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Abstract

Optically thin surfaces of the solar circumstellar disk were likely sites for generating '°O isotope variability in the early Solar
System. Astrochemical reaction network calculations predict that a robust feature of these photoactive horizons of the disk was
conversion of CO gas to '°O-poor (high A'’0) H,0 ice on a timescale of 10° yr. Within several AU of the central star ultraviolet
fluxes were too great for the oxygen isotopic effects of CO photodissociation to be sequestered in H,O, meaning that the CO self
shielding oxygen isotopic effect was an outer disk phenomenon. Calculations depicting transport in the circumstellar disk suggest
that CO photodissociation at disk surfaces triggered a wave of high-A'’0 H,O that passed from surface regions through the outer
disk and into the rocky planet-forming region on a timescale of 10° to 10° yr.

© 2007 Elsevier B.V. All rights reserved.

Keywords: oxygen isotopes; meteorites; photochemistry; CO self shielding

1. Introduction

The anomalous mass-independent distribution of
80/'%0 and '"0/*°O among rocky bodies is one of the
most pronounced chemical features of the Solar System.
Rock oxygen isotope ratios exhibit large variations in '°O
relative to both '’O and '®O (expressed as A'’0") rather

E-mail address: eyoung@ess.ucla.edu.

! Oxygen isotope ratios are written in terms of 6'’0 and 6'%0. These
“delta” values refer to the per mil difference from the ratio in a reference
reservoir j such that §'0= 103((i0/160)/(i0/160)j -1) where i refers to
either 17 or 18. The reference reservoir j is either the Standard Mean
Ocean Water (SMOW) reference for oxygen isotope measurements
or the initial solar value used as an initial condition for the models. We
will also refer to A'7O (“big delta '70”), usually defined as A'7O=
5'70-0.52 6'%0. A'70 represents the degree of departure from mass-
dependent fractionation relative to some reference reservoir of oxygen.
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than the expected mass-dependent trend in which fractional
changes in '70/'°O are about half those in '*0/'°0. The
cause of this anomalous behaviour among the isotopes of
oxygen in primitive Solar System materials has remained a
mystery since its discovery (Clayton et al., 1973).

Self shielding by CO, especially at low temperatures,
is an attractive explanation for A'’O variability in the
Solar System because it is a process observed to be
going on in the interstellar medium and, perhaps, in
disks as well (Brittain et al., 2005; Sheffer et al., 2002).
It also has the advantage that a principle by-product is
'60-depleted H,O. The latter appears to be an important
feature of the distribution of oxygen in the early solar
nebula (Clayton and Mayeda, 1984; Young, 2001).

Here variations in oxygen isotope ratios in H,O
produced by CO self shielding as a function of position
and time in the solar circumstellar disk are quantified
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using reaction network calculations and a simple box
model for transport in the disk. The result shows that
isotope selective photodissociation of CO is likely to
have been a hallmark of the outer solar circumstellar
disk at distances from the star of > 5 AU, requiring
transport of the anomalous oxygen isotope signal
inward to the planet forming regions of the disk.
Calculations show that this transport was in the form
of a wave of high-A'’0 water passing from the outer
Solar System to the inner Solar System on a timescale
of 10° to 10° yr.

2. CO photodissociation and self shielding
Carbon monoxide experiences destruction by photo-

dissociation induced by far ultraviolet (FUV) stellar
radiation at wavelengths of 91 to 110 nm. Photodestruc-
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tion takes place primarily through predissociation.
Predissociation involves passage to bound excited states
prior to dissociation. Since the excited molecules have
well-defined rovibrational states, photolysis by predis-
sociation is isotope specific. The CO isotopologues
C'°0, C'""0 and C'®0 will absorb FUV wavelengths in
proportion to their column densities. Because typical
1°0/10 and '°0/'70 ratios in the interstellar medium
and in envelopes around stars are ~ 250 to 600 and
~ 800 to 2600, respectively (Wilson, 1999), spectral
lines for C'°O will be more optically thick than C'’O
and C'®0 lines (van Dishoeck and Black, 1988). Satu-
ration of the photodissociating lines of the abundant
isotopologue is referred to as self shielding and is a
process known to be important in the interstellar
medium (ISM) (Bally and Langer, 1982; Sheffer et al.,
2002).
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Fig. 1. Contour maps of the model circumstellar disk used in this study as viewed edge on. The disk model is the “Kyoto” model used to describe the
accretion disk surrounding DM Tau (Aikawa and Herbst, 2001). The model is appropriate for a relatively evolved protoplanetary circumstellar disk.
A: Grey contours show H nuclei number densities (n(Hy,)), increasing inward towards the central star in single decade increments. Stellar and
interstellar FUV entering the disk along sight lines to the central star and at high angle, respectively, are shown schematically. Dashed lines refer to the
optically thin FUV wavelengths that dissociate C'30 and C'”O. In the process considered here, H,O enriched in '*0 and '70 is formed near 7(H,)
~ 10° contours as a product of CO photodestruction. The isotopically heavy water is then transported by turbulent forces to the inner disk (grey
arrows). B: Closeup of one quadrant of the disk showing contours for the rate of CO dissociation (solid black) assuming solar C/H and O/H. Grey
lines mark CO optical depths (tco) of 1 (upper) and 4 (lower). The region between tco=1 and 1co=4 shown in grey is where self shielding of stellar
FUV by CO is pronounced (the different locations for the CO, C'70 and C'®0 =1 surfaces are not resolved at this scale, see Fig. 3).
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By assuming a solar-like ratio of CO to H, in the gas
phase (e.g., gas in an accretion disk or in a molecular
cloud in the interstellar medium), one can use the FUV
shielding functions for CO (Lyons and Young, 2005a; van
Dishoeck and Black, 1988) to show that oxygen isotope
fractionation by CO photodissociation is expected in
regions where the total column density of hydrogen, Ny,
is ~ 10" to 10*? cm™ % (Fig. 1). One can also use typical
relationships between Ny and extinction of visible light,
or Av expressed in magnitudes (Am=mag=2.5 log(/,/I})
where [, and [; are two different intensities of light),
by ~ 0.1 micron-sized dust grains (Lee et al., 1996) to
show that oxygen isotope fractionation by CO photo-
destruction is expected where Av ranges from ~ 5x 10" °
to 5. Larger sized dust grains such as might be found in
a disk reduce the Av corresponding to regions where
CO self shielding is expected by approximately 10 fold.
These ranges in Ny and Av serve as general guides for
assessing the likely locations for CO isotope-selective
photodissociation.

3. The pivotal role of H,O

Solar abundances of the elements and the kinetics of
gas phase reactions indicate that approximately half of
the total oxygen in a protoplanetary disk resides as CO.
Another 1/3 is contained in H,O with the remainder as
lithophile oxides (Anders and Grevesse, 1989; Fegley,
2000). Evidently, water played a central role as the
carrier of '®O-depleted oxygen in the early Solar
System. Clayton and Mayeda (1984) recognized the
importance of H,O as a reservoir for '°O-depleted
oxygen in the solar nebula based on the isotopic
composition of secondary minerals in chondrites.
Yurimoto and Kuramoto (2002, 2004) pointed out that
there should have been a reciprocity in A'’O between
H,0 and CO in the protosolar molecular cloud. Lyons
and Young (Lyons and Young, 2005b; Young and
Lyons, 2003) showed that the same isotopic reciprocity
likely existed between H,O and CO in cold portions of
the protosolar accretion disk high above the midplane.

Water is a likely driver for the oxygen isotopic
evolution of the Solar System because H,O forms readily
from O liberated by CO photodissociation, and because
H,O0 gas exchanges oxygen isotopes with silicate rapidly
while CO does not. Yu et al. (1995) showed that 50%
oxygen isotope exchange occurs between molten silicate
and H,+H,O gas at 1773 K and 1 bar after 5 min. These
authors argued that at nebular pressures (~ 10~ ° to
10~ ® bar) 50% exchange would take 10 h; exchange of
oxygen between molten silicate and H,O gas is efficient.
Conversely, analogous experiments involving CO and

silicate show no evidence of isotopic exchange under
similar conditions (Bosenberg et al., 2005).

The pivotal role of H,O in the isotopic evolution of
the solar nebula is suggested by numerous studies
showing that A'’O of water during chondrite formation
was substantially greater than that of rock (Choi et al.,
1998; Clayton and Mayeda, 1984; Young et al., 1999).
Meteoritic studies suggest that the inner solar nebula
became enriched in ''#0 with time (e.g., Choi et al.,
1998; Wasson et al., 2004) and there is plentiful evidence
for oxygen isotopic exchange between surrounding
nebular gas and meteoritic constituents, including
calcium—aluminum-rich inclusions (CAls) (Fagan
et al., 2004; Yoshitake et al., 2005; Yurimoto et al.,
1998) and chondrules (Maruyama et al., 1999; Wasson
et al., 2004). These observations appear consistent with
the scenario of gradual H,O enrichment in the inner disk
during disk evolution.

Most recently, Sakamoto et al. (2007) found what
appear to be aqueous alteration products in a carbona-
ceous chondrite suggesting water §'*0 and 6'’O values
as high as 180%o relative to SMOW. These high values
were evidently preserved in these first wisps of aqueous
alteration because the degree of water—rock exchange of
oxygen isotopes was limited (Young, 2007). These data
constitute our best estimate of the water oxygen isotope
ratios in the inner Solar System prior to exchange with
rock.

The amount of water that exchanged oxygen with
rock in the inner Solar System can be estimated using
these new initial water 6'%0 and 6'’O values. For this
purpose we use the oxygen mass-balance expression
6\f)vater_5\())vater:F (6?00ks_6rfocks)a where F'is the number
of oxygens in rock divided by the number of oxygens in
water (the rock/water ratio in oxygen units) and the
superscripts 0 and f refer to initial and final isotope
ratios of water and rock in per mil. Gas is assumed to be
entirely water because we need only consider the gas
that readily exchanges oxygen isotopes with silicate. If
the final and initial 5'*0 (and 6'70) values for early
Solar System rock were 0 and — 50%o, respectively,
as suggested by data for CAls and rocky planets, and
the values for H,O were 0 and + 180%., respectively,
as suggested by the latest estimates for Solar System
water, then F=3.6. For comparison, solar abundances
of O, C, Si and Mg (Anders and Grevesse, 1989;
Melendez, 2004; Prieto et al., 2002) yield a solar value
for F of ~ 0.34 (obtained by solving for number
densities of H,O, CO, SiO,, and MgO in terms of
those for solar O, C, Si, and Mg). The implication is
that an enhancement in the silicate dust/water ratio of
approximately 10 fold occurred in regions in the solar
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protoplanetary disk where gas and silicate oxygen
isotopes exchanged. Conversely, the solar value for F
would imply an initial 8'®0 for Solar System water of
only 19.5%o.

4. Model for CO self shielding in the solar
circumstellar disk

Within the circumstellar disk that was the solar nebula,
the surfaces of the disk were prime locations for creating
and preserving the isotopic effects of CO self shielding
(Fig. 1). In this work reaction network calculations were
carried out along the surfaces of a model disk where H,
number densities are on the order of ~ 10° to 10° cm™ *
(pressure ~ 10~ '* bar) and where CO photodissociation
occurs. The goal was to characterize the chemical and
isotopic effects of photolysis in these photoactive
regions. A model circumstellar disk provided estimates
of gas column densities along sight lines to the central
star. These column densities control the rates of
photolysis in the photoactive layers of the disk. Results
provide estimates of rates of reactions and degrees of
isotope fractionation as a function of position in the disk
in those places where CO self shielding should have
occurred. A box model was then used to examine how
the isotopic signals acquired in the surface regions of the
disk could have been dispersed to the region of terrestrial
planet formation.

The first quantitative model for the oxygen isotopic
consequences of CO self shielding in the solar circum-
stellar disk was given by Lyons and Young (2005a).
These authors present a one-dimensional calculation at
one distance from the star in which a UV flux perpen-
dicular to the surfaces of the disk caused liberation
of '°O-depleted O by CO photodissociation. The code
included 375 reactions among 96 species and gas-grain
reactions that permitted H,O to form on grain surfaces
from the liberated O. Vertical mixing from the disk
“photosphere” (the photoactive horizons) to the mid-
plane was included by approximating a turbulent
eddy diffusion coefficient with the turbulent viscosity
ve=a cH where ¢ is the sound speed, H is the vertical
scale height and o is the parameter that prescribes
the strength of turbulent mixing. The present study
differs from that earlier work by 1) invoking a larger
reaction network at the expense of ignoring mixing
explicitly in the chemical calculations; 2) considering
UV illumination from the central star; 3) investigating
rates of reaction as a function of radial position in
the disk; and 4) considering advective transport from
regions of active photochemistry to denser portions
of the inner disk where rock formation occurs.

4.1. Reaction network

More than 500 species and 7600 reactions are used in
the new reaction network employed here. The code
utilizes a modification of the University of Manchester
Institute of Technology database for astrochemistry
(UMIST, rate99) (Le Teuff et al., 2000). The kinetic
reaction network was constructed by adding singly-
substituted oxygen isotopologues for each O-bearing
species in the rate99 database (i.e., addition of M''O
and M'®0 for each M'®0). Rates of reactions were
obtained by convolving the rate constants in the revised
kinetic database with a simple model for number
densities, temperatures, and FUV flux as a function of
circumstellar radial distance R and height above the
midplane Z in a disk (Fig. 1, Section 4.2, (Aikawa and
Herbst, 2001)). Use of a modification of the UMIST
rate99 database is justified in so far as conditions
that pertain to outer regions of disks, the regions of
interest here, are similar to ISM conditions (with the
exception of the ultraviolet field, see below). A com-
plete listing of the new kinetic database, isotope99v4.
rates, can be found in the Online supplementary
material. For this work the phosphorous-bearing species
were excluded.

Rate constants for the resulting reactions for the O
isotopologues were adjusted to allow for mass-depen-
dent isotope fractionation using reduced masses for
collisions between reactants applied to the preexponen-
tial terms. For example:

H + H,'*0— 'OH + H, (1)
ke = 1.5900 x 107! exp(—E,/(kT))

H + H,'®0— "SOH + H, 2)
kl=1.5858 x 107" exp(—E,/(kT)).

where k¢ and k} (cm®/s) are the forward rate constants
for the indicated isotopologues of H,O, E, is the
activation energy for the reaction, and & is Boltzmann’s
constant. Isotopologue branching ratios, as in QOH+
OzH — H202 + QO VS. QOH + 02H — H2QO + 02,
where Q represents '*0 or 'O and O represents '°0,
were taken to be 1/2. Isotopic effects of bond rupture,
including zero-point energy differences and isotope
effects of mass-dependent vibrational frequencies along
the reaction coordinate, are important contributors to
mass fractionation at low temperatures but are excluded
here because the data necessary to evaluate these
effects are lacking for most reactions. Nevertheless,
we can evaluate the general magnitude of these effects
in the context of transition state theory. The isotope



472 E.D. Young / Earth and Planetary Science Letters 262 (2007) 468—483

fractionation factor oy, associated with forward prog-
ress of a reaction will be

/ /

o = %ﬂ vv—i exp((AZPE — AZPE*)/(kT)) (3
col

where v, and v, are the collision frequencies among
reactants for the abundant and rare isotopologues,
respectively (e.g., the preexponential terms in reactions
(1) and (2)), v* and v*’ are the vibrational frequencies
for the reaction coordinate of the two isotope-specific
transition states, AZPE is the zero-point energy
difference between the rare and abundant isotopologues
of reactants (ZPE'~ZPE) and AZPE* is the analogous
difference in zero-point energies for the transition state
isotopic species. In general one expects the reactant
zero-point energy terms to dominate over the transition
state terms (bonds in the latter being weaker). Where
estimates of the relevant zero-point energies and
reaction coordinate mode of vibration can be evaluated,
it appears that the contributions of these terms to o,
can be at least as large, and in many cases considerably
larger than, collisional frequency contributions. For
example, oxygen isotope AZPE—AZPE* are on the
order of 1 to 10 K (e.g., Langer et al., 1984), corres-
ponding to mass-dependent shifts in § values of 20 to
180%o at 50 K. For reaction (1) the transition state has
been investigated (Yang et al., 2001), confirming that
the reactant zero-point energy terms dominate, but for
most reactions used here the transition states have not
been investigated. Future work will explore the
influence of v* and v*' as well as AZPE and AZPE*
on mass-dependent oxygen isotope fractionation in disk
settings using a parsimonious reaction set.

Several oxygen isotope exchange reactions were
added to the reaction network. Simple isotopic
exchange between O and CO is notoriously sluggish.
For example, the rate constant for Q+CO=0+CQ
varies from 6x10” **t0 9x 10~ " cm®s™ ' at 60 K to
500 K, respectively (Jaffe and Klein, 1966). At the
higher temperature this rate constant is comparable to
other exchange reactions, including that for OH+CQ=
QH+CO, but at these temperatures the concentration
of O is too low for the reaction to be relevant. For this
reason we include oxygen isotope exchange explicitly
between OH and H,O (Dubey et al., 1997), OH and
CO (Greenblatt and Howard, 1989), and HCO" and CO
(Langer et al., 1984) but not O and CO.

Gas—dust grain reactions were also added to the
reaction network. The adsorption/desorption reactions,
involving H, H,, CO, O, OH, and H,O and their
isotopologues are listed at the end of Table 1 of the

Online supplemental material. Freeze out rate constants
are of the form ks = <wr§,>\9 ng s ' where ry is the
radius of dust grains, v = /8k7/(=m) is the mean gas
velocity, m is the atomic or molecular mass of the gas
species, and n, is the dust grain number density,
assumed to be 107'? relative to n(H) in these
calculations (results reported here are not particularly
sensitive to the value for n, within several orders of
magnitude). Rate constants for thermal desorption have
the form kyes=v exp(— Ey/(kT)) s~' where Ej is the
binding energy. Values for £, for adsorbed H, H,, CO,
O, OH, and HZO (Hads, H2,adsa Coads, Oadsa OHads, and
H,0,4s) are taken from the literature (Hasegawa et al.,
1992; Willacy et al., 1998) assuming an adsorption bond
frequency of 10"% s~ !,

We are particularly concerned with the formation of
water ice and so intragrain surface reactions involving
H,4s and O,4s to produce OH, 45, H5 a45, and H,0,45 are
included. Although part of the reaction network, the
reaction O,gstHs 295 — H2O,4s has a substantial activa-
tion barrier (E,/k=2100 K), making it an ineffective
means for forming water on grain surfaces (Caselli et al.,
1998). A faster path to H,O,4s production, and the one
dominant in the present calculations, is Hygs+Oags—
OH,4s followed by H,gs+OH,qs— H»0,4s (Hasegawa
et al., 1992).

For each of the species M the reactions include two-
body formation with rate constant k¢ (crn3 s
including intragrain surface reactions among adsorbed
species): A+B— M+N; photolysis with rate constant
B (s” "): M+hv— W+Q; cosmic ray ionization with
rate Corp (S : M+p—M" +e+p; photoionization with
rate constant (x_ray: M+hv—M"+e; and two-body
destruction with rate constant k4 (cm® s~ '): M+X —
Y+Z. To these we add the adsorption/desorption
reactions with rate constants described above. The time-
dependent evolution of 546 species M in terms of
progress of 7603 reactions in this study is then obtained
by solving the coupled ordinary differential equations of
the form:

dn(M)
dr

= ken(A)n(B) + kaesn(Mags) — n(M)
X (ﬁM + CM + kdn(X) + kads) (4)

where (v =Cx.raytCerp and n(i) are number densities
for species i. In this work I have parameterized the X-
ray enhancement of ionization in the disk relative to
the interstellar medium (built into the rate99 database)
by fitting {; as a function of visual extinction as
presented in Table 1 of Aikawa and Herbst (1999). For
reference, the typical n./ny (electron number density
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relative to total hydrogen) for the CO photochemically
active layer of the disk 20 AU from the central star in
the present calculations is on the order of 1077 to 10~ *.

The calculations account for CO and H, mutual, self,
and molecular shielding using previously published
shielding functions (Lee et al., 1996; Lyons and Young,
2005a) and broad-band absorption of FUV by H,O with
a cross section of 2x 10~ '7 ¢cm? for 2=90 to 110 nm.
Isotope specificity of absorption by H,O can be ignored
at these shorter wavelengths (Liang et al., 2004; Miller
and Yung, 2000). The rate constants for CO photodis-
sociation are modified accordingly with expressions
of the form (using photodissociation of C'°O as the
example)

ﬁC“’O = ﬁ%]ﬁoexp(—O'C16O’C160NC160)
exp(—acleQCleNCle) exp(_GC”’QC”ONC”O)
eXP(_Gc”’o,HzNHz) eXP(_Gc'f’o,HzoNHzO)

exp(—YcispAV) (5)

where fl.sq is the unshielded photolysis rate constant
for C'°O (in this example), gcieo, is the absorption
coefficient for species j over the wavelengths
corresponding to C'®O photodissociation, N; is the
column density for species j, and yciso is a factor that
converts the visual extinction Av to the appropriate UV
wavelengths. The values for ° are dependent on the
column densities at any given position in the disk.
These column densities come from the disk model
described in Section 4.2. Equations analogous to Eq.
(5) modify B° values for C'70 and C'®0. In practice the
shielding functions ©; = } . exp(—oa;;N;) in Eq. (5) are
further modified for the differing molecular shielding
effects of H, on C'’0 and C'®0 as described by Lyons
and Young (2005a).

The set of stiff ordinary differential equations
comprising the reaction network are solved using Gear’s
method as implemented by the Lawrence Livermore
National Laboratory Solver for Ordinary Differential
Equations (DLSODE, Fortran 77). A series of scripts for
analyzing the results of the calculations has also been
developed.

In all of the calculations presented here the solar
oxygen isotope ratios were used as initial oxygen
isotopologue ratios (within the range of ISM values, the
choice of initial ratios makes little or no difference to
the final results). Incorporation of oxygen isotopologues
into the database provides a convenient check on accuracy
of the reaction network calculations. Mass independent
oxygen isotope partitioning can occur in the code only
by CO photodissociation. By turning off the UV flux in

the calculations we should obtain mass-dependent
isotope fractionation only, affording an accuracy check
analogous to the tests performed in the laboratory
whereby deviations from mass-dependent fractionation
are usually indicative of analytical error (e.g., mass
interferences in mass spectrometry). This test was applied
to the models in this study. The tests show that accurate
calculations obtain for species spanning 10 orders of
magnitude in number density. Beyond this range numer-
ical inaccuracies creep in to produce spurious deviations
from mass dependent isotope fractionation.

4.2. Disk model

The disk model used here is that described by
Aikawa and Herbst (1999, 2001). It is the so-called
Kyoto model, and depicts a static disk of mass
comparable to the minimum mass gaseous solar nebula.
A simple static model for the disk such as this permits
computing power to be focussed on solving the reaction
network equations at critical positions in the disk while
still providing reasonable approximations to the UV
radiation field and column densities of CO and H,.

0 §'%0
0.1 1 10 100 100010000

20

10"%10"*10"%10"210" 16 16® 102 107 10° 10° 10*
C'O photodissociation rate (cm™ s™)

Fig. 2. Calculated CO photodissociation rates as a function of height
above the midplane Z (AU) for the model circumstellar disk at a
heliocentric radius R of 20 AU. A constant n(CO)n(H) of 2.45x 1074
was used to construct the contours (see text), meaning that the rates
shown here comprise the initial condition for progress of photochemistry.
C'O column densities (where 7 is 16, 17 or 18) required for calculating
FUV shielding functions were obtained by integration along sight lines
toward the central star corresponding to Z=tanf R where 6 is the angle
between the sight line and the midplane of the disk. The figure illustrates
the differences in photolysis rates for the three oxygen isotopologues of
CO considered. Also shown (dashed line) are the oxygen isotopic ratios
for atomic oxygen liberated by CO photolysis implied by the Z-
dependent ratio of the rates of C'O photodissociation. These rate ratios are
initial conditions and will change as photolysis progresses and
abundances of CO isotopologues evolve.



474 E.D. Young / Earth and Planetary Science Letters 262 (2007) 468—483

Mixing of gas and dust is addressed using the box model
approach described in Section 4.3. Isotope-specific rates
of CO photodissociation obtained by combining the
kinetic reaction network described above with the static
disk model are shown in Fig. 2. The rates shown in
Fig. 2 are the initial condition for the model. Actual
isotope effects in gas species in the disk are diluted by
mixing, as described in Section 4.3.

The spatial distribution of mass in the disk is
prescribed by an equation for total hydrogen number
density n(Hy,) in terms of radial distance from the
central star, R, and height above the midplane, Z. The
expression relating n(Hyo) to R and Z is

R \"*  /—GMom
Hi) = 1.9x10° —
n(Hio) = 1.9x (100AU> exP( RKT )

—GMom
exp (W) (6)
(R2+2Z72)"" kT

where G is the gravitational constant, Mois the mass of
the central star, chosen to be one solar mass, 71 is the mean
mass of gas molecules (i.e., Hy>He, so that
m=2.37x1.66x10"2" kg), and temperature 7=28 (R/
100 AU) 2. Temperature is assumed to vary with R but
not Z in this simple model. As an initial condition we
assume 7(CO)n(H)=2.45x10""* throughout the disk
with initial n(H,O) calculated from the O not in CO.
These values are consistent with solar abundances of C,
O, and H (Anders and Grevesse, 1989; Melendez, 2004;
Prieto et al., 2002). Initial concentrations of minor elements

(N, Si, etc.) were obtained from their solar abundances.
Eq. (6) results in a flared disk geometry (Fig. 1) that is
consistent with observations of many circumstellar
accretion disks (Kenyon and Hartmann, 1987). There
are two sources of FUV at the surfaces of a circumstellar
disk (Fig. 1). One is ambient UV from the surrounding
environs entering the disk at a high incident angle. The
other is from the central star itself where light travels on
lines of sight from the star through the disk. In the former
case column densities for Eq. (5) at a position R and Z in
the disk are obtained by integration of number densities
along the Z direction towards the midplane. In the latter
case column densities are obtained by integration along
sight lines toward the central star corresponding to
Z=tanf R where 0 is the angle between the sight line
and the midplane of the disk (Fig. 2). A disk with concave
upper surfaces (relative to the midplane) such as that used
here intercepts more light along a sight line to the central
star than a non-flaring disk. This effect increases with
distance from the central star (Kenyon and Hartmann,

1987) and maximizes the potential for photochemistry
within the optically thin surfaces.

The FUV flux at R=100 AU was chosen to be 200x
local ISM (i.e., 200 Habing where 1 Habing corresponds
to ~3x10" ® photons cm™ *s~ ' Hz ' at 90 to 105 nm,
(Jura, 1974)) in the calculations presented here. This value
is a minimum suggested by observations of T-Tauri stars
(Bergin et al., 2004). Calculations reported here (except
where noted) are based on illumination from the central
star so that the FUV flux increases according to a scale
factor =200 x (100AU/R)*. Under these conditions UV
from the central star dominates the photochemistry of
most of the disk. Photochemical rate constants in the
reaction network are multiplied by x because the database
refers to normal ISM fluxes. Visual extinction was
modelled as Av=2.34x 10" ?*> N(H) (Kamp and Bertoldi,
2000). This extinction model assumes a uniform dust
grain size of 3 um. It represents an attempt to account for
grain coarsening in disks relative to the interstellar
medium. The 3 pm grain size may well be an over
estimate, making the adopted Av values minima for these
calculations. Typical values for Av in the photochemically
active layers of the disk are on the order of 10~ * with this
model. Values for y were taken from the UMIST database.
Larger values for yAv were adopted in the disk chemistry
models of Willacy and Langer (2000).

No attempt was made to iterate between the reaction
network calculations and the column densities provided
by the static disk model. This necessary simplification
will have some affect on the accuracy of the results,
although the inaccuracy will be mitigated by the flared
disk geometry. The code accounts for photon absorption
and emission by reactions but does not simulate radiative
transfer for the disk as a whole. This simplification is
justified since we are not concerned here with modelling
spectroscopic observations of disks but rather with
tracking the chemistry at a given position within the
disk. In the treatment that follows, no explicit adjustments
of gas temperatures due to ionization by X-rays (e.g.,
Glassgold et al., 2005) have been made. More work is
needed in this area, but column-density considerations
suggest that self shielding by CO should occur deeper in
disks than dramatic X-ray ionization heating (Glassgold
etal., 2005), suggesting that the thermal effects of X-rays
from the central star may be confined to layers above
those of concern here.

4.3. Disk box model (transport)
Transport within the disk is simulated in this work

using a 4-box model. The four reservoirs comprising the
model are: (1) the star; (2) the optically thin surfaces of the
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Box model
of solar circumstellar disk
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Fig. 3. Schematic showing a box model for the evolution of oxygen isotope ratios in the early Solar System. Numbers refer to boxes representing
reservoirs in the circumstellar disk and star system. These reservoirs are: (1) star; (2) photoactive layers of the disk; (3) outer disk; (4) inner disk where
terrestrial planets form. The k;; are rate constants for transport while ko, is the rate constant for conversion of CO to H,O at the disk surfaces (in

reservoir (2)).

disk high above the midplane (i.e., the photoactive layer);
(3) the outer portions of the disk near the midplane (e.g.,
within one scale height of the midplane beyond the
asteroid belt); and (4) the inner disk that will give rise to
the asteroid belt and terrestrial planets (Fig. 3). In this
model, transfer of mass between reservoirs is simulated
using a first-order rate equation, a technique used with
success in modelling geochemical cycles (Lasaga, 1980).
Given a number density or mass of species i in each
reservoir j, n;, the transfer of material can be written with
a system of four ordinary differential equations.

As an example, consider the equations for the time-
dependent number density of an oxygen isotopologue i
of CO that is subject to photodestruction in the outer
surfaces of the disk. The mass balance equations
representing the time-dependent evolution of the
amount of C’O in each of the four reservoirs comprising
the model accretion disk are then

dn;

gtl = kainig — kianj

dl’li

1 2 — gz — (k23 + kphoto,i ) 112

t

dl’li

dt3 = kaznis + kp3np — (kzz + ksa)njz
dny

v ksangz + kiany — (kaz + ka1 )nia (7)

where n,; is the amount of C'O in reservoir j, ki refers
to the first-order rate constant (s~ ') for transport of
C'O from reservoir j to reservoir k and kphoto,; 18 the
effective photodissociation rate constant for C’O. In
constructing Eq. (7) we ignore short-circuit pathways
such as transfer from the inner edge of the disk to the

outer distal surfaces as might occur in an x-wind (Shu
etal., 1996) (in other words here k4,=0), although the
principles used to construct the equations allow for
such a process if desired. For purposes of illustration
one can simplify Eq. (7) further by assuming that
convective forces in the disk and mass accretion onto
the disk maintain a constant concentration of CO in the
surface layer. In other words we assume for illustration
purposes that the disk surfaces reach a balance
between UV photodestruction of CO and retreat of
the surfaces deeper into the disk. In such a case dn;,, =0
and the equations in matrix form become

dn,-1

d(;i1t-3 —ky 0 ka ;1 0
dtl = 0 —k3y ka3 n3 | + | —kphoto.i1h
dny ke ksa —(kaz +kar) ni4 0

dr
R (8)
where nj, is the initial value for n;,. We can rewrite
Eq. (8) more compactly as

i(f) = An+b. (9)

Eq. (9) represents the system of equations for the
time-dependent evolution of abundances of species 7 in
different parts of the accretion disk in terms of rates of
transport across the disk. The solution to Eq. (9) and
systems analogous to it is in general (Lasaga, 1980)

i) =S e exp(in) +x/x1b dr (10)
=1

where 7 is the dimension of coefficient matrix A (3 in
our case), ¢; is a scalar integration constant determined
by the initial values n; (ny), ¥, is the /th eigenvector of
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A, A; is the Ith eigenvalue of A, X is the n*n matrix
composed of n vectors ¥, exp (1,£), X ' is the inverse of
X and b is the forcing function in Eq. (8). Values for ¢,
can be obtained from e=E ™' n°® where E is the matrix of
eigenvectors, ¢ is the vector of constants sought, and n°
is the vector of n;° values. Lasaga (1980) showed that
there will be n—1 non-zero eigenvalues for Eq. (10). In
the present example the two non-zero eigenvalues are
A1=— kz4 and A,=— k4;. The response time for changes
in ncip in the various reservoirs in our simple model is
therefore the larger of 1/k34 or 1/ky;.

Eq. (10), as one example of a box model for a
protoplanetary disk, is simple enough to be evaluated
analytically. The result provides an appreciation for the
factors that control the number densities of a species in a
dynamically active disk setting. Expansion of Eq. (10)
for our example gives for n; in the inner disk (reservoir 4)

k34 k34
u(t) = o o —ka1t) — —————n, —kzat
) = (B2t Joxolhne) — o)

- <1 —exp(—kaat) ks (1 — exp(—k41t)))
PROOITRN ™ hyy — kg kyr (kza — kar) .
(11)

From Eq. (11) the steady-state solution for n;4(?) is

kg — kg — 1
Jim 714 (2) = kphoto ity (ﬁ) (12)
showing that the steady-state amount of C'O in the inner
disk is determined by the rate of photodissociation in the
surface layers, the radial flow of CO from the outer to the
inner disk, and the rate of CO accretion to the star if the
abundance of CO is in steady state in the photoactive
layers.

Egs. (11) and (12) are examples showing how box
models can be used to track the time-dependent
evolution of molecular species in a dynamic circum-
stellar disk. In the present study equations analogous to
Eq. (7) were solved numerically for the time-dependent
abundances of Hi%0, H3’0, and HA*O together with
C'°0, €70, and C'"0 in each of the four reservoirs
shown in Fig. 3. The solutions are analogous to Eq. (11)
but without the restrictions that enabled us to obtain the
analytical result presented above.

5. Model results
5.1. Rates of CO photodissociation

Oxygen isotope-specific photodissociation of CO
occurs at total gas column densities of 10" to 10*? cm ™ 2

when CO/H, is approximately 10~ * (i.e., for solar C/O).
As a result, liberation of "®0 and 7O enriched O from
CO will be focussed along surfaces in the disk were
Z ~ 1/4 to 1/3 R with either high incident angle of
illumination (not shown) or along sight lines from the
central star (Fig. 1). The isotope effect is maximized
where the optical depth T (t=0 N) for CO is ~ 4.

Rates of CO photodissociation with a uniform
vertical FUV flux and rates due to FUV illumination
along stellar sight lines toward the central star (with the
same flux at 100 AU) are similar at large radial distances
R from the star (e.g., R>100 AU). Differences become
substantial, however, as the FUV flux rises sharply (as
1/R?) in the latter case with proximity to the star (Fig. 1).
In this work focus is placed on R<100 AU where
illumination from the central star dominates. The
calculations presented below show that FUV fluxes at
R<5 AU are so great and the attending rates of CO
photodissociation so rapid that sequestration of oxygen
isotope signals of CO self shielding in the oxygen
species that remain is effectively precluded.

5.2. Spatial variations in the oxygen isotope effects of
CO photodissociation

At R>10 AU the net result of CO photodissociation
is wholesale conversion of CO gas to H,O ice in the
photoactive layers of the disk (Fig. 4). Yurimoto and
Kuramoto (2004) suggested that H,O formation is
mediated primarily on dust grain surfaces. The present
results show that ice forms on grains largely by freezing
H,O gas formed through the H3 channel (Herbst, 2000)

1000 T T T
H;0 ice R=20AU, Z=7.00 AU, 64 K
——=-C0
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Fig. 4. Calculated time evolution of number densities of CO, H,O ice,
and O at R=20 AU and Z=7.00 AU in the circumstellar disk. The
calculation refers to a static disk (i.e., no mixing) and illustrates the
timescale for conversion of CO to H,O. Note that the e-fold time for
loss of CO to produce H,0 is ~ 1x10° yr.
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Fig. 5. Calculated time evolution of §'’0 and 6'%0 in water ice at
R=20 AU and Z=7.6, 7.0 and 6.6 AU in a static circumstellar disk.
The § values are relative to the initial composition of the system.
Increments of time are shown for the Z=7.0 altitude by open dots;
closely spaced open dots at the start of the curve represent 70 yr
intervals while the more widely spaced dots refer to 7 kyr intervals. All
curves end at 700,000 yr. Arrows mark the direction of time for the
curves. The plot shows that the isotope effects of CO self shielding are
greatest lower in the disk as the optical depth of C'°O approaches ~ 4.
The full isotope effect in the photoactive layer is the integral of § with
respect to Z. Also shown are the mass fractionation line through the
initial oxygen isotopic composition (mf) and a slope — 1.0 line through
the initial composition.

(initiated by reaction 1382 in the reaction network,
Table 1 of the Online supplementary material). The
timescale for H,O ice formation from CO is on the order
of 10° yr (Fig. 4).

At R>5 AU H,O ice produced by CO photodisso-
ciation forms along a slope-1 line in 6'’0O vs. §'*0
space (Fig. 5). This is true even in the presence of the
pre-exponential mass-dependent fractionations used in
these calculations. At R ~ 10 AU in the model a steady
state is achieved at disk surfaces such that reactions that
produce CO are balanced by the conversion of CO to
H,O ice. Here the loops in Fig. 5 become curves that
terminate at a point with steady-state 'O and §'%0
values that are on a line with a slope of ~ 1 in three-
isotope space. This steady-state contrasts with the
behaviour shown in Fig. 5 in which product H,O rises
along the slope-1 line and then, eventually, returns to the
original oxygen isotope ratios once CO is largely burned
away.

At R<5 AU reaction timescales are too rapid to
preserve the isotopic effects of CO photodissociation
due to the high FUV flux (Figs. 6 and 7). As a result,
non-mass dependent oxygen isotope fractionation due to
CO photolysis is necessarily an outer disk phenomenon
because there FUV fluxes are low enough to permit
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Fig. 6. Time evolution of number densities of CO, H,O ice, O, H,CO,
SiO, and CH4 at R=1.0 AU and Z=0.2 AU in the model static
circumstellar disk. Note the rapid timescale of evolution at these
number densities and FUV fluxes compared with reactions at
R=20 AU. A steady state is achieved with respect to H,O abundance
in approximately 10° to 10* yr. Rapid loss of CO makes O and H,O the
dominant oxygen reservoirs in this part of the disk if the system
remains closed to CO addition from outside.

trapping of the CO isotope effect in water. Self shielding
by CO cannot be an explanation for A'’O variability in
the solar system if it occurred near to the star at
R<5 AU. This can be understood with reference to
Fig. 8 in which the balance of oxygen between CO and

40

R=1AU, Z=0.20 AU, 280 K, 1x10° yrs /

-40 -20 0 20 40
5'%0

Fig. 7. Calculated time evolution of 5'70 and 6"%0 in H,0, O, OH,
H,CO, and SiO at R=1.0 AU and Z=0.2 AU in the static circumstellar
disk model. The 0 values are relative to the initial composition of the
system. Rapid loss of CO (Fig. 5) precludes preservation of a non-mass
dependent isotope effect due to CO photodissociation. The result is
that oxygen-bearing species exhibit purely mass-dependent isotope
effects. The mass-dependent fractionation curve (solid) and slope — 1.0
line (dashed) through the initial composition of the system are shown
for reference.
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Oxygen isotopic evolution of H,O with CO photolysis

co

Oxygen
fraction

Initial oxygen bulk composition

Fig. 8. Schematic diagram showing the influence of oxygen fraction
(ordinate) on A0 (abscissa) of reactant CO and product H,O+O+
other subordinate O-bearing species during photodissociation of CO.
Stars mark the bulk composition of the gas phase in terms of oxygen
fractions of CO and H,O+O+others at three different time steps.
Black lines are tie lines connecting coexisting compositions of CO and
H,O0+O+others. As CO is burned away, more and more oxygen is
retained in H,O+ O and other O-bearing molecules. The net result is an
initial rise in A0 of H,O+O that offsets the decrease in A'7O of
residual CO, followed by a decrease in A'’O of product molecules, as
shown in Fig. 5.

H,0+0 is shown schematically as photolysis of CO
progresses. The initial condition of the system is one in
which oxygen is partitioned subequally between CO and
H,O+ O+ others (others being subordinate in abundance
to H,O and O). As CO is destroyed a larger fraction of
oxygen is present as H,O+O+others. Eventually, as the
oxygen fraction of CO becomes negligible, H,O and O,
now constituting the principal reservoirs of oxygen,
return to the original isotopic composition of the system
(Fig. 8). This process explains the loop traversed by
H,O in Fig. 5. If the rate of photodestruction of CO is
too rapid in comparison to the redistribution of oxygen
in the reaction network, product H,O never experiences
a significant increase in 6'’O and §'*0 because it is
effectively always the dominant reservoir of O. In such
cases, like that shown in Fig. 7 at R=1 AU, mass-
dependent fractionation dominates over the isotopic
effects of CO self shielding in species other than CO
because of the rapid destruction of CO. This is why the
isotopic effect of CO self shielding is an outer disk
phenomenon. The caveat to this conclusion is that if the
rate of CO delivery to the site of photodissociation was
sufficient to replenish the rapidly dissociating CO, there
would be no depletion in CO, but this becomes
increasingly unlikely as the timescale for photodissoci-
ation approaches a year or less (e.g., Fig. 6).

5.2.1. Transport of H>O to the inner Solar System

A major problem is the timescale over which oxygen
isotope signals incurred in the outer regions of the solar
nebula might have been transported to the region of

terrestrial planet formation. The box model for the early
Solar System (Fig. 3) can be used to show that high-
A'70 H,0 could have entered the inner solar accretion
disk in the region of rocky planet formation after
approximately 10° yr.

In order to validate the box model approach, the
original calculation of vertical mixing combined with
CO self shielding presented by Lyons and Young is
reproduced using the box model scheme shown in Fig. 3.
For this calculation we adopted parameters analogous to
those used by Lyons and Young (i.e., kr_3=k3_»=
5.5x10" ®yr !, initial nH(2)/nH(3)=10" > where nH(i)
refers to the number density of total hydrogen in
reservoir 7, and initial n(CO)/n(H)=10" *, see Fig. 3)
together with the effective rate constants for CO
photodissociation indicated by the reaction network
calculations here. The effective rate constant comes from
the fact that CO photodestruction and H,O formation
reactions in disk surfaces can be approximated as a single
reaction that converts CO to H»O in the presence of H,
with a rate constant kppeio 0f 10 >yr~ ! (Fig. 4). The
reaction network calculations also indicate that the ratio
of the effective rate constants for the '°0 and '*0 ('70)
isotopologues, e.g., kphoto(mO)/kphoto(lgO), is ~ 0.5 to
0.2 (this parameter is not unique, but varies, as shown in
Fig. 5). The result (Fig. 9) shows that the box model
approach is capable of capturing the essence of
calculation schemes involving simultaneous solution of

n,/n;=10", k'%0 photo = 1.0x10°*; k%0 photo = 2.0x10° .« 4 = 5.5x107 yr ™!
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Fig. 9. Recalculation of the Lyons and Young (2005a) (L&Y) model
for vertical mixing in the circumstellar disk at R=30 AU using the box
model shown in Fig. 7. The result shows that the box model captures
the essence of the mixing calculation of L&Y. The results are
purposely plotted in a manner similar to that used by L&Y for
comparison. The box model departs from the L&Y calculation in that 6
values for CO drop to — 1000%o (compared with — 600%o in the L&Y
calculation) and remain there because in this simplified model there is
no mechanism for returning CO to the gas phase (the amount of CO
returned in the L&Y model is relatively small).
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equations for diffusion and reaction. The magnitude of
the fractionation is identical to the original model when
kpotol * OV kphoto( *0)=0.5.

Having shown that the box-model approach gives
reasonable approximations to the problem of simulta-
neous CO photodissociation and vertical transport, we can
expand its application to account for not only vertical
mixing, but radial mixing as well. For this purpose our
initial masses for the four reservoirs of interest relative to
unit value of H,O in reservoir (3) are: H(1)=8.2 x 10° (the
stellar H reservoir is effectively infinite, meaning any
large value will suffice here), H(2)=8.2x10" *, H(3)=
8.2x10%, and H(4)=2.46x 10°. These values are based
on spatial integrations of mass in the Kyoto disk model. In
all cases initial CO/H=10" * and initial H,O/CO=1/2.
Note that this means there is considerable isotopically
normal H,O already in the inner portion of the disk prior
to addition of '°O-poor H,O made in the outer disk.

Rate constants for transport in the box model are
derived from the physics of disk evolution and stellar
accretion as described in the literature. The vertical
transport timescale is obtained from k, 3=k3 ,=Q
a=10"* yr ! where Q is the mean orbital frequency
and o is the alpha prescription for viscosity (Shakura and
Sunyaev, 1973) (here @=1 AU/R** was evaluated for a
median outer disk R of 20 AU and =10~ ). Estimates
of the timescale of inward radial transport in accretion
disks yields k5_4=1x10">yr ' (Hartmann, 2000). Disk
transport models indicate that water probably migrated
primarily as ices condensed on larger grains and meter-
sized boulders (Ciesla and Cuzzi, 2006; Cuzzi and
Zahnle, 2004). In this way rates of radial transport of
H,0 can exceed those of other species dominating the
gas phase (e.g., Hp, O, CO). The box-model approach
can account for such complexity by assigning different
transport rate constants (e.g., k3 4) to the different
species of interest. Here we avoid this complication,
however, in the interest of simplifying the interpretation
of the results; we use a single rate constant for radial
mixing for all species in the disk. In all cases a salient
feature of transport will be more rapid vertical mixing
than radial mixing. In future work the effects of more
complicated radial transport models that decouple H,O
from other species should be explored, especially with
reference to enhancement of H,O relative to other
gaseous species. We also include a return radial rate
of transport equivalent to 1/10th the inward flow so that
k4_3="h3_4/10. The latter accounts for lateral mixing and
is consistent with observations of inner Solar System
solid particles in comet Wild 2, for example (Brownlee
et al., 2006). We used an intermediate stellar accretion
rate of 10~ 7 Mg yr ', yielding k4 1=10" 7 yr~ ' (the

result is not sensitive to this rate within a factor of 10
or S0).

From these input values one obtains the result shown
in Fig. 10. The calculation shows a diachronous oxygen
isotopic evolution across the disk with A'’0 of H,0
rising first in the outer disk and later in the inner disk;
the disk experiences a wave of high A'”O water passing
from the outer disk to the inner disk on a timescale of
10° to 10° yr. The peak in time-dependent A'70 of the
inner disk in this calculation is approximately twice the
value implied for early inner Solar System water
(Sakamoto et al., 2007). The precise magnitude of the
peak A'70 value depends on the effective fractionation
factor kphom(léO)/kphoto(ISO) for the disk surface layers.
For these calculations a conservative value of 0.22 was
used.

The calculation summarized in Fig. 10 is for a closed
system in which no CO is added to the surfaces of the
disk. The model therefore applies to the disk after
cessation of infall from the surrounding molecular
cloud. An alternative calculation was performed (not
shown) for which the amount of CO in the disk surface
is in steady state, representing a balance between CO
photodestruction and CO addition from the placental
cloud (analogous to Eq. (8)). In this case A'’O of H,O
continues to rise unabated. Only when CO is no longer
replenished by infall will A'’O of H,O begin to fall
again. In this circumstance the outer layers of the
circumstellar disk act as factories for '°O-depleted H,O
limited only by the duration of the infall phase.

000 _ __._ 5'%0 H,0 (surtace)
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Fig. 10. Box model for §'®*0=6'"0 evolution of H,0 in the solar
circumstellar disk. A'70 is ~ 1/2 the 8'0 values shown. Curves show
the time evolution of H,O in the disk surfaces, outer disk, including the
midplane, and the inner disk. The curves depict a wave of high A'70
values passing through the disk with time. Peak A'”O values arrive in
the inner solar nebula at 10° yr and persist for up to 1 million years.
The precise magnitude of the §'%0=6""0 values depends on the
fractionation factor used in the model, as described in the text.
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Once '°0-poor H,O was produced in the region of
CO self shielding it should have quickly frozen onto dust
grain surfaces. Radial transport of these grains to the
inner portions of the disk would ultimately have resulted
in sublimation of the H,O ice and increases in 6'’O and
680 of H,0O vapour there (Cuzzi and Zahnle, 2004;
Young and Lyons, 2003). As described above, oxygen
isotopic exchange between H,O vapour and condensed
silicate is known to be relatively efficient, unlike
exchange between CO and melts, allowing for transfer
of the "®O-poor signal contained in water to silicate.

5.2.2. Comparisons with meteoritical data

Many observations are consistent with photodissoci-
ation of CO in the diffuse regions of the solar nebula as an
explanation for the slope-1 line in oxygen isotope space. It
accounts for the fact that H,O was almost certainly
depleted in '°0 (enriched in '®0 and '70, i.e., enriched in
H,Q) relative to silicates and other metal oxides in the
Solar System. Production in the outer solar nebula also
provides a natural explanation for the correlation between
'°0 and the refractory nature of solids; many refractory
minerals such as those found in CAls should have retained
their original '°O-rich compositions because they would
have had limited opportunity for reaction with H,Q during
transit through the nebula despite numerous heating
events. Less refractory materials like Fe-bearing olivine
and glass that comprise chondrite matrix, materials that
are generally '®°0O poor, had greater opportunity for
exchange.

The assertion that exchange with H,O is consistent
with the oxygen isotope data for meteorites can be
examined quantitatively with reference to self diffusion
coefficients for oxygen in various pertinent mineral
phases. The overall picture deduced from diffusivities of
oxygen is one in which Fe-bearing dust and chondrules
made from that dust exchanged with H,O while important
constituents of igneous CAls did not exchange.

Self diffusion coefficients for Fe-bearing olivine,
representing the less refractory dust in the solar nebula,
and spinel, pyroxene and melilite, representing the more
refractory CAls, are known (Ryerson et al., 1989;
Ryerson and McKeegan, 1994). These diffusivities can
be compared by converting them into maximum radii of
mineral grains that will experience complete oxygen
isotope exchange for a given temperature and time.
These maximum radii r,,, are given by the expression
(derived by rearranging Eq. (1) in Young et al. (2005))

e = 7O EET)) & "

In(C/Cy)

where D, is the preexponential for the diffusion
coefficient, £, is the activation energy for the diffusion
coefficient, ¢ is the duration for diffusion, and C/C is the
ratio of concentration to the concentration imposed
externally on the surface of the grain. Integrated heating
times are thought to have been on the order of 10* to 10°
years in the nebula (Shahar and Young, 2007; Simon et al.,
2005; Young et al., 2005). For =500 yr, C/Cs=0.1, and
T=1600 K (a subsolidus temperature for both CAls and
olivine at nebular pressures) 7. values are 0.3 um for
olivine at appropriate fugacities of O,, 22 pm for spinel,
3607 um for melilite, and 130 pum for pyroxene. The ray
values can be compared with typical grain sizes of
< 1 pm for olivine in matrix, ~ 30 to 50 um for spinel in
igneous CAls, > 1000 pm or larger for melilite in igneous
CAls, and > 500 um for pyroxene in igneous CAls. The
comparison suggests that fine-grained sub-micron sized
dust comprising matrix and precursors to CAls both could
have equilibrated with H,O if given the opportunity.
Matrix dust is '°O poor, allowing for the interpretation
that dust comprising matrix was indeed heated in the inner
disk during passage of the '°O-poor H,O wave. CAls,
however, are generally '°O rich and yet must have spent
some time in the inner solar nebula where temperatures
were high, suggesting that dust precursors to CAls
avoided being heated in the presence of '°O-poor H,O.
This interpretation is consistent with early formation of
CAls prior to passage of the H,O wave in the inner
nebula. In the case of igneous CAls made by partial
melting, the 7,.x values predict that subsolidus heating of
spinel and pyroxene in these CAls should have retained
their '®O-rich compositions while melilite would not.
Retention of '°O-rich spinel and pyroxene would not have
occurred if these mineral phases melted in the presence of
'°0-poor H,O vapour because self diffusion of oxygen in
liquids is rapid. However, spinel will not have entered the
melt because it is the liquidus phase (the last solid phase to
remain on the liquidus with heating) (Stolper and Paque,
1986). As a consequence, one would predict that spinels
should have remained '°O rich even after numerous
partial melting events and indeed spinels in igneous CAls
are generally '°O rich. Pyroxenes in CAls will have
melted near the CAI eutectic and preservation of '°O-rich
compositions in many, but not all, pyroxenes could imply
some melting prior to (or after) the passage of the '°O-
poor wave of H,O in the inner nebula.

These predictions are generally consistent with
observations (Ryerson and McKeegan, 1994); igneous
CAI spinel and pyroxene tend to be '°O rich while
igneous CAI melilite and the matrix of the meteorites are
generally '®0O poor. The '®O-poor compositions of
chondrules are also consistent with this scenario because
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dust similar to matrix was likely the precursor to chon-
drules. Melting of chondrules would have facilitated
their exchange with H,O gas due to the rapid self
diffusion of O in silicate melt.

A slope of 1.0 on a plot of 6'%0 vs. 'O is thought
to represent the primordial oxygen reservoirs of the
early solar system (Young and Russell, 1998). Any
model for the '°O variability in the Solar System should
produce a similar slope. A slope-1 relation between
6'%0 and 6'70 signifies variability in '°0>'%0-"70.
The first calculations by Lyons and Young (2005a)
suggested a slope of 1.0 is to be expected as a product of
CO self shielding but mass-dependent fractionation was
not included in those calculations. The calculations
presented here (e.g., Fig. 5 at £>150,000 yr) suggest that
a slope of 1.0 is produced even where some mass
fractionation occurs. An important caveat is that we
have included mass fractionation due to collisional
frequencies but have not included zero-point energy and
transition state bond rupture effects. As previously
described, the latter effects can be large at low
temperatures and more work is required to assess the
full impact of mass-dependent fractionation on trends
such as those shown in Fig. 5.

Transport times for the '°O-poor H,O produced in
the models (Fig. 10) provide an arbiter for assessing the
validity of the CO self shielding model if timescales
for '°0™0_ | and '0'"0O_ , exchange reactions in
rocky materials of the Solar System can be deduced.
Timescales for A'’O variation are not well known
in the meteorite record as yet, in part because some
oxygen isotope exchange occurred later on the meteorite
parent bodies as well as in the disk itself. However,
thermal processing of primitive materials like calcium—
aluminium-rich inclusions and chondrules is thought
to have lasted at least 10° yr (Young et al., 2005).

6. Conclusions

On the basis of these calculations one concludes that
trapping of the CO self shielding isotopic effect, if it
occurred, was an outer disk phenomenon. Inward radial
transfer of high-A'’O H,O produced by CO photolysis
and self shielding would have taken place by virtue of a
wave of high-A'’0 H,O that passed from disk surfaces
through the outer disk and into the rocky planet-forming
region on a timescale of 10° to 10° yr.
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