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ABSTRACT

Deuterium-to-hydrogen (D/H) enrichments in molecular species provide clues about their original
formation environment. The organic materials in primitive solar system bodies have generally higher
D/H ratios and show greater D/H variation when compared to D/H in solar system water. We propose
this difference arises at least in part due to 1) the availability of additional chemical fractionation
pathways for organics beyond that for water, and 2) the higher volatility of key carbon reservoirs
compared to oxygen. We test this hypothesis using detailed disk models, including a sophisticated,
new disk ionization treatment with a low cosmic ray ionization rate, and find that disk chemistry leads
to higher deuterium enrichment in organics compared to water, helped especially by fractionation via
the precursors CH2D+/CH+

3 . We also find that the D/H ratio in individual species varies significantly
depending on their particular formation pathways. For example, from ∼ 20− 40 AU, CH4 can reach
D/H ∼ 2× 10−3, while D/H in CH3OH remains locally unaltered. Finally, while the global organic
D/H in our models can reproduce intermediately elevated D/H in the bulk hydrocarbon reservoir, our
models are unable to reproduce the most deuterium-enriched organic materials in the solar system,
and thus our model requires some inheritance from the cold interstellar medium from which the Sun
formed.
Keywords: accretion, accretion disks — astrochemistry — circumstellar matter — stars: pre-main

sequence

1. INTRODUCTION

The origin of Solar System water and organic materials
is a key question of astrobiology. In cold environments
exposed to ionizing radiation, the amount of deuterium
relative to hydrogen (D/H) in both water and organics
can become chemically enhanced. Thus, the D/H ratio
encodes important information about the physical condi-
tions where these molecules originally formed (e.g., Mil-
lar et al. 1989). Indeed, both water and organic material
in the solar system and in the interstellar medium ex-
hibit extreme enrichments in their D/H as compared to
the bulk gas reservoir ([D/H]H2

= 2.0±0.35×10−5 during
the epoch of planet formation; Geiss & Gloeckler 2003),
where interstellar enrichments are typically higher than
those in primitive solar system bodies (see Figure 1).
There are two possible environments where these deu-
terium enrichments were originally implanted: (1) the
cold interstellar medium, activated by galactic cosmic
rays (CRs), and/or (2) the outermost regions of the pro-
toplanetary disk in the presence of stellar or non-stellar
ionization. Therefore, (1) corresponds to an inheritance
scenario, while (2) is a local (disk) synthesis process. Ei-
ther of these scenarios has very different implications for
the availability of these important life-fostering ingredi-
ents to young planets during their formation.

Recently, Cleeves et al. (2014b), hereafter Paper I,
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found that pure disk synthesis for water was unable
to reproduce the range of [D/H]H2O ratios among so-

lar system bodies, including Earth’s oceans (VSMOW),
even though temperatures were sufficiently cold in large
portions of the outer solar nebula. Paper I included a
more realistic low CR ionization environment that was
originally proposed in Glassgold et al. (1997) (see also
Turner & Drake 2009) and explored in detail by Cleeves
et al. (2013a), and has been subsequently confirmed ob-
servationally in Cleeves et al. (2015). Paper I found
that the chemical reactions that lead towards deuterium-
enriched H2O proceed less efficiently without CR ioniza-
tion. Thus, a significant fraction of the water in the solar
system was likely inherited from the interstellar medium.

In the present paper, we extend this exploration to
study the formation history of solar system organics with
the D/H fractionation chemistry as our tool. As can be
seen in Figure 1, both solar system and interstellar or-
ganics tend to have much higher D/H ratios than water,
and have a much wider spread in values. While the term
“organics” is less well-defined than is the case for wa-
ter, we focus on the total hydrocarbon content in our
chemical models, mostly in the form of simple organics
with six atoms or fewer. We note that throughout the
present paper, we will refer to organics and hydrocarbons
interchangeably since we are focusing on the hydrogen-
bearing organic species. We also follow the deuterium
fractionation chemistry of two particular molecules, CH4

and CH3OH. These species are the most abundant sim-
ple organics in comets (Mumma & Charnley 2011) and
have well-characterized ice abundances in the interstel-
lar medium (e.g., Gibb et al. 2004; Öberg et al. 2011).
They furthermore trace comparatively different forma-
tion pathways. Collectively, the full set of simple or-
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Figure 1. [D/H] in H2, water and organics. Teal (yellow) band highlights the range of [D/H] in solar system water (organics). References
from left to right: HD: Geiss & Gloeckler (2003); Mahaffy et al. (1998); Feuchtgruber et al. (2013); H2O: Coplen (1994); Barnes et al.
(2014); Usui et al. (2012); Alexander et al. (2012); Comets: Hartogh et al. (2011); Eberhardt et al. (1995); Bockelée-Morvan et al. (1998);
Meier et al. (1998); Interstellar: Persson et al. (2014), Persson et al. (2012), Parise et al. (2003), Coutens et al. (2012); Organics: Alexander
et al. (2007); Alexander et al. (2007); Busemann et al. (2006); Gourier et al. (2008); Eberhardt et al. (1995); Messenger (2000); Milam
et al. (2011); Kawakita & Kobayashi (2009); Roberts et al. (2002); Roberts et al. (2002); Parise et al. (2006).

ganic species considered in our models may be poten-
tial precursors to macromolecular organics, and are more
directly chemically linked to the important deuterium-
fractionating reactions. Similar to the approach taken
in Paper I, we simulate a scenario where the organic
molecules start with the atomic D/H ratio (i.e., have
no enrichment in D/H) to quantify to what extent disk
chemistry contributes toward deuterium enrichment in
solar system organics. In this regard, we take a differ-
ent approach than previous works (e.g., Aikawa & Herbst
1999, 2001; Willacy 2007; Willacy & Woods 2009) where
more realistic interstellar D/H ratios are the initial con-
ditions and the disk chemistry evolves forward (see also
Aikawa & Herbst 1999, for an initially warm chemistry
deuterium fractionation scenario). The goal of this work
is a simpler thought-experiment, i.e., what happens if
nothing from the interstellar phase is preserved during
star and disk formation, and disk chemistry alone is left
to produce the solar system’s organic content? Can disk
chemistry reproduce the deuterium isotopic signatures in
solar system organics?

The paper is structured as follows. In Section 2, we
present our modeling methods, including our physical
model with updates to the X-ray radiation transfer (Sec-
tion 2.1) and to the fully deuterated reaction network
used in our chemical calculations (Section 2.2). We
present our findings in Section 3, and discuss these in
relation to previous work along with their implications
in Section 4. Finally, we summarize our results in Sec-
tion 5.

2. METHODS

2.1. Physical Model

We adopt the density and thermal structure model
of the dust and gas that was used in Paper I origi-
nally presented in Cleeves et al. (2013a). Briefly, the
model reflects a generic T Tauri disk around a solar
mass star (Teff = 4300 K) with an X-ray luminosity of
LXR = 1029.5 erg s−1. There are two dust size distri-
butions, a large grain population with maximum size of
1 mm and concentrated near the midplane, and a sec-

ond mixed population of 1 and 10 micron-sized grains
distributed over the full gas scale height of the disk.
Both grain populations have a minimum size of 0.005 µm.
Based on the CR modeling of Cleeves et al. (2013a), and
confirmed by Cleeves et al. (2015), we have adopted a rel-
atively low CR ionization rate of ζCR = 2×10−19 s−1 per
H2. This value coincides with the upper limit measured
by Cleeves et al. (2015), although CR ionization rates
in TW Hya may be substantially lower. We have also
included ionization by the decay of short-lived radionu-
clides (SLRs) at their initial abundances for the solar sys-
tem, taking into account decay product losses. The SLR
ionization rate has a maximum value of ζSLR = 10−18 s−1

in the inner disk, dropping to . 6− 8× 10−19 s−1 from
50 − 80 AU where more decay products escape prior
to ionizing the disk gas. The SLR ionization decreases
over time with a net half-life of 1.2 Myr (Cleeves et al.
2014a), such that at the end of the simulation the rate is
about half of its initial value. While we consider the time
dependent chemical evolution, we consider the physical
structure to be fixed and do not have turbulent mixing
in the present models.

The main update in the physical model is the treat-
ment of the X-ray propagation, which is calculated using
the code of Bethell & Bergin (2011b) with the absorp-
tion cross sections of Bethell & Bergin (2011a). In the
original model in Paper I, we took into account the spa-
tial variations in the dust opacity to X-rays; however,
we capped the opacity above a dust-to-gas mass ratio of
1:100, and thus underestimated the X-ray opacity in the
midplane. While X-rays are already highly attenuated
upon reaching the midplane, by including the enhanced
midplane dust the X-ray ionization rate per H2 drops
by a factor of ∼ 2, reducing the total midplane ioniza-
tion (see Figure 2, dash-dot line). We also improved the
treatment of scattering in the X-ray radiation transport,
where originally Thompson scattering was approximated
as isotropic, it now more realistically includes preferen-
tial forward and backward scattering. Taking this into
account reduces the ionization in the midplane by a fac-
tor of ∼ 1.2. Altogether, the combined enhanced dust
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Figure 2. Updated X-ray treatment from Paper I. The top (solid)
curve shows the midplane ionization rate due to X-rays in the origi-
nal model. The dashed curve shows the ionization rate when taking
into account the enhanced dust mass in the midplane (in addition
to the depleted dust mass in the surface, which was already con-
sidered). The dotted curve shows our updated treatment of X-ray
scattering, where we had originally approximated the scattering as
isotropic, but now include the proper directionality of the scatter-
ing angle.

and improved scattering treatment reduce the X-ray ion-
ization rate at the midplane by a factor of ∼ 2.4 lower
than previously assumed (see Figure 2). It should noted,
however, that both the original and updated X-ray val-
ues in the midplane are below that of the reduced CR
rate assumed, and are not the dominant ionizing source
in the coldest disk gas in these models.

2.2. Chemical Model

To calculate the chemical abundances as a function
of position and time, we use the chemical code of Fo-
gel et al. (2011) with updates as described in Cleeves
et al. (2014a), including simple grain surface chemistry.
The original reaction network used in Paper I included
∼ 6200 reactions and ∼ 600 species and was designed to
predict the deuterium chemistry of water. For this work,
we have expanded the network to include deuterium frac-
tionation reactions for the carbon-bearing species, which
greatly expands the size of the chemical network. We
have substituted up to three H/D-atoms per molecule
and deuterate molecules with three of fewer “metals”
(i.e., non-hydrogen atoms). Statistical branching ratios
for standard, non-fractionating reactions were assumed.
The most important fractionation reactions for the con-
ditions present in the bulk, cold disk are:

H+
3 + HD←→ H2D+ + H2 + ∆E1, (1)

CH+
3 + HD←→ CH2D+ + H2 + ∆E2, (2)

HCO+ + D←→ DCO+ + H + ∆E3, (3)

where all of the reactions are exothermic going from left
to right. The specific value of ∆E1 depends on the spin
of H+

3 (Hugo et al. 2009) and is implemented as described
in Cleeves et al. (2014b). For CH2D+, we take into ac-
count the ortho-to-para ratio of H2 (Roueff et al. 2013),
assuming the H2 o/p ratio is thermal (Lee & Bergin 2015;
Cleeves et al. 2014a). We assume ∆E3 = 796 K based on
Adams & Smith (1985). Beyond the reactions detailed
above, there additional pathways that can lead to organic

Table 1
Initial chemical abundances.

Species Abundance Species Abundance

H2 5.00 × 10−1 HD 2.00 × 10−5

He 1.40 × 10−1 H2O(gr) 2.40 × 10−4

HDO(gr) 9.60 × 10−9 CH4(gr) 5.70 × 10−6

CH3D(gr) 4.56 × 10−10 CH3OH(gr) 1.80 × 10−5

CH3OD(gr) 1.44 × 10−9 N 2.25 × 10−5

CN 6.00 × 10−8 N2 1.00 × 10−6

NH3 8.00 × 10−8 HCN 2.00 × 10−8

DCN 4.00 × 10−13 H3
+ 1.00 × 10−8

H2D+ 1.30 × 10−10 HD2
+ 1.00 × 10−10

D3
+ 2.00 × 10−10 CS 4.00 × 10−9

SO 5.00 × 10−9 Si+ 1.00 × 10−9

Mg+ 1.00 × 10−9 Fe+ 1.00 × 10−9

C+ 1.00 × 10−9 CO 4.33 × 10−5

CO2(gr) 3.30 × 10−5 HCO+ 9.00 × 10−9

C2H 8.00 × 10−9

fractionation in the ices. In particular, Hidaka et al.
(2009) show that CH3OH and H2CO can become frac-
tionated by abstraction (dissociation by reactions with
H and D atoms), followed by D-atom addition. Because
we are interested in the global D/H ratio across the total
organic population and have a relatively simple ice chem-
istry, we do not include these abstraction-addition reac-
tions in the present work, but they may play an impor-
tant role in the fractionation between different isomers
of CH3OH, and provide additional pathways toward in-
creasing D/H in CH3OH and H2CO in the presence of
atomic D and H.

The expanded network in total includes 15,711 reac-
tions and 1,014 species. The initial abundances used in
our model are originally based on Fogel et al. (2011),
which were designed to reflect the molecular cloud chem-
ical calculations from Aikawa & Herbst (1999) as the
starting point for the disk, and further updated as dis-
cussed in Cleeves et al. (2014a). In the present work, we
set the abundances of H2O, CO2, CH4, and CH3OH ices
to reflect the measured Spitzer ice abundances presented
in Öberg et al. (2011), see Table 1. For the initial D/H
in organics and water, we have assumed the bulk value,
or [D/H]H2

= 2.0 × 10−5. Both methane and methanol
have gas phase and grain surface reaction pathways that
are considered in the network and whose grain surface
chemistry is dominated by hydrogenation of C and CO,
respectively. We include self-shielding of CO, H2, HD
and D2 (see Cleeves et al. 2014b, for details).

3. CHEMICAL RESULTS

3.1. Organic D/H

Figure 3 presents the main result of this work, where
we calculate D/H for all hydrocarbons on grain surfaces,
i.e, the global solid organic D/H. In this plot, we show
the total number of D-atoms that are associated with one
or more C-atoms, compared to the same calculation for
H-atoms. This calculation includes multiply-deuterated
molecules. We show both the spatial distribution of D/H
(top row of Fig. 3a and b) and D/H derived from the ver-
tically integrated column density (bottom row of Fig. 3a
and b) at chemical simulation times of a) 105 and b) 106

years. The organic fractionation chemistry in the molec-
ular layer (z/r ∼ 0.1) and closer to the midplane is dom-
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inated by the CH2D+/CH+
3 reaction pathway, Eq. (2).

The organics present in the warm molecular layer have
higher D/H than that found for water in Paper I, high-
lighting the importance of Eq. (2) at facilitating deu-
terium fractionation in the carbon reservoir even in warm
(∼ 50 − 100 K) gas (Favre et al. 2015). This reaction,
combined with the higher X-ray flux closer to the sur-
face, results in more efficient organic deuteration in these
layers compared to water. Even higher up in the disk,
where z/r ∼ 0.25, deuterium fractionation is driven by
reactions involving DCO+/HCO+ in the presence of H

and D atoms, see Eq. (3) and Öberg et al. (2015). In the
surface layer, the difference in self-shielding efficiency be-
tween H2 and HD leads to a higher photodissociation rate
of HD in a layer where H2 is able to self-shield, driving
the gas phase atomic D/H ratio toward unity. However,
the organic density in this layer is extremely low (see
Figure 3c).

Even though these additional pathways result in very
high levels of D/H in organic species in the warm lay-
ers and the upper atmosphere, it should be noted that
the midplane maintains relatively low D/H. The high
mass density in the midplane compared to that above
z/r & 0.1 conspires such that the total D/H measured
from the column densities more closely reflects the mid-
plane values over the surface. However, conversely, these
findings provide a cautionary note in interpreting ob-
served D/H in species that trace gas closer to the surface
since they probably do not reflect the bulk disk D/H.

We also find that a significant fraction of the total car-
bon budget in the ices is in the form of organics. Fig-
ure 3d shows the fraction of total carbon ice that exists
as hydrocarbon ice in our models at 1 Myr, not including
carbon grains or PAHs in this accounting. A substantial
fraction, ∼ 30 − 50%, of this “volatile” carbon-ice in-
side of 40 AU is in hydrocarbon form, while the rest is
in CO and CO2 ice depending on radial location. The
part of the plot near the upper edge (z/r & 0.2) with
very high hydrocarbon fraction (yellow) is in the form of
relatively large molecular carriers, such as CH3OH and
CH2CN ice. Below this layer, CO2 can readily form in
the gas and freeze out resulting in a very low hydrocar-
bon ice fraction near z/r ∼ 0.16. The striped high ratios
below this layer occur in regions where certain hydrocar-
bon species are favored, such as HCN, H2CN, CH3OH,
HC3N, and CH4. Deeper in the cooler parts of the disk,
CO and CO2 ice are the main carbon-bearing ice con-
stituents (∼ 75 − 80%), especially beyond the 40 AU in
the midplane.

3.2. Chemical Dependence on Ionization Properties

Because of the strong dependence on the efficiency of
deuterium fractionation with the degree of ionization, we
also present a series of chemical models that vary the CR
and X-ray flux. We have examined models with:

1. A reduced CR ionization rate or ζCR ∼ 2.2×10−19

s−1 (model SSX; Cleeves et al. 2013a) and a typ-
ical X-ray luminosity, LXR = 1029.5 erg s−1 (the
standard model).

2. A further reduced CR rate, ζCR ∼ 3.8× 10−22 s−1

(model TTX; Cleeves et al. 2013a), with the same

X-ray luminosity as (1). SLRs dominate but decay
over time.

3. An SSX CR rate with an order of magnitude higher
X-ray luminosity, or LXR = 1030.5 erg s−1.

All of these models contain a time-decaying baseline
ionization level due to SLRs calculated using the ap-
proach of Cleeves et al. (2013b) with “solar nebula-
like” abundances of SLR species as discussed in Sec-
tion 2.1. The corresponding total midplane ionization
rate at 1 Myr per H2 at R = 70 AU for each of these
models is 1) 6.14 × 10−19 s−1, 2) 3.97 × 10−19 s−1, and
3) 6.22× 10−19 s−1.

To examine the drivers of the deuteration chemistry,
we examine in detail D/H of CH4 and CH3OH ice. By
comparing these two species, we can study how the gas
phase and grain surface pathways factor into the iso-
topologue ratios. In particular, we consider the ratios of
CH3D/CH4, CH3OD/CH3OH, and HDO/H2O. We do
not consider isomers in the current network, and these
ratios are proxies for the amount of additional deuterium
transferred to each of these species. The calculated D/H
ratios are shown in the rightmost column of Figure 4.
Broadly, we find that both CH4 and CH3OH are more
readily chemically fractionated compared to H2O in all
of our models, even at the midplane (see Figure 4).
However, the fractionation pathways are nonetheless cur-
tailed by the low ionization environment of the disk. The
ions, CH+

3 , H+
3 , and HCO+ become extremely deuterium

enriched approaching a D/H of unity (see Figure 4, left
column); however, their low absolute abundances inhibit
their D/H ratios from being efficiently passed on to either
of the products via gas phase or grain surface chemistry
within Myr-timescales (Figure 4, right column), similar
to what was found for H2O ice in Paper I. We also find
that the D/H value depends strongly on the particular
ionization rate and the chemical time. Time is an impor-
tant consideration as the planet-formation process likely
spans a considerable range (the parent bodies of iron me-
teorites may have formed 0.1-0.6 Myr after CAIs and CI,
CM, CR chondrites accreted over ∼ 4 Myr after CAIs;
Kruijer et al. 2014).

In our standard model (top row of Figure 4), CH4 ice
becomes abundant at & 15 − 20 AU, and is deuterium-
enriched in the midplane throughout the disk (the bind-
ing energy assumed is Eb = 1090 K or a desorption
temperature of Td ∼ 22 K; Herrero et al. 2010). Note
that while the D/H ratio of CH4 ice is elevated inside of
∼ 20 AU, the absolute amount of CH4 ice at this location
is low and thus does not contribute significantly to the
overall solid organic D/H budget in the disk. We find
that the dominant CH4 formation channel transitions
from being primarily gas phase inside of R < 20 AU,
to being a nearly equal combination of gas-phase and
grain-surface production outside of this region (see Fig-
ure 5). The D/H value of this molecule is also strongly
impacted by time, where D/H increases by about an or-
der of magnitude between 105 years and 106 years, peak-
ing at 5× 10−3 at late times for our standard model.

CH3OH, on the other hand, is a primarily grain-surface
chemistry product for the bulk mass of the disk (though
some gas-phase routes are available closer to the X-ray
irradiated disk surface, see Bergin et al. 2014). CH3OH
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Figure 3. Top panels: D/H across all hydrocarbon ice spatially (R,Z) and in vertically integrated column density for two time steps, a)
105 years and b) 106 years. In the spatial D/H plots, the solid (dashed) line shows the 30 K (20 K) temperature contour. The grey lines in
the vertically integrated plots provide points of comparison, where D/H in VSMOW is the dotted line, the range for meteoritic “hot spots”
(Busemann et al. 2006) is between the dashed lines, and the inferred range for Orgueil radical compositions (Gourier et al. 2008) are given
by the solid lines. As can be seen, no disk chemical model is able to reach D/H as measured in the Orgueil radicals, though organics are
clearly enhanced above VSMOW D/H values at both early and late times in the outer disk. Panel c) shows the spatial number density of
carbon in organic ice as a function of position, and panel d) shows the fraction of carbon in hydrocarbon (organic) ice compared to the
total carbon ice budget.

becomes enriched only outside of R = 40 AU and only
at late times, 106 years, even though it is abundant in
ice from ∼ 1 AU outward (see middle column, Figure 4).
The maximum D/H in CH3OH attained in our models
after 105 years is 2×10−5, while after 106 years is 2×10−3

beyond 70 AU, dropping steeply inward. While the
present models do not include the abstraction/addition
reactions for CH3OH discussed in Section 2.2, we see that
the low ionization environment curtails the abundances
of free atomic H and D, and thus we expect abstrac-
tion/addition to also be less efficient under low ionization
conditions considered in this work.

Based on these models, it is clear that CH3OH and
CH4 have very different D/H values and radial distribu-
tions when synthesized by disk chemistry alone. We also
confirm the results of Paper I with this larger deuter-
ated network, namely that [D/H]H2O remains unaltered
by disk chemistry for the reduced CR-ionization models.

Further decreasing the CR ionization rate from ζCR ∼
2 × 10−19 s−1 to ζCR ∼ 3 × 10−22 s−1 (see Fig. 4, mid-
dle row) fully inhibits the CH3OH deuterium enrich-
ment, and significantly reduces that of CH4. Under the
lower CR ionization conditions, the maximum value of
[D/H]CH4

is 7× 10−5 (4× 10−4) at 105 (106) years. The
reason for the sharp decrease in deuterated CH4 and
CH3OH at 1 Myr is due to the time-evolving SLR ioniza-
tion rate. For Model 1, the production of the deuterated
organic species sharply increases from 0.1 to 1 Myr by
an order of magnitude. For Model 2, during this phase
the ionization (which is dominated by SLRs) begins to
shut off due to time-decay, curtailing this phase of late
organic formation in Model 2. If we alternatively use
our standard SSX CR rate but increase the X-ray lumi-
nosity by an order of magnitude (Fig. 4, bottom row),
D/H in CH4 increases, but only by a factor of ∼ 1.4.
As is clear from the midplane ionization values discussed
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Figure 4. [D/H] in ions (precursors) and in grain-surface species in the midplane. In the left two columns, the solid line shows the
abundance of the main isotopologue and the dashed line is for the singly deuterated isotopologue. The rightmost column shows the D/H
ratio in the ices, where the thick line now shoes D/H at 106 years and the thin line is at 105 years. In regions where the thin line is not
visible, it overlaps the later stage, i.e., there has been no subsequent chemical evolution between these time steps. Top row is a SSX CR
model. Middle row is further reduced CR rate (TTX; ζCR ∼ 3 × 10−22 s−1; Cleeves et al. 2013a) with the same SLR and X-ray rate.
Bottom row is the SSX CR rate with a factor of 10 higher X-ray luminosity. Grey lines are the same as in Figure 3.
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Figure 5. Singly deuterated CH4, CH3D, formation by gas phase
(red) and grain surface (blue) channels in the disk midplane versus
radial distance from the star. Rates are calculated at the points,
while the lines help guide the eye.

above, CRs along with SLRs, appear to be the dominant
midplane ionizing agents that set the degree of deuterium

fractionation in these simple organics, but the efficiency
of this process is still sensitive to the absolute value of
the combined ionization rate, whether it is 6×10−19 s−1

versus a factor of two lower, which is not the case for
water where cold water formation is shut off at higher
total ionization rates.

Finally, we also consider the deuterium-enrichment of
nitrogen-bearing molecules, specifically NH3 and HCN
(see Figure 6). The nitrogen chemistry parallels that
of CH4 and CH3OH, where the HCN is formed mainly
by gas-phase chemistry while NH3 is formed on grains.
The fractionation chemistry via gas-phase channels is
more efficient than that for hydrogenation on grain-
surfaces in our models, and therefore for both the carbon
and nitrogen-reservoirs, the molecules with dominant gas
phase channels are more readily D-enriched.

4. DISCUSSION

4.1. Disk Deuterium Fractionation Pathways

We have identified two major factors that lead to the
higher degree of deuterium enrichment in protoplanetary
disk organics as compared to H2O. The first is the higher
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Figure 6. Midplane D/H in hydrogenated nitrogen-bearing molecular ices. Figure is labeled as in Figure 4, where the solid line represents
the abundance of the main isotopologue and the dashed line is the singly deuterated isotopologue. In the right panel the D/H ratios are
shown for two time steps, 105 years (thin line) and 106 years (thick line). Solar system comparison values are shown as the horizontal gray
lines as in Figure 4.

volatility and availability of the main carbon reservoir
in the disk, CO, compared to atomic oxygen (the main
H2O precursor for grain-surface formation). CO pho-
todissociation liberates some fraction of the carbon, al-
lowing it to react in the gas phase to form hydrocar-
bons (CXHY), including CH4, and to react on grains
through C-hydrogenation (e.g., Bergin et al. 2014; Fu-
ruya & Aikawa 2014; Reboussin et al. 2015). CH3OH is
formed from hydrogenation of CO ice, which is a major
component of the disk midplane ices especially beyond
20 AU. The relatively high abundance of CO ice com-
pared to atomic oxygen ice is what enables CH3OH to
form more efficiently than H2O with a fractionated D/H
ratio.

The second factor leading to higher organic D/H
is even more fundamental, namely the deuterium-
fractionation chemistry is generally more favorable for
organics than for water. This point applies across astro-
physical environments, both in the disk and the molec-
ular cloud core. The higher exothermicity of Eq. (2)
naturally produces higher D/H in CH+

3 than in H+
3 at

T > 10 K, such that organics (which can form via chem-
istry involving both CH+

3 and H+
3 ) are able to attain

generally higher D/H than H2O (Aikawa & Herbst 1999).
This chemical feature is a potential explanation for the
relatively higher D/H values in solar system organics
than water shown in Figure 1. This point is especially im-
portant in the disk, where now more of the disk volume
can participate in deuterium fractionation of organics,
including the warm (T ∼ 50 − 100 K), X-ray irradiated

disk surface. This point also touches on the fact that
there are simply more fractionation pathways impacting
D/H in organics as is illustrated in Figure 7. As a re-
sult, we expect more variation in organic D/H based on a
specific molecule’s formation reactions, which is perhaps
reflected in the relatively higher spread in organics com-
pared to H2O (Figure 1). The impact of these additional
gas-phase channels can be seen in the models based on
much greater levels of D/H attained by CH4 in the inner
disk (. 40 AU) as compared to CH3OH.

Another interesting facet of the chemistry is the impor-
tance of radiative association, i.e., a two body reaction
that results in a single product and the emission of a
photon. The rates of radiative association are enhanced
at the densities relevant for the molecular layers of disks,
i.e., nH2 ∼ 108 − 1010 cm−3, and it is one of the most
important channels for the formation of CH4 and CH3D,
initiated with:

CH+
3 + H2 → CH+

5 + hν (4)

and
CH2D+ + H2 → CH4D++ hν. (5)

After formation, the CH+
3 and CH4D+ products recom-

bine with electrons, charged grains, or CO, forming CH4

and CH3D, along with DCO+ and HCO+, e.g.,:

CH4D+ + CO→ CH3D + HCO+, (6)

CH3D+
2 + CO→ CH3D + DCO+, (7)

CH4D+ + electron→ CH3D + H, (8)
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Figure 7. Chemical pathways that lead to deuterium fractionation for carbon-bearing species in the gas and on grains. Brown arrows
indicate recombination pathways that produce H and D-atoms. The dashed brown lines show the main reactions resulting in deuterium
fractionation in atoms deeper in the disk, while the solid brown lines highlight the contribution from DCO+ and HCO+ recombination,
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and

CH4D+ + grain− → CH3D + H. (9)

These pathways directly link the deuterium fractiona-
tion of CH2D+ to that of newly produced CH3D. Yet
even so, their absolute contribution to the disk-produced
CH3D/CH4 is hampered by low CR ionization rates.
Consequently, the D/H in CH4 does not reach the D/H
values in CH+

3 during the disk lifetime (see Figure 4).
There is an additional mechanism in the literature that

has been proposed for the direct deuterium fractiona-
tion of macromolecular organics (here noted by X−CH
and X−CD) by deuterium transfer from the H2D+ ion,
namely:

H2D+ + X−CH→ H+
3 + X−CD (10)

(e.g., Remusat et al. 2006). Robert et al. (2011) explored
this reaction pathway experimentally by exposing an or-
ganic covered substrate to D+

X ions. While we do not
have macromolecular organics in our model to test this
directly, we emphasize the overall abundances of H2D+

and H+
3 in the cold, dense midplane of the disk (as well

as CH2D+ and CH+
3 ions, for that matter) are very low,

and we do not expect this reaction to be efficient for the
conditions in our model. Furthermore, whether or not
Eq. (10) proceeds efficiently will be very sensitive to the
charge of the target molecule/substrate. In the instance
that the X−CH is part of an organic coating on a grain,
the grain itself will become rapidly negatively charged
under normal conditions in the disk. Consequently, a
more likely reaction than Eq. (10) would be dissociative
recombination of the parent ion, i.e.,:

H2D+ + X−CH− → HD + H + X−CH (11)

or

H2D+ + X−CH− → H2 + D + X−CH (12)

such that no deuterium is transferred to the X−CH.
Even in the case where the organic is not in the solid
state, one may draw an analog with gas-phase PAH
chemistry, where PAHs also become rapidly negatively
charged, and correspondingly will also dissociate the par-
ent ion upon interaction (e.g., Wakelam & Herbst 2008).

This process is fully analogous to grain-surface recom-
bination with charged grains (e.g., Aikawa et al. 1998;
Aikawa & Herbst 1999).

Even though our models do not include more com-
plex forms of carbon (refractory carbon grains, PAHs,
etc.), we can speculate regarding their formation origins
as traced by D/H based upon our results for the sim-
ple organics. The main reactions in the literature for
deuterium fractionation of PAHs or other carbon-based
macromolecular compounds include reactions with ions
as discussed above (e.g., Tielens 1997), grain-surface hy-
drogenation from a deuterium-rich gas reservoir (Charn-
ley et al. 1997), and UV irradiation in an ice mixture
with other deuterium-enhanced molecules, such as H2O
(Sandford et al. 2000). The first two reactions mirror
those affecting deuterium fractionation in simple organ-
ics, and therefore we would expect these reactions to be
similarly inefficient in the low-ionization disk environ-
ment. The third requires UV photons, and so its effi-
ciency would depend on the turbulent cycling time of
ice-coated grains into the surface layers, whose role is
still uncertain (see recent limits and discussion of Fla-
herty et al. 2015). Correspondingly, both the formation
of complex, macromolecular organics from simpler or-
ganics along with their D/H ratios may be difficult to
explain by non-turbulent disk chemistry alone, though
further exploration is necessary.

We emphasize that the specific value of D/H reached in
our models is very sensitive to the ionization model used.
We have used an observationally motivated low CR ion-
ization rate, where the measured rate set an upper limit
to the CR rate of ζCR . 2 × 10−19 s−1 per H2 (Cleeves
et al. 2015). In reality, the CR rate may be far lower.
As can be seen in Figure 4, middle row, further reduc-
ing the total ionization rate by less than a factor of two
resulted in a lower D/H in CH4 by over an order of mag-
nitude, and fully curtailed the deuterium fractionation
of CH3OH. It may thus be the case that even moderate
deuterium enrichments in organics (like those present in
meteoritic hot-spots; Busemann et al. 2006) are difficult
to achieve in disks even beyond 20 AU. More sensitive
observations of ions in protoplanetary disks, including
H2D+ and N2D+ (Cleeves et al. 2014a), will be central
to constraining exactly how much ionization-driven disk
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chemistry is able to facilitate the deuterium fractionation
of simple organics.

4.2. Towards Understanding the Origins of Solar
System Organics

While Figures 3 and 4 demonstrate that organics are
more readily isotopically fractionated than H2O, it is
important to note that all of the ionization models we
consider are unable to chemically reproduce the most
highly deuterium enriched species in the solar system, the
Orgueil radicals, whose D/H ratios have been estimated
to be 1.5±0.5×10−2. Likewise, our standard model is un-
able to reproduce the D/H values in meteoritic hot-spots
reported in Busemann et al. (2006), with more stringent
limits provided by better future disk ionization models.
On the other hand, high degrees of deuterium enrichment
in organics are easily obtained in the dense ISM (see Fig-
ure 1) where temperatures are cold and the molecular gas
is exposed to high levels of galactic CRs. For example,
Roberts et al. (2002) measured D/H in HCN (in the gas
via ice sublimation) toward protostellar cores with values
ranging ∼ (2− 6)× 10−2 and H2CO with D/H ratios of
∼ (3−7)×10−2, far higher than D/H in cometary organ-
ics. This highly deuterium-enriched interstellar material
could thus be the starting point for the disk, followed by
chemical processing down to lower D/H values, perhaps
by transport into/from warm regions during the disk’s
formation (Aikawa & Herbst 1999; Yang et al. 2013),
later (disk) stage mixing (Furuya et al. 2013; Alberts-
son et al. 2014), or heating during accretion outbursts
(Owen & Jacquet 2015). Regardless of the processing
mechanism(s), the low deuterium fractionation efficiency
in our disk models require at least some inheritance of
deuterium-enriched interstellar organic material in the
protoplanetary disk. In the context of Paper I, we found
that a substantial inheritance of interstellar H2O was
required to explain solar system D/H ratios. Complex
organics have similar if not lower volatility and thus, if
some H2O survived the solar system’s formation, it is not
surprising that a similar fraction of organics could have
survived as well.

We also find that the greater number of channels that
lead to deuterium fractionation in the gas result in very
different D/H values depending on the particular organic
species under consideration. There are also additional
chemical channels available in disks, e.g., radiative asso-
ciation, due to relatively high densities present compared
to the ISM. Thus, studying relative differences in D/H in
different simple organics in comets, such as CH4, HCN,
H2CO, etc., may help shed light on their formation en-
vironments, individually and collectively.

Comets, given their nearly pristine record of the early
solar system, provide interesting constraints on our mod-
els. There are few existing measurements of organic
D/H in comets to date (see Figure 1); however, Hale-
Bopp, an Oort cloud comet, has a measurement of D/H
in HCN with a value of (2.3 ± 0.4) × 10−3 (Eberhardt
et al. 1995). Oort cloud comets are thought to form
in the modern-day Uranus-Neptune region of our solar
nebular protoplanetary disk (see review of Dones et al.
2004), i.e., ∼ 20− 40 AU. In this region, all of our mod-
els find that the disk produces a D/H of ∼ 10−4 in HCN
in 1 Myr, more than an order of magnitude below the

measured cometary value. At face value, the data would
thus suggest some degree of interstellar inheritance of
deuterated HCN from the parent molecular cloud later
incorporated into comets. If we take the D/H measured
in HCN from the Roberts et al. (2002) work, ∼ 2× 10−2

and ∼ 10−4 for the disk D/H, Hale-Bopp would require
at least > 10% interstellar HCN. This value is higher if
Hale-Bopp formed earlier (< 1 Myr) or if our primordial
cloud had lower DCN/HCN. This fraction would also be
higher for other molecular species primarily formed in
the ice where the fractionation chemistry is less efficient
(however, see the note about the abstraction-addition
pathways in Section 2.2).

However, in detail, the exact amount of inheritance
will depend on many factors, especially the timescales
for radial drift compared to the timescales for cometes-
imal formation and the relevant chemical timescales. A
more stringent limit would be provided by D/H measure-
ments of CH3OH in comets, where we expect no disk-
derived deuterium enrichment inside of 40 AU even at
late (1 Myr) times, with no substantial enrichment at any
location in the disk even at 105 years. While dependent
on the particular assumptions, recent models find that
radial drift happens rapidly, such that in . 105 years,
the radial dust distribution is compacted by almost a
factor of ∼ 2 (Birnstiel & Andrews 2014). Such short
timescales combined with our model results would im-
ply that any deuterium enrichment in CH3OH present
in comets would reveal interstellar inheritance of organic
material.

4.3. Comparison to Previous Work

In this work, we have explored deuterium chemistry in
a new, observationally motivated disk ionization model
starting off with the molecular D/H set to be the ele-
mental D/H value (no initial deuterium enrichment) as
a simple thought experiment. There have been a num-
ber of related previous works on deuterium chemistry
in disks, where the initial conditions are more realistic,
i.e., are typically set from a molecular cloud model at
∼ 10 K. Consequently, in these models the initial D/H
ratio in the model starts out high and is subsequently
evolved forward in time. While the results between this
work and previous works will be different in an absolute
sense given the differences in initial conditions, we can
compare the relative chemical trends from the models.

Aikawa & Herbst (1999) first looked at deuterium
chemical evolution as disk matter migrates inward at the
viscous accretion rate in the midplane. They adopted
the parameters of a typical T Tauri disk with a standard
“dense gas” CR ionization rate of 1.3×10−17 s−1 per H2.
In this work, the authors recognized the importance of
the higher exothermicity of the CH2D+ fractionation re-
action, Eq. (2), compared to the H2D+ reaction, Eq. (1)
in the deuterium chemistry of CH4, even with the lower
previous measurement for the CH2D+ back reaction en-
ergy, ∆E2 in Eq (2). In addition to the radially evolving
(accreting) models, they ran single condition (tempera-
ture, density) to isolate these effects, where chemistry
at 30 K still fractionates HCN and CH4, but not wa-
ter. With the updated back reaction energy used in the
present work, we find similar results even at tempera-
tures exceeding 50 K. Aikawa & Herbst (1999) also first
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explored a lower CR ionization rate (1.3 × 10−18 s−1)
to reduce the D/H ratio in H2O to better match with
comets (a factor of two lower D/H than the standard
CR model), illustrating the importance of disk ioniza-
tion for regulating deuterium chemistry. Likewise, they
explored chemical models of hot material (with low D/H)
flowing outward, and find that ion-neutral chemistry af-
ter 106 can reach D/H in H2O as high as 2× 10−4, and
higher for organics, highlighting the importance of these
chemical pathways. In Aikawa & Herbst (2001), the
authors moved from the 1D accreting parcel model of
Aikawa & Herbst (1999) to a full 2D static disk model.
They include X-ray ionization at a relatively high level,
LXR = 1031 erg s−1, a factor of 30 higher than the present
work, along with a standard cosmic ray ionization rate.
They find that the D/H ratios determined from the CH4

and H2CO (a methanol precursor) column densities do
not decrease inwards also because of the CH2D+ pathway
operating in the warm gas, consistent with our findings
between R = 30−80 AU, see Figure 4, rightmost column.

In a pair of papers, Willacy (2007) and Willacy &
Woods (2009) explore the deuterium chemistry in the
outer and inner disk respectively, including molecule
formation on grain surfaces and multiply deuterated
molecules. They also include the ionization by decay of
26Al in both papers, and X-ray ionization in the latter,
focusing on dense gas ionizing agents. These papers con-
firm the trend that the hydrocarbon bearing species are
more strongly fractionated by disk chemistry (increasing
in D/H by factors of ∼ 2 − 3 from their initial values
in their “C” model, which contains all of the relevant
physics), while for the same model, water only increases
by a factor of 1.2 in the outer disk. We find less frac-
tionation in water based on having lower ionization and
less “volatile” oxygen in our models, but the trend to-
wards higher organic fractionation is still the same. The
paper also qualitatively explores variations in the ionzi-
ation rate indirectly by varying the disk mass, which
leads to higher opacity to photons/particles and faster
ion-recombination. There is also a similar enhancement
in hydrocarbons near the disk surface where the disk is
UV irradiated that we see in Figure 3d.

Finally, all of these models, including ours, do not in-
clude mixing (though Aikawa & Herbst 1999, does radi-
ally evolve gas inward). Correspondingly, these results
are relevant for a laminar or very low turbulence disk
model. With mixing, deuterium fractionation of molec-
ular species can be strongly enhanced by the delivery
of parent molecules, such as oxygen, to the cold mid-
plane (e.g., Furuya et al. 2013; Albertsson et al. 2013,
for the case of water), or decreased by mixing deuter-
ated ices into warmer regions where they gradually lose
their isotopic signature. We would expect that mixing
could also enhance the ability for organics to become
deuterium enriched by moving carbon into the cold mid-
plane; however, we expect the effect to be less strong
than for water because fractionation can proceed even
at ∼ 50 K closer to the surface. Simultaneously, ob-
servations of turbulence in disks are placing ever more
stringent upper limits on the amount of mixing present
in the outer disk (Flaherty et al. 2015), and as such it is
still an open and important question to what extent tur-
bulence impacts deuterium chemistry in disks for both
water and organics.

5. SUMMARY

We have explored the contribution from disk chemical
processes toward deuterium enrichment of simple organic
molecules using an updated treatment of disk ionization
for a static disk model. We find that:

1. Simple organics (CH4 and CH3OH) are more effi-
ciently deuterium-enriched by disk chemistry than
H2O.

2. The efficiency of deuterium fractionation of organ-
ics is highly sensitive to the specific molecule being
studied, the ionization model used, and the specific
chemical time in the simulation. Better constraints
on disk ionization properties (along with radial
drift timescales, planetesimal formation timescales
and disk mixing efficiency) will provide stronger
limits on the ability for disk chemistry to fraction-
ate deuterium in pre-planetary organics.

3. The channels for gas-phase deuterium enrichment
are more efficient than those on grain surfaces.
The efficient gas-phase channels enable CH4 to be-
come more deuterium enriched than CH3OH by
disk chemistry. As a consequence, both the amount
of deuterium fractionation and the radial distribu-
tion of D/H are very different for these two species.
We find similar results for N-bearing species, specif-
ically HCN vs. NH3. Thus, future measurements
of D/H in different simple organics in comets com-
pared to disk chemical models may help shed light
on these species parent formation environments.

4. While both CH3OH and H2O are formed in simi-
lar ways, i.e., by hydrogenation of CO and O ices,
CH3OH is more easily deuterium fractionated than
water. This behavior is because of the high abun-
dance of CO ice present in the outer disk, where
even a low flux of H and D atoms are able to form
deuterium-enriched CH3OH at the level of D/H of
∼ 10−3 at late times. With relatively little atomic
oxygen ice present in our models, water is not ef-
ficiently formed/re-formed and the D/H is not al-
tered from the initial value in the disk midplane.

5. When considering the bulk hydrocarbon D/H, none
of the ionization models considered in this work are
able to reach the extreme levels of D/H inferred for
the Orgueil radicals (Gourier et al. 2008), and have
trouble with the D/H values in meteoritic hot spots
and cometary HCN inside of ∼ 20 AU. Further
reducing the CR rate also prevents the disk from
reaching D/H levels in meteoritic hot-spots at all
disk radii. Thus, some interstellar inheritance is
required to explain the most extremely D-enriched
organic materials present in solar system bodies.
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Graninger, D., Öberg, K. I., & Harries, T. J. 2014b, Science,
345, 1590

Cleeves, L. I., Bergin, E. A., Qi, C., Adams, F. C., & Öberg, K. I.
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