O on grain surfaces. The formation timescale for H,O is ~10° years
at the midplane for « = 10~* and & = 500 (Fig. 1a). Total water in
the nebula, H,O,,, consists of H,O from the parent molecular cloud
and the H,O produced from O liberated during CO self-shielding,
H,0Oq. For comparison with meteorite oxygen isotope data, the
model oxygen isotope ratios ('*0/'°0 and '/0/'°0) are expressed
as d-values (8'"Ogpow and 8'*Ogyiow) relative to the isotope ratios
in ocean water (see Fig. 1 legend). A difference of several hundred per
mil is predicted between the 8" Osmow and 8'80gpow values of
nebular H,O and CO at times >10* years (Fig. 1b). The non-mass-
dependent isotope signature, A'’Ogpow = 8" Osmow — 0.52
8" Ogmows is a useful quantity because it is unaffected by mass-
dependent fractionation processes. An FUV flux enhancement of
e =~ 10°-10° yields AV Ospow of HyO4or in the range inferred from
meteorites on timescales much less than the lifetime of gas in the
nebula, which is ~10°-107 years (Fig. 2).

Figure 3 shows the trajectory of 3 Ogpowand 82 Ogyow values of
nebular water at the midplane for € = 500. The slope of the trajectory
is ~5-10% too high compared to the slope-0.94 line* and slope-1.0
line” measured for CAls. A slope >1 is expected for self-shielding in
pure CO because of the greater abundance, and therefore greater self-
shielding, of C'*0 compared to C'O. Because CO dissociation
occurs in an H,-rich environment, the wavelength dependence of
H, absorption must be included in CO self-shielding calculations.
About 60% of the dissociation of C'*0 in molecular clouds occurs™
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Figure 2 | The time evolution of the non-mass-dependent oxygen

isotope component of total nebular H,O for a range of FUV flux
enhancement factors. Other parameters are as given in Fig. 1. The
non-mass-dependent isotope signature is defined as A" Ogyow =

3" Ogmow — 0.52 X 8'®0gpow- The cross-hatched area indicates the range
of minimum A'?Ogpiow inferred for total nebular H,O from analyses of
carbonaceous chondrites?” %% higher A’ Ogyow values of total nebula water
are allowed by the meteorite data. For ¢ = 5,50 and 500, A"’ Ogpiow (H,O10r)
values at the midplane are within or above the cross-hatched region. Lower
FUV fluxes do not photolyse enough CO within 1 Myr to produce sufficient
fractionation at the midplane. For a given «, the maximum

AV Ogpow(H2O40r) decreases as FUV flux increases, suggesting that it may
be possible to place an upper limit on the FUV incident upon the disk; for
this case, the upper limit would be & =~ 10* The isotopic composition of
nebular H,O is also dependent on «. Results for « = 107 (not shown) are
similar to « = 10~ 2, but timescales are ~3 times longer. For o = 10~ weak
mixing implies an insufficient turnover of CO to maintain efficient self-
shielding, yielding AV Ogpow(H,0) well below the values inferred from
meteorites. Thus, the value of A" Ogpow of nebular H,O predicted by the
model is sensitive to a key disk parameter, ¢, and to a key nebular
environment parameter, the FUV flux incident on the disk.
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Figure 3 | Three-isotope plot (3" Osmow versus 52 0smow) of total nebular
H,O0 at the midplane, with time labelled along the trajectory. Model
parameters are as given in Fig. 1. ‘Slope’ is defined by the ratio

3'70/5'®0. The carbonaceous chondrite anhydrous mineral (CCAM) line"
(slope 0.94), which describes bulk CAIs, is shown for reference. A line of
slope 1.00, measured in a particularly unaltered CAI of the Allende
meteorite®®, and a mass-dependent fractionation line (slope 0.52), are also
shown. The minimum isotopic composition of initial nebular H,O as
inferred from analyses of carbonaceous chondrites is indicated by ‘Cand M’
(ref. 27) and Y’ (ref. 29). The slope of the model trajectory is ~10% too high
compared to the CCAM line, and ~5% higher than the slope-1.0 line. A
similar slope was estimated® for self-shielding in pure O,. A slope >1 is
expected for the model trajectory, because although absorption by H; is
accounted for (see Supplementary Information), the wavelength
dependence of the overlap of H, absorption on CO isotopologue lines has
not been included.

in a particular band of CO (band no. 31). Inclusion of H, absorption
on band 31 (see Supplementary Information) brings the model slope
into the range inferred for nebular water, and provides strong
support for the self-shielding mechanism (Fig. 4).

Transfer of the non-mass-dependent signature in nebular water to
the rocky component of the nebula requires H,O to have been
concentrated relative to CO in the disk midplane''. Without con-
centration of H,O at the midplane, equilibration of CO and H,O as
material migrated inward to ~1-2 AU would have returned both CO
and H,O to the bulk isotopic values of the parent cloud. For the
model presented here, concentration of ice-coated dust with
A0 >0 at the midplane implies grain growth timescales of
>10*years. Inward migration of ice-rich metre-sized objects may
have then delivered 7O and '®O-rich water to the snowline?.
However, layered accretion® is likely to have been important in
the ionized, self-shielding region of the disk, with the result that
A O-rich water was deposited along the top of the disk dead zone (a
predicted zone of weak mixing). Quantitative evaluation of oxygen
isotopes in a layered accretion disk will require a two-dimensional
chemical transport model.

We conclude that if CO self-shielding occurred primarily in the
solar nebula, a strong FUV source was present (~10° times LISM)
and disk vertical mixing was vigorous (o = 10~ %). An FUV flux of
this magnitude is expected from an O or early B star within a distance
of ~1 pc of the protosun, and implies solar birth in a cluster of ~200
stars®, a very plausible birth scenario for our Solar System. The
requirement of vigorous vertical mixing is consistent with theoretical
predictions of the dynamics of disk instabilities®>**. Our model
makes two testable predictions. First, as pointed out by Clayton®,
solar oxygen isotopes will be similar to the isotopically lightest CAls
(8" Osmow = 8" 0gpow = —50%o), a prediction that will be tested
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Figure 4 | Three-isotope plot of total nebular H,0 in the model, including an
estimate of wavelength-dependent absorption by H,. The ordinate is
570 — 1.0 X 5'80, rather than %0, to emphasize differences in slope. The
unlabelled curve (dashed line) is the same as the trajectory shown in Fig. 3.
The solid curve includes differential shielding (that is, wavelength-
dependent shielding) by H, on CO band number 31. CO band 31 accounts
for ~60% of C'®0 photodissociation in translucent molecular clouds'.
Shielding functions that account for the differential shielding by H, on the
isotopologues of CO band 31 were computed from H, synthetic spectra (see
Supplementary Information). Differential shielding by H, brings the model
d-values for total nebular water within the range inferred from
meteorites’” . The differential shielding analysis shown here applies to CO
self-shielding in both the surface region of the disk and in the parent
molecular cloud.

by analysis of solar wind samples returned by the GENESIS space-
craft. Second, H,O in similarly irradiated protoplanetary disks will be
enriched in 7O and 'O by ~30-100% relative to disk CO, a
difference that will be measurable by the next generation of infrared
and submillimetre telescopes (for example, SOFIA, Herschel and
ALMA).
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