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We couple a dynamic model of material transport and mixing within a forming and evolving protoplan-
etary disk with a kinetic study of D-H isotopic exchange amongst gas-phase molecules to explore the iso-
topic evolution of water in a young protoplanetary system. We begin with water that was highly
deuterated in the parent molecular cloud core, then track its isotopic evolution within the protoplanetary
disk. Our model shows the (D/H)water is low in the hot inner disk due to rapid isotopic exchange with
molecular hydrogen, and then increases toward the cold, outer disk where exchange reactions are more
sluggish. These results are consistent with previous studies. However, counter to previous studies, we
find that the (D/H)water decreases again in the outer regions of the disk because water that exchanged
at high temperatures near the young star would have been transported outward during the early evolu-
tion of the disk. As a result, water ice in the outermost region of the disk may have, on average, a lower
(D/H)water ratio than found closer to the star. This non-monotonic gradient in D/H could explain the
recent observations showing that the (D/H)yater Of a Jupiter Family Comet, 103P/Hartley 2, is lower than
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that of previously measured Oort cloud comets.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

In the last decade, theoretical studies of interstellar chemistry
have revealed that water becomes enriched in deuterium relative
to molecular hydrogen through ion-molecule and grain surface
reactions at T<50K in astrophysical environments (Brown and
Millar, 1989; Millar et al., 1989; Roberts and Millar, 2000; Roberts
et al., 2004). These models predict that water in molecular cloud
cores, where temperatures may be 10-20 K, develops D/H ratios
ranging from 0.001 to 0.01, which are about 2-3 orders of magni-
tude higher than the cosmic (D/H) value (~1.6 x 10~>; Linsky,
2003) and also greater than the bulk solar (D/H) value
(~2 x 107>; Geiss and Gloeckler, 1998). This prediction is sup-
ported by astronomical observations showing that the (D/H)water
in hot cores (T ~ 100-200 K) where water ice is being evaporated
are ~3 x 1074-3 x 1072 (Jacq et al, 1990; Gensheimer et al.,
1996; Rodgers and Millar, 1996; Lerate et al., 2006; Persson
et al,, 2007; Bergin et al., 2010; Liu et al., 2011; Coutens et al.,
2012).

However, such high D/H values are not necessarily preserved in
water throughout the process of planet formation. When water is
incorporated into the hot, inner region of a protoplanetary disk,
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it would undergo isotopic exchange reactions with other hydro-
gen-bearing species, erasing some, or all, of the memory of the
molecular cloud. This process was examined in a number of studies
that modeled how deuterated water was processed and redistrib-
uted in viscously evolving disks (e.g., Drouart et al., 1999; Mousis
et al.,, 2000; Hersant et al.,, 2001; Horner et al., 2007; Kavelaars
et al,, 2011; Petit et al., 2011). These studies allowed for isotopic
exchange via the reaction H,O + HD «» HDO + H, (Geiss and Re-
eves, 1981; Lécluse and Robert, 1994) in the various environments
found in the solar nebula in order to determine how the isotopic
composition of water would vary across the Solar System. Because
isotopic exchange occurred rapidly at high temperatures, these
models found that water would equilibrate with the hydrogen
and acquire a (D/H)water ~ 2 x 107 in the inner regions of the neb-
ula. While in the outer disk, where low temperatures led to slug-
gish isotopic exchange, water would preserve its high (D/H)water
ratio. While the details of these models varied depending on the
assumed initial conditions, their overall results generally agreed
with available data of the D/H ratio of water-bearing Solar System
bodies. In particular, it was found that water in Oort cloud comets,
which may have formed amongst the giant planets, had greater
deuterium enrichments than found in Earth’s water or the aqu-
eously altered meteorites, all of which were thought to form closer
to the Sun (Balsiger et al., 1995; Bockelée-Morvan et al., 1998; De
Laeter et al., 2003; Robert, 2006).
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These models have recently been challenged by the Herschel/
HIFI observations of a Jupiter Family Comet (JFC), 103P/Hartley 2
(Hartogh et al., 2011). Being a JFC, Hartley 2 may have originated
beyond the region where Neptune formed (Dones et al., 2004; Mor-
bidelli, 2005; Duncan, 2008). While it is uncertain exactly where
Oort cloud comets formed (e.g., Dones et al., 2004; Levison et al.,
2010; Brasser et al., 2012) the similar D/H ratio of these comets
and water from Saturn’s moon Enceladus (Waite et al., 2009) sup-
ports the theory that they formed in the Jupiter and Saturn forming
regions. As the JFCs may have formed beyond this region, the mod-
els described above would predict that the (D/H)yater in the JFCs
would be equal to or greater than what is seen in the Oort cloud
comets. However, the D/H value of water in Hartley 2 was found
to be 1.61 £ 0.24 x 10~*, approximately a factor of two lower than
those values measured in Oort cloud comets (~3 x 10~%; Balsiger
et al., 1995; Bockelée-Morvan et al., 1998, 2012; Meier et al,,
1998; Villanueva et al., 2009; Brown et al., 2012) and comparable
to what is found in the Earth’s oceans today.

If Hartley 2 is representative of other JFCs, we must ask
whether it is possible for the D/H variations in water ice in the
outer nebula to be less than those found in the giant planet for-
mation region. Here we attempt to address this by extending pre-
vious models to consider the time period prior to when other
models began. That is, previous modeling efforts began their sim-
ulations with a fully formed solar nebula that was no longer
accreting mass from its parent molecular cloud. However, solar
nebula formation is expected to occur over a finite period of time,
resulting in materials being processed and redistributed prior to
the time the disk reached its final mass. As a result, materials pro-
cessed at high temperatures can be pushed outwards by disk early
evolution, before being diluted by freshly added cloud materials
(Dullemond et al., 2006; Yang and Ciesla, 2012). Here, we revisit
the dynamical and isotopic evolution of water in the early solar
nebula and explicitly consider the effects of disk building in order
to evaluate how this would impact the isotopic distribution of
water in the solar nebula.

In the next section, we present the model used here, describing
both the physical and chemical models that we used in our study.
We then apply the model to explore how (D/H)water Varies within
an early evolving disk. Following that, we discuss how variations
in key parameters would affect the results. We end with a discus-
sion of how our results could be applied to interpret previous mea-
surements, and how our model could be tested by future studies of
meteoritic and cometary materials.

2. Model description

We consider a disk forming within its parent molecular cloud
core as it undergoes inside-out collapse (Shu, 1977), and its evolu-
tion as mass and angular momentum are redistributed by internal
processes. Assuming that materials within the molecular cloud are
well mixed prior to infall, water, whose D/H ratio would be en-
hanced over the bulk value for the cloud (Roberts and Millar,
2000; Roberts et al., 2004), would be accreted into the star + disk
system as a constant fraction of the infalling materials. Where
infalling materials are added to the disk depends on the specific
angular momentum that each parcel of material had in the parent
cloud (Hueso and Guillot, 2005). Once incorporated into the disk,
the water would be redistributed in the solar nebula through vis-
cous evolution, along with other hydrogen-bearing species and
their deuterium isotopologues, most notably H,, HD, OH, and OD.
Since those gaseous materials see different environments (temper-
ature and pressure) throughout the course of disk evolution, water
would undergo isotopic exchange with these other species at rates
that depend on their locations in the disk.

2.1. Disk model

Our dynamic model calculates how the surface density profile,
(R, t), changes with time as the disk evolves as a result of angular
momentum transport during and after the period when the disk
accreted material from its parent molecular cloud. Here we quali-
tatively describe the physical effects that determine how the disk
evolves. Detailed equations and treatments can be found in Yang
and Ciesla (2012), which adopted many of the same methodologies
used in previous models (e.g., Hueso and Guillot, 2005; Dullemond
et al., 2006; Zhu et al., 2010).

During the period of disk building, infalling materials from the
molecular cloud are added to and well mixed-vertically within
the disk at locations inside the centrifugal radius, which is defined
as the distance from the central protostar where the orbital angular
momentum of the material in the disk equals the maximum angu-
lar momentum in the shell of molecular cloud core being accreted
at that time (Dullemond et al., 2006; Hueso and Guillot, 2005; Zhu
et al.,, 2010). Some of the mass inside of the centrifugal radius is
pushed outwards due to the viscous spreading associated with
angular momentum conservation. Viscous evolution continues
even after infall ceases.

Here, we adopt the classical «-viscosity formalism (Shakura and
Sunyaev, 1973; Lynden-Bell and Pringle, 1974), as this provides a
computationally simple method for representing the mass and
angular momentum evolution of the disk over long timescales.
Here we assume that the turbulent viscous parameter, o, has a uni-
form value of 0.001, but can be augmented in gravitationally unsta-
ble regions (Armitage et al., 2001). We will return to discuss how
different values of o would affect our results later.

All gaseous species involved in the D-H exchange reaction net-
work are transported by advection and diffusion within the disk:
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where X; is the surface density of gaseous species that are consid-
ered. D is the diffusion coefficient, which is assumed to be equal
to the viscosity v. Si(R, t) is the source term of a specific gaseous spe-
cies that is added from infall, if applicable, and also that is altered
through the chemical reaction network that is described in the fol-
lowing section.

The thermal evolution of the disk is determined by balancing
the energy received from viscous dissipation, irradiation from the
central star, and radiation from the cloud envelope with the energy
lost from the disk surface. In our calculations, disk opacity is dom-
inated by dust, and thus is assigned a low value in regions above
the dust sublimation temperature (for details see Yang and Ciesla,
2012).

2.2. Chemical model

In the models of Drouart et al. (1999) and Mousis et al. (2000),
isotope exchange between water and hydrogen was assumed to be
determined by the reaction H,O + HD « HDO + H,, with the for-
ward and backward reaction rates provided by Lécluse and Robert
(1994). More recent studies (e.g., Willacy, 2007; Willacy and
Woods, 2009; Thi et al., 2010) have explored how this D-H ex-
change would have occurred by considering a suite of possible
reactions involving the major chemical species that would have
been present in the solar nebula gas. This was done because water
molecules would not have been limited to react with just H, in the
disk, and the water abundance would vary with temperature.

As shown by Thi et al. (2010), water deuteration would have
strongly depended on the behavior of the hydroxyl radical, OH.
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The hydroxyl radical can be deuterated through the exchange
reaction:

D+OH < OD +H 2)

while the reverse reaction has a much higher activation barrier than
the forward reaction (Yung et al., 1988). Water that formed through
reactions involving the hydroxyl radical, such as OD + H, - HDO + H
and OD + OH — HDO + O, would thus inherit the deuteration. The
work of Thi et al. (2010) and others did not include the
H,0 + HD « HDO + H, reaction, but D-H exchange involving water
and molecular hydrogen can proceed through a variety of interme-
diate reactions involving other radicals. Since our model focuses on
the early stage of disk evolution when the effects of photochemistry
and ion-molecular reactions are diluted significantly in the massive
disk, we, for now, consider only neutral-neutral reactions (a list of
all reactions included in our network is provided in Appendix A).

Our model considers the 13 gaseous species: H,, HD, H, D, OH,
0D, H,0, HDO, 0, 0,, CO, CO,, and C that are involved in reactions
that control isotopic exchange between water and molecular
hydrogen and their abundances (He is also included to serve as a
third body in some reactions). The rate of change in the abundance
for each species in our model is given by:

% = Zﬁf" k] — Zﬁik [i] k] )
ik «

where [i], [j] and [k] are the number densities of species i, j, and k
while g, and B are the rate coefficients of reactions for which spe-
cies i is a product or a reactant, respectively. The reaction rate coef-
ficients are taken from the UMIST database (Woodall et al., 2007)
when available. Reaction rate coefficients involving deuterated spe-
cies are either from chemical kinetic studies (Yung et al., 1988;
Zhang and Miller, 1989; Talukdar et al., 1996) or assumed to be
equal to the rates involving H isotopologues when no literature val-
ues are available, as done in Willacy (2007) and Thi et al. (2010). A
detailed comparison of our network with the reaction used in Drou-
art et al. (1999) and Mousis et al. (2000) is presented in Appendix A.
While differences exist between the predicted rates of exchange,
the main conclusions of our study remain true regardless of
whether we use our chemical network or the single exchange reac-
tion of Lécluse and Robert (1994).

2.3. Deuterium chemistry evaluated under solar nebula conditions

The changes in abundances of the various species considered
here are determined by Eq. (1) using the conditions present at
the disk midplane. The number density of each species in Eq. (3)
is related to its surface density by

, i
- / m (4)

where m; is the molecular mass of species i, and H is the disk verti-
cal scale height, with H = C5/2, (where €y is the local Keplerian fre-
quency and C; is the local speed of sound).

When water exchanges deuterium with molecular hydrogen via
our chemical reaction network, the reaction rates are strong func-
tions of pressure, temperature, and the abundances of the reac-
tants, each of which changes with location and time as the disk
evolves. The higher the temperature (and also the density) is, the
faster the exchange proceeds. Fig. 1 illustrates these effects as it
shows how the (D/H)water Would change with time under a variety
of disk conditions. In regions where the gas pressure ranges from
1073 to 107> bar, which is typical of the high temperature inner re-
gions of the solar nebula, the (D/H )water decreases quickly, reaching
the equilibrated value within ~1 year. At lower temperatures
(800 K> T> 300 K), the timescale for water to reach a steady-state

value increases. For example, the upper-right panel of Fig. 1 shows
the evolution of (D/H)yater at T = 600 K. When T is below 300 K, iso-
tope exchange is too slow to reach the equilibrium value within
the evolutionary timescale of a protoplanetary disk regardless of
the pressure. This means that D-H exchange would proceed effi-
ciently in the hot inner region of disk, and be minimal at greater
distances from the young Sun, where water ice is likely to form.
It is worthwhile to note that the system reaches equilibrium faster
through our chemistry network than if we only consider the net
reaction H,O + HD «— HDO + H, and the rate coefficients of Lécluse
and Robert (1994). Again, this is discussed in Appendix A.

Our initial configuration involves material falling inward from a
parent molecular cloud. The assumed composition of this material
generally follows Willacy and Woods (2009), where the initial
abundances of species were determined by modeling the chemical
evolution under molecular cloud conditions for 1 Myr. We have
modified the initial abundances of the species as we have adopted
different estimates for the elemental abundances recommended by
Lodders (2010) for the Solar System (Tables 1 and 2). Given that the
(D/H)water in molecular clouds is estimated to be 3 x 104-
3 x 1072 from both observations and theoretical calculations
(Gensheimer et al., 1996; Robert, 2006; Millar, 2002; Liu et al.,
2011; Coutens et al., 2012), we choose 0.001 as a typical value
for (D/H)water in the cloud core. While the exact numerical values
of (D/H)water may thus differ from what is reported here, the trends
that we find are robust. We discuss this issue further below.

2.4. Numerical approach

A step-wise summary of our model is provided in Fig. 2. In our
model, those equations describing the X(R, t) evolution are solved
using an explicit finite-difference scheme, as described in Yang and
Ciesla (2012). The computational grid for the disk is made of 60
annuli with the first annulus centered on 0.05 AU. The radial dis-
tance between the n + 1st and nth annulus is 1.1" x 0.1 AU until
the nth annulus is nearly 50 AU away from the central star. Beyond
that, the radial distance between adjacent annuli is 1.1" x 0.5 AU.
The farthest annulus is ~1000 AU away. Equations describing the
disk properties are then solved during each timestep to give the lo-
cal physical conditions (midplane temperature and density).

The chemical evolution of the system is evaluated at the disk
midplane at locations where the temperature exceeds 160 K. We
do this because at lower temperatures water condenses as water
ice. Although the exact condensation temperature varies with
pressure, the chemical reactions are so sluggish at these low tem-
peratures that the exact choice here has little impact on the results.
We solve Eq. (3) for each species implicitly by using a backward
Euler method during every timestep. The new surface density of
each species at location R is taken as the initial value of the next
timestep. Calculations are then repeated to compute the first
1 Myr of disk evolution.

3. Model results
3.1. Solar nebula evolution

In our model, solar nebula formation and evolution is primarily
characterized by three parameters: the initial angular velocity of
parent cloud, wy, which controls the fraction of the cloud mass
that is incorporated into the protoplanetary disk, the molecular
cloud temperature, T4, which determines the mass accretion rate
from the cloud core to the star-disk system, and the viscous param-
eter, «, which characterizes the viscous evolution (for details see:
Hueso and Guillot, 2005; Dullemond et al., 2006; Yang and Ciesla,
2012). The values used in our standard case are shown in Table 3,
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Fig. 1. The evolution of the water (D/H) ratio at various temperatures and pressures. The top panels show how the isotopic evolution proceeds at different pressures, but
constant temperatures using our chemical network. The lower left panel shows the effect of temperature on the reaction rate. For comparison, the lower-right panel shows
how the (D/H)water Would evolve with time if only considering the reaction H,O + HD < HDO + H, and the rates from Lécluse and Robert (1994).

Table 1
Elemental abundances with respect to the total number density of hydrogen nuclei ny
which is equal to [H] + 2[H,].

Table 2
Initial fractional abundances with respect to the total number of hydrogen nuclei ny.

Chemical species Abundance
Element Abundance S
H 2.8 x107°[1]
H 1 H, 0.49999 [1]
D 1.94 x 107° [1, 2] D 6.7 x 1077 [2]
0 4.68 x 107 [2] HD 1.9 x 1075 [3]
C 2.48 x 107 [2] He 0.097 [4]
He 0.097 [2] H,0 22 x1074[2]
-7
[1] Geiss and Gloeckler (1998); [2] Lodders (2010). ggo ‘21: i }8 8 {ﬂ
oD 4.1 x1078 [1]
: . 0 85x 1077 [1]
and the typical ranges for those parameters are also provided for o 4410 [1]
. . . 4 X
reference. How variations in those parameters affect the solar neb- cz 39x 107 [1]
ula evolution and also the (D/H)yater distribution in the solar neb- co 2.5 x 1074 [2]
ula will be discussed below. €O, 2.8 x 1077 [1]

Here, disk evolution is represented by how its mass, the surface
density profile and the midplane temperature profile evolve with
time. During the infall stage when molecular cloud materials are
added to the star + disk system, the disk mass increases with time
and reaches its maximum value at the time that infall stops
(t=0.3 Myr in our standard case), as shown in the upper-left panel
of Fig. 3. As the molecular cloud undergoes inside-out collapse, the
centrifugal radius increases with time and reaches about 10 AU
when infall stops. Since infalling materials are added at locations
inside the centrifugal radius, all mass located outside of the centrif-
ugal radius arrived there through outward transport by viscous
spreading within the disk. In the meantime, some of the disk

[1] Willacy and Woods (2009); [2] Calculated based on mass balance; [3] Geiss and
Gloeckler (1998); [4] Lodders (2010); [5] Calculated based on the assumed initial
(D/H)water in the molecular cloud.

materials from the inner region are pushed inwards due to viscous
stresses, and accreted by the young Sun. This process will proceed
continuously even after infall stops, resulting in the disk decreas-
ing in mass, and expanding radially with time, as shown in Fig. 3.

The evolution of the disk midplane temperature generally fol-
lows that of the disk surface density: temperatures rise with
increasing surface density, and decrease when the surface density
drops. This is because higher surface densities lead to higher rates
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Fig. 2. Step-wise summary of our model.

Table 3
The main disk model parameters.

Parameter Values used in the standard model Typical values

Wed 10 st 101521073571 [1]
Tea 15K 10-20K [2]

o 0.001 107°-0.1 [3]

[1] Goodman et al. (1993) and Lodato (2008); [2] van Dishoeck et al. (1993); [3]
Hartmann et al. (1998) and Hueso and Guillot (2005).

of heat production and more effective trapping of dissipated en-
ergy. As a result, the snowline, which is found where T~ 160K,
moves further away from the central star during infall, and moves
inward once infall ceases, as the disk decreases in mass and cools.
After 2 Myr of disk evolution in our model, the snowline is located
at ~5 AU. As shown, an isothermal region with a temperature of
~1300 K develops in the disk and extends from ~0.3 AU to 2 AU
at various times in the lifetime of the disk. This isothermal behav-
ior is because most of the silicate dust evaporates around the mid-
plane in these regions, which dramatically reduces the opacity, and
leads to very small temperature gradients (see also Cassen, 1994,
2001).

3.2. The distribution of (D/H)water in a protoplanetary disk

We calculated how the (D/H)yater Varies with location in the
disk within the first 1 Myr of disk formation and evolution. Results
are shown in Fig. 4. During the early stage of infall, the deuterated
water from the molecular cloud falls into the innermost region, and
rapidly equilibrates with molecular hydrogen due to rapid isotopic
exchange expected at high temperatures there. As shown, the (D/
H)water inside of 2 AU almost equals that of molecular hydrogen.
Some of that equilibrated water gets pushed outwards and redis-
tributed throughout the rest of the disk by viscous spreading. At la-
ter times during the infall stage, deuterated water from the
molecular cloud continues to be incorporated into the hot inner re-
gion, in addition to the cooler, outer region. In this outer region, the
deuterated water mixes with deuterium-poor water that had been
transported there from the hot inner disk. As shown in Fig. 4, the

net (D/H)water in the disk reaches maximum values at ~3 AU and
~10AU in the 0.2 Myr and 0.3 Myr snapshots, respectively, due
to the freshly added water from the molecular cloud. At the same
time, the (D/H)water decreases further away from the Sun, reaching
values as low as that of molecular hydrogen again-the same values
as achieved very close to the Sun. This is the water that was first
incorporated into the disk, underwent D-H exchange close to the
Sun, and was then transported outward during early viscous evolu-
tion. Due to the low temperatures and minimal isotopic exchange
expected in the outer regions, the low (D/H)yater Of this originally
inner disk water is preserved there. As a result, the (D/H)yater dOes
not monotonically increase away from the central star at these
early epochs, unlike the predictions of previous studies (e.g., Drou-
art et al., 1999; Mousis et al., 2000).

Once infall stopped, water, as well as other gaseous species,
continues to diffuse and be advected throughout the disk while
undergoing isotopic exchange with other gaseous species. The
net result is that the peak in the radial distribution of (D/H )ater de-
creases with time, and the net (D/H)yater in the outer region of the
disk becomes more uniform due to the mixing processes. However,
even with this mixing, the non-monotonic distribution of (D/
H)water €an still persist for over 1 Myr of disk evolution.

As disk evolution slows after infall ceases, the turbulence in the
disk may decrease in certain regions due to low ionization levels,
preventing the development of the MRI (e.g.,, Gammie, 1996) or
the disk evolving away from a gravitationally unstable state. As a
result, dust growth will become more efficient, allowing grains
containing water ice to aggregate and drift inwards due to gas drag
(Weidenschilling, 1977). As these bodies cross the snow line, water
ice will evaporate (Cyr et al., 1998; Cuzzi and Zahnle, 2004; Ciesla
and Cuzzi, 2006). The resulting water vapor will then undergo iso-
topic exchange if it flows inwards into regions that are warm en-
ough, as well as diffuse outwards again to freeze out as water
ice. This would likely alter the D/H distribution of water around
the snowline (e.g., Jacquet and Robert, 2013), though the details
will depend critically on how dust growth proceeds in the outer
disk. Since we focus on the first ~1 Myr of infall and disk evolution
before such effects are expected to have become important, we do
not account for this in our model.
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Fig. 4. The radial distribution of (D/H)water in the solar nebula at different times in
the standard model presented here. Black lines represent times when infall
continues, while gray lines are for times after infall has ceased (at ~0.3 Myr).

3.3. Possible variations in model results caused by different parameter
values

Since our model combines a kinetic study of the D-H exchange
reaction network with the dynamical model of disk formation and
evolution, model results will vary depending on the choice of ini-
tial parameters related to either the deuterium chemistry, or the
molecular cloud and disk models. The effects of variations in these

parameters on the evolution and transport of materials were con-
sidered in detail by Yang and Ciesla (2012). Here we summarize
the effects that changes in these parameters or initial conditions
have on the results of this study.

weq determines the fraction of deuterated water that falls into
the hot, inner region to undergo isotopic exchange, and the fraction
that falls onto the outer disk preserving its elevated D/H ratio. In
the case with higher w4, less water is processed at high tempera-
tures in the disk, since materials would fall further from the star
due to the greater angular momentum, whereas lower values lead
to greater amounts of processing. Regardless, viscous spreading
would allow early processed materials to be pushed outwards dur-
ing infall and the non-monotonic distribution of (D/H )yater Will still
develop, with the spatial gradients being determined by this choice
of parameter.

T.q mainly affects the infall rate of mass from the molecular
cloud core onto the star-disk system. Hotter clouds collapse on
shorter timescales, and thus, the predicted non-monotonic distri-
bution of (D/H)water Will develop a few hundreds of thousands
years earlier compared to our standard case. However, different
values of T4 will not change the distribution of the materials fall-
ing into the disk provided that the centrifugal radius stays the
same. Consequently, the shape and values of the (D/H)yater distri-
bution in the solar nebula will hardly be affected by varying the T.

The last parameter «, which determines the magnitude of vis-
cosity in our model, influences how materials are transported in
the disk. Lower values of o will limit the outward transport of
equilibrated water from the inner hot region. In this situation,
the (D/H)water in the outermost region will be higher than that in



262 L. Yang et al./Icarus 226 (2013) 256-267

the innermost region, but still be lower than that in the regions
where pristine deuterated water is directly accreted. This means
that the non-monotonic distribution of (D/H)yater Will still develop.
After infall stops, the less efficient mixing between (D/H)yater in
different regions will allow the non-monotonic distribution to be
preserved for a longer time period, though dust growth could alter
this in the long run (Jacquet and Robert, 2013). Conversely, larger
values of o would allow the non-monotonic distribution of (D/
H)water to continue to exist during the infall stage, but be easily
smoothed out after infall stops due to higher level of dynamical
mixing.

The primary input parameter related purely to the deuterium
chemistry in our model is the initial (D/H)yater value in the molec-
ular cloud. Its value would affect the (D/H)yater in those regions
where the temperature is not high enough for deuterated water
to get rapidly isotopically equilibrated with other hydrogen-bear-
ing species. However, while different assumed initial (D/H)water
values may lead to differences in absolute values, they will not
change the shape of the (D/H)water profile. Thus the non-monotonic
distribution of (D/H)water Will persist regardless of the initial value
in the cloud.

Therefore, the result showing (D/H)water iS Not monotonic in its
distribution with distance from the Sun is expected to be robust.
Some differences in the details of the distribution are expected
as the region of elevated D/H ratios and the duration over which
gradients exist in the disk will vary with the parameters in the
model. Future high resolution mapping of protoplanetary disks
by ALMA or the measurement of (D/H)water in @ wide array comets
may allow us begin to constrain what these parameters were in our
own or other protoplanetary systems.

4. Discussion

Here we focus on how the distribution of (D/H )yater in @ proto-
planetary disk evolves with time, as D-H exchange occurs between
water and other hydrogen-bearing species, while those species are
redistributed during the formation and viscous evolution of the
disk. As shown above, the (D/H)yater reaches relatively low values
that approach the bulk (D/H) in the hot inner disk because isotopic
exchange is rapid under these conditions and the isotopic fractio-
nations between species are small. The ratio then increases toward
the outer disk as the water incorporated at these distances experi-
ences lower temperatures, and therefore undergoes less isotopic
exchange with other hydrogen-bearing species. This is consistent
with previous studies (e.g., Drouart et al., 1999; Mousis et al.,
2000). However, here we find that this increase in the (D/H)water
is likely not monotonic, particularly early in disk evolution. In-
stead, the (D/H)water decreases again in the outermost region, as
water that was incorporated early into the disk near the young star
would have been pushed outward during the early evolution of the
disk. Thus, water ice in the outer regions of the disk may record rel-
atively low (D/H) ratios despite the very low temperatures there.
After infall stops, this non-monotonic distribution of solar (D/
H)water i slowly erased due to dynamical mixing and transport
within the disk.

Accordingly, our study suggests that water ice that was incor-
porated into cometary bodies early in Solar System evolution
could have preserved this non-monotonic distribution of (D/
H)water- This evolution could explain the recent observations
showing that the (D/H)yater Of a JFC, 103P/Hartley 2, is less than
that of previously measured Oort cloud comets (Hartogh et al.,
2011), given that JFCs may have formed in the outermost solar
nebula (Dones et al., 2004; Morbidelli, 2005; Duncan, 2008).
While the formation region of Oort cloud comets is uncertain
(Dones et al., 2004; Gomes et al., 2008; Levison et al., 2010;

Brasser et al., 2012), the similar (D/H)water Of Oort cloud comets
and the water found on Saturn’s moon Enceladus (Waite et al.,
2009) does offer support for the idea that these comets formed
from the same reservoir of material as the giant planets, and
one that was distinct from the JFCs formation reservoir. Further
observations of JFCs and Oort cloud comets will provide better
constraints on the extent of (D/H)water Variations among these dif-
ferent populations.

An important issue to consider in the future is whether water
ice in the outer disk can be further deuterated as a result of the
photochemistry, ion-neutral reactions and gas-grain reactions that
are expected to become important at the later stages of disk evolu-
tion (Aikawa and Herbst, 2001; Willacy, 2007; Willacy and Woods,
2009). Certainly, subsequent photo- and cosmic ray induced chem-
istry could have occurred in the solar disk, though the effects
would have been most important when surface densities were
low and mixing had probably homogenized much of the outer disk.
Accounting for these effects in future models will result in a more
complete understanding of the evolution of (D/H)yater in proto-
planetary disks.

While this work has focused on the D/H ratio of water, should
the scenario we described here have played a role in shaping our
Solar System, we should expect to see similar variations in other
cometary components. Dullemond et al. (2006) used a similar
model to show that the crystallinity of silicate grains would be
high in the very outer regions of a protoplanetary disk since the
crystalline grains formed in the hot, inner region of the disk at
early times could also be subject to efficient outward transport
along with the rapid radial expansion of the disk. Later added
amorphous interstellar materials would dilute the crystalline frac-
tion at intermediate radial distances. Observations have shown a
diversity in the crystalline silicate fraction among Oort cloud com-
ets (Wooden et al., 1999; Kelley et al., 2007), which could be ex-
plained in the context of the Dullemond et al. (2006) results. We
would thus expect there to be a correlation in comets, with those
containing high fractions of crystalline dust also having low (D/
H)water» as the silicates and ice would both have largely come from
the high temperature region of the solar nebula. Further studies
aiming to understand the detailed correlations expected between
(D/H)water With crystalline/amorphous silicates ratio of comets will
allow us to further test and constrain our model.

In conclusion, this work has provided new insights into possible
causes of D/H variations in water in the Solar System. Particularly as
previous models typically assume a constant (D/H)yater as a starting
point throughout the disk, we, on the other hand, have shown here
that such an assumption is probably not valid as the processing and
dynamics of infalling molecular cloud material is likely to create
chemical and isotopic gradients in the early solar nebula.
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Appendix A

In the chemical network, there are some subsets of coupled
reactions, like

k& kg
HD+OH < H,0+D
ki ky
H,0 +H < OH +H,

ki kg
H, +D < HD+H
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Table A1
Reactions and their rate coefficients used in our chemistry network.

No. Reaction Rate coefficient (cm?s1)
1,2 H,0 +H — OH + H, ki =1.59 x 107" x (T/300)'? x exp(—9610/T) [1]
ky =2.05x 10712 x (T/300)]'52 x exp(—1736/T) [1]
3,4 Hy+0« OH+H ky =3.14x 10713 x (T/300) x exp(—3150/T) [1]
Iy =7 x 107" x (T/300)*® x exp(~1950/T) [1]
5,6 H,0+0 < OH + OH ki =1.85x 107" x (T/300)*%° x exp(~8571/T) [1]
ks =1.65 x 1072 x (T/300)"' x exp(—50/T) [1]
7,8 Hy+D —HD+H ky = 7.5 x 10" exp(—3820/T) [2]
kg =7.5x 107" x exp(—4240/T) [2]
9,10 HDO + 0 < OD + OH ki = k3 [3]
ks = K3 [3]
11,12 HD + OH < H,0 +D ki =2.12 % 107" x (T/300)*7 x exp(—1258/T) [4]
ks = k& /ke
where Ks = 1/(K1 - Ka) = 1/((k7 /k7) - (k3 /k3)) [5]
13,14 H, +0D <~ HDO +H ky =1.55 x 10712 x (T/300)'® x exp(—1663/T) [4]
k; = k3 /K7
where K7 = K /Ks = (k3 /k5 )/ (ks /ks ) [5]
15, 16 OH+D < H+0D ks =9.07 x 10" x (T/300)°%3 [6]
kg =1.26 x 107'° x (T/300)*%* x exp(~717/T) [6]
17,18 HD + OH « HDO + H ks = 0.6 x 1072 x (T/300)" x exp(—1258,T) [4]
ks = kg /Ko where Ko = K7 - Kg/K4 [5]
19, 20 0+HD - H+0D kjo = 1.57 x 10712 x (T/300)"7 x exp(—4639/T) [7]
ki = kio/K1o where Ko =K; - Kg/K4 [5]
20, 21 O +HD < D+O0H ki, =9.01 x 107" x (T/300)"° x exp(—3730/T) [7]
ki1 = ki1 /K11 where Kqq = K5[Ky4 [5]
22,23 0;+H <~ 0+0H ki, =2.61 x 1071° x exp(—8156/T) [1]
ki, =1.77 x 107! x exp(—178/T) [1]
24 0, +H; — OH + OH ki3 = 3.16 x 1071% x exp(—21,890,T) [1]
25,26 0,+D~0D+0 kiy =2.61x 107'% x exp(—8156/T) [3]
ks = ki4/K14 where Ki4=Ki> - Ks [5]
27,28 Hy+Hy o Hy+H+H kis = 5.48 x 107 x exp(—53,000/T) [8]
ks =55 x 107 x T71/8% [9]
29, 30 Hy+HoH+H+H kis = 3.52 x 1079 x exp(—43,900/T) [8]
kig = 5.5 x 1072 x T"13[9]
31 H,+He - He+H+H k7 — 1072729-23474/T  T-175 [10]
32,33 H,+HD - H,+D+H kis = kis [3]
kig = kis [3]
34,35 H+HD »H+D+H ki = kig [3]
kig = kig [3]
36 He+HD - He+H+D kao = ki7 [3]
37,38 OH+CO < CO+H ks, =2.81 x 107" x exp(—176/T) [1]
ky; =3.38 x 1071° x exp(~13,163/T) [1]
39, 40 OD +CO « CO,+D ki, = ki; [3]
](52 = kzz where Kzz = K21/Kg [5]
41, 42 OH+C—CO+H k33 =1x1071°[1]
ky; = 1 x 1071% x (T/300)%° x exp(~77,700/T) [1]
43,44 CO+D—0D+C k3a = ka3 (3]
k34 = k34/K24 where Kag = Kg[K3 [5]
45, 46 CO+0, < C0,+0 k35 = 5.99 x 10712 x exp(—24,075/T) [1]
kys = 2.46 x 107" x exp(—26,567,T) [1]
47,48 0,+C~C0+0 k36 = 2.48 x 10712 x (T/300)">* x exp(613/T) [1]

ko = 2.90 x 107" x (T/300)%> x exp(—69,300/T) [1]

[1] UMIST, Woodall et al. (2007) (by measurements or calculation); [2] Zhang and Miller (1989) (by calculation); [3] assumed; [4] Talukdar et al. (1996) (by measurements);
[5] modified for this study—see text; [6] Yung et al. (1988) (by calculation); [7] Joseph et al. (1988) (by calculation); [8] Lepp and Shull (1983) (by calculation); [9] Palla et al.

(1983) (by measurements); [10] Dove et al. (1987) (by calculation).
3 Reaction is third order, so the rate coefficient unit is: cm®s~'.

Assuming that the three reversible reactions would reach equi-
librium, the equilibrium constant for the first reaction, Kg, would
be related to those of the other two, K; and K, as
[H20][D] _ [H2OJ[H] [H][D]
[HD][OH] ~ [H,][OH] '[HD][H]

[

- [H2)[OH] [HD]H]\ |
_1/<[H20][H] [Hz][D]) =1/(Kq - Kq) (A1)

K¢ =

The equilibrium constant could be estimated as the ratio of cor-
responding forward and reverse rate constants,
Ks ~ ki /kg, K1~k /ki, and K4 ~ kj /k;. We take k;, k; from
the UMIST database while k,, k; were determined by Zhang and
Miller (1989), and kg was studied by Talukdar et al. (1996). If kg
is assumed to equal k| [as was done by Thi et al. (2010)], the rela-
tion (A1) would be violated. Thus we modified k; by setting
ks = k¢ /Ks (where Ks=1/(K; - K4)). More examples are provided
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in Table A1). Generally this modification resulted in minor shifts of
those rate constants compared to their measured values and cer-
tainly would fall within the uncertainties of measurements.

After all necessary modifications, we calculated the equilibrated
deuterium fractionation factor, f, between water and hydrogen
gases, which is shown in Fig. A1 along with the same expression
for the reactions used in Thi et al. (2010) and Richet et al. (1977).
Here f is defined as

f — [HDO/[H0]
[HD]/[H:]

which represents the deuteration level of water relative to hydro-
gen gas when the whole system reaches equilibrium. The f in our
model decreases with increasing T, which is qualitatively consistent
with Richet et al. (1977) (dashed-line) and Thi et al. (2010) (dash-
dotted line). The difference between our study and Thi et al
(2010) is due to the revision of some rate coefficients as described
above, while the difference between ours and Richet et al. (1977)
is caused by different approaches. Richet et al. (1977) predicted
the equilibrium values based on thermodynamic calculation and
this served as the equilibrium constant for the net D-H exchange
reaction in previous studies (Lécluse and Robert, 1994; Drouart
et al., 1999; Mousis et al., 2000). Most of the rate constants used
in our study are from the UMIST astrochemistry database (Woodall
et al., 2007). Given that these reaction rate constants have uncer-
tainties, we calculated the equilibrium f value by changing all reac-
tion rate constants to the maximum and minimum values within
the reported uncertainties. These calculations are also shown in
Fig. A1, where the dark solid line represents our fiducial model,
while the gray region represents the region that is bounded by
the uncertainties of the reaction rates. Note that the Richet et al.
(1977) value largely falls within this bracketed region, suggesting
agreement within the uncertainties.

In detail, the bulk isotopic exchange of hydrogen isotopes be-
tween water and molecular hydrogen through our chemical net-
work proceeds faster than that via the reaction
H,0 + HD < HDO + H, (Lécluse and Robert, 1994). The causes of
the disagreement between the Lécluse and Robert (1994) rates
and the net exchange rates produced by the reactions in the UMIST
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— This study
\ == Thi etal., 2010
. --=- Richetetal., 1977
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Fig. Al. This figure shows how the isotopic fractionation factor f increases with
decreasing T. The solid line indicates this study. The shaded region shows the upper
and lower limits of f as a function of temperature, which is caused by the
uncertainties in the reaction rate constants adopted in our study. The dashed line
represents the equilibrium constant between water and molecular hydrogen
calculated by Richet et al. (1977). The dash-dotted line is from Thi et al. (2010)
(with only neutral-neutral reactions).
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Fig. A2. This figure shows the distribution of D/H of water in the disk at different
times. This case uses the isotopic exchange rate used by Drouart et al. (1999),
Mousis et al. (2000). As shown, the non-monotonic distribution we find in our
model would be still seen.

database should be considered in future studies. This inconsistency
might be caused by uncertainties in the extrapolation of the reac-
tion rates from experiments performed under different tempera-
tures or pressures. Further, some reaction rate coefficients
provided by the UMIST database are calculated or extrapolated
from reactions involving other isotopologues. While the different
chemical schemes yield different results in detail, they both yield
similar results in our models. That is, as shown in Fig. A2, the same
qualitative behavior is seen in spatial and temporal variations of
(D/H)water if we adopt the reaction and rates from Lécluse and Rob-
ert (1994) and ignore any other possible reactions involving H, C,
or O-bearing species.

Appendix B

In the model described in main text (here denoted as model A),
the deuterium chemistry is only evaluated at the disk midplane.
Since the chemical reaction rates depend sensitively on tempera-
ture and pressure, evaluating the chemistry only at the disk mid-
plane would possibly overestimate the rates of isotopic exchange,
given that the gas densities decrease by orders of magnitude from
the disk midplane to the disk surface and temperature also varies
in the vertical direction. Thus, we also applied our dynamical mod-
el to explore how radial variations in isotopic ratios would evolve if
we accounted for the vertical structure of the disk in a viscously
evolving disk (denoted as model B).

B.1. Disk vertical structure

We use the same dynamical model described in model A to cal-
culate how the disk evolves over time. Knowing X(R, t) at a given
time, the vertical structure of the gas is found by assuming that
the disk stays in hydrostatic equilibrium:

OP(R, z,t)

0 = PR 20 =-Q2pR 1) (A2)

where g, is the vertical component of gravity acceleration, € is the
Keplerian angular velocity at location R in the disk, and pressure,
P(R,z,t) = p(R,z,t)C? (where C; = (RgT/u)"?, Ry is the molar gas
constant and p is the mean molecular weight) according to the ideal
gas equation of state. Here, for simplification, C is assumed to be
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constant in the vertical direction. As a result, the volume density
would vary in the vertical direction following the description as

2
p(R,z,t) = p.(R,z,t) exp <— %) (A3)

where p.(R,t) = (R, t)/(v27H) is the volume density at disk mid-
plane, and H is the vertical scale height (H = C5/Q). This treatment
has a caveat which will be discussed further below.

As for the vertical thermal structure, the temperature gradient

is described as
OT(Rz,t) _ 3kp(R.Z,1)Frug

oz 166T(R,z,t)°

(Ad)

where x is the disk opacity, F,4 is radiation flux along the vertical
direction, and ¢ is the Stefan-Boltzmann constant. In model B, F,q4
is assumed to be constant in the vertical direction and equals the
flux of radiation from disk surface.

Thus, temperatures are highest at the disk midplane, where vis-
cous dissipation rates are largest, and they decrease with height. As
a result of these temperature and pressure variations, we expect
isotopic exchange to be most rapid at the disk midplane, and to be-
come more sluggish with increasing height. This may not be true in
the case where the stellar irradiation is important, leading to much
higher temperatures at the disk surface than at the midplane.
However, this is generally true in the low density, low temperature
regions of the disk where the chemistry is very sluggish. Thus,
focusing purely on a viscous disk suffices to capture the effects of
chemical variations.

We also performed calculations where we allowed the radiation
flux to vary with height (Pringle, 1981):

OF(R,z,t) 9,

%  —4 VR p (A5)
and calculated the vertical structure in a completely self-consistent
manner as in Dodson-Robinson et al. (2009) and Vasyunin et al.
(2011). Again, because most of the processing took place around

the disk midplane, minimal differences in the D-H exchange were
noted. As a result, using the simplified model still allows for a rea-
sonable approximation to the conditions in which isotopic ex-
change would occur in the early solar nebula, and is
computationally less demanding, and as such, was the primary ap-
proach used here. Any differences in results that arise to differences
in the vertical structure of the disk appear small compared to all
other uncertainties that arise from choices of the main parameters
in the model.

B.2. Numerical approach of model B

A step-wise summary of model B is provided in Fig. A3. The disk
surface density 2(R, t) and midplane temperature T,,,(R, t) are com-
puted with the same method as that used in model A. During each
timestep, the vertical variations in density and temperature, p(R, z,
t) and T(R, z, t) are computed from the midplane up to 6H at 6
equally spaced levels. The change in chemistry is evaluated at each
level, with the number density of each species in Eq. (3) related to
its density by [i] = p«(R, z, t)/m;. Then the new surface density of
each species at location R is calculated by integrating the new
abundances over the height of the disk using Simpson’s algorithm,
and is taken as the initial value of the next timestep. While we
adopt a coarse vertical resolution here for the sake of reducing
computational time, this resolution suffices to provide insights into
how allowing for the vertical variation in gas properties affects the
isotopic evolution of materials.

B.3. Model results

We applied this methodology to the same cloud collapse and
disk model described in the manuscript, with the same values of
Wear Teqr o as adopted in the standard model (referring to Tables
1-3). Thus, the disk physical evolution is the same as what was
shown in Fig. 3 in the main text.

As shown in Fig. A4, water in the inner hot region still rapidly
equilibrates with the other species, with minimal differences in

Set parent cloud conditions:
MOITcd' w cd

and the initial abundances of each
species

Model A

Model B

to get new 3;(R,t)

Run chemistry network gauadl Compute 2 (R,t), T, (R,t),
2:(R,t) and (D/H)

Compute disk volume
density p (R,z,t),

LA local T (R,z,t) and

p;(R,z,t) of each

Integrate p; (R,z,t) over z

to get new ;(R,t)

Results:

Evolution of Z (R,t), T, (R,t) and

(D/ H) water *

species

Run chemistry
network to get new

p i (Rlzl t)

Fig. A3. This figure shows the comparison of algorithms used in the model described in main text (model A) and the 1 + 1D model described in Appendix B (model B).



266 L. Yang et al./Icarus 226 (2013) 256-267

-3

10 T T
----- t=0.1 Myr
- £=0.2 Myr
—1=0.3 Myr
t=0.5 Myr
g t=1 M
. = _,
g 10 | _," \ ]
=} H
10° s -
0.1 1 10 100

R [AU]

Fig. A4. The distribution of (D/H)yater in the solar nebula at different times as
predicted from our 1 + 1D model. Again, the black lines represent the time during
the infall stage, and the gray lines show the (D/H)water profiles once infall has
ceased.

the isotopic ratios reached further out in the disk. Again, as the
equilibrated water with low (D/H) values from the inner hot region
would have been transported to the outermost region by the vis-
cous spreading, a similar distribution of (D/H)yater in the solar neb-
ula during the earlier stages of disk evolution as predicted in the
main text is also seen in the 1 + 1D model. As such, we do not ex-
pect a detailed vertical structure model to affect our conclusions.
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