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Introduction: Previous models studying the 
deuterium over hydrogen ratio (D/H) distribution in the 
solar system [1,2] showed that D/H increases with 
increasing distance from the Sun. However, those 
models conflict with the most recent published results 
from the Herschel Space Observatory [3]. According to 
this measurement, the (D/H) of Jupiter-family comet 
Hartley2 is (1.61±0.24)×10-4, which is indistinguishable 
from that of Earth’s ocean water within measurable 
uncertainties, but is a factor of two lower than that of 
other comets whose D/H ratios have been measured [4-
7].  Being a Jupiter-family comet, Hartley 2 is thought 
to originate beyond the region where the giant planets 
formed, whereas all previously measured comets were 
Oort cloud comets, and thus believed to have formed 
within the region the giant planets formed. Thus, the 
D/H does not increase monotonically with distance 
from the Sun as previous models predicted.  

Those previous models of the D/H distribution in 
the solar system investigated the isotopic exchange that 
would occur between gaseous water and molecular 
hydrogen in a turbulent solar nebula. The initial D/H 
ratio of water was set to be 25 times that of protosolar 
hydrogen gas, which was the highest D enrichment 
observed in LL3 meteorites, and interpreted to be the 
value of protosolar water. This ratio decreased 
dramatically in the inner, hot region of the nebula due 
to isotopic exchange with H2 [8].  Diffusion and 
advection within the evolving nebula mixed the 
isotopically light water with the unprocessed interstellar 
water, leading to a D/H ratio which would increase with 
increasing distance from the young Sun. 

However, these previous studies neglected the 
effects of disk building on the evolution of the nebula. 
We have recently shown that molecular cloud material 
may be exposed to high temperatures and pushed to the 
outer edge of the solar system throughout the time that 
the cloud material falls onto the growing solar nebula, 
allowing processed material to migrate outward beyond 
the otherwise pristine materials [9]. We couple our 
model with a kinetic study of isotope exchange to 
explore how the D/H ratio of water would evolve in a 
growing solar nebula. 
Model Description: Our model begins with a 
collapsing molecular cloud core. In simulating the 
evolution of the solar nebula, we use our previous 
model of material transport in a protoplanetary disk that 
accretes materials from its parent molecular cloud [9]. 
Once in the disk, materials are exposed to the mass and 
angular momentum transport associated with disk 

evolution, which we describe using standard α-model. 
The D/H of water ice in the cloud has been 

suggested to be higher than what those previous models 
assumed, possibly in the range 0.001-0.01 due to ion-
molecular reactions in the molecular cloud [10], values 
supported by astrophysical observations [11]. However, 
the D/H of water would evolve in the solar nebula due 
to D exchange with H between hydrogen gas (H2) and 
water (H2O):  
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of materials. The source term is determined by the 
material added from infall as described in [9] and 
isotopic exchange. We calculated the source terms of 
isotopic exchange following the previous D/H studies 
by calculating reaction rates for the entire column 
assuming the conditions (number densities and 
temperature) at the disk midplane.  

As the number density and temperature in a viscous 
disk will vary with height, we are also investigating 
how isotopic exchange occurs when the vertical 
structure of the disk is taken into account. We 
compared the rates at which the surface density of a 
given species varied using the method of previous 
studies and one where the vertical structure and vertical 
mixing was allowed for—that is, calculating the 
isotopic exchange rate in a column of the disk, 
accounting for density and temperature variations with 
height and vertical diffusion. We found that the 
vertically integrated reaction rates for the cases where 
vertical structure is accounted for are ~0.25 times those 
that assume midplane conditions, with only a small 
dependence on parameter choices. Thus, to provide a 
more realistic representation of the isotopic exchange 
rates we calculate the corresponding source term as 
described in previous paragraph and then multiply it by 
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a constant factor of 0.25.  
Preliminary Results: Figure 1 shows the result of a 
typical model simulation. For this run we considered a 
1M


 molecular cloud core at a temperature of 15 K. 

The D/H of water ice in the cloud core is set as 0.001, 
and the D/H of hydrogen gas is 2×10-5, which is the 
protosolar value [14]. Water abundance relative to 
hydrogen gas in the molecular cloud is set as 2×10-4 
[15]. We assumed a value of α＝10-3 throughout the 
disk to describe its evolution, but augment it in regions 
that become gravitationally unstable as in [9].  

Figure 1 shows how the D/H of water varies with 
location in the disk at various times. We treat water as 
being either a vapor or small dust particles, meaning 
their dynamical behaviors are identical. Since water 
condenses at ~160K, isotopic exchange does not occur, 
meaning microscopic ice records the D/H of the water 
vapor from which it condenses. 

As shown in Figure 1, the D/H of water inside of 2 
AU is found to equal that of the hydrogen gas as 
temperatures are high enough for rapid isotopic 
exchange. Those materials from that region get 
redistributed throughout the rest of the disk, especially 
in the early stage, which allows the D/H of water at 
greater distances from the Sun to be as low as the 
equilibrated value. At later times, the high D/H ratio of 
pre-solar water ice mixes with this equilibrated water as 
it is added to the cooler regions of the disk, increasing 
the average D/H ratio in the outer disk. The peaks 
shown in the 0.2 Myr and 0.3 Myr snapshots are due to 
the added pristine ice, as molecular cloud materials are 
incorporated into the disk at these times out to ~3 and 
~10 AU respectively.  This material is never added to 
the disk outside of 10 AU in this model, and instead 
only migrates to larger distances by mixing with 
processed water already present there. As such, the D/H 
of water is not monotonically increasing away from the 
central star, and this non-monotonic distribution 
persists even after millions of years of evolution.  
Discussion: Here we have shown the results of only 
one model run.  Different parameter choices lead to 
different isotopic gradients in the disk. However, the 
result that evolution during infall leads to non-
monotonic gradients in the disk is robust.   

We are currently focusing on understanding how 
coagulation and migration of dust aggregates affect the 
D/H of water in solar nebula. We will use a new model 
describing the dynamics of multiple species of solids 
developed by [16] to investigate how these effects 
impact the D/H of water in the protoplanetary disk. We 
are also exploring how other hydrogen-bearing species 
affect the D/H of water, as discussed in [17]. 

We continue to explore these model runs and 
compare our results to measured D/H values in 
primitive bodies. We will consider how the time of 
formation for various bodies impacts the D/H ratio 

recorded in chondritic meteorite parent bodies and 
comets.  We will report on these results. 

 
Fig. 1 the D/H of water distributions in the disk at different 
time.  Black lines represent times when infall continues, while 
grey are those times after infall ceases (at ~0.3 Myr). Those 
horizontal dotted lines represent the measured D/H values for 
solar nebular objects. The purple line shows the mean D/H 
ratio of six comets from the Oort cloud, which is 
(2.96 ± 0.25) × 10−4  [18]. The yellow line shows the D/H ratio 
of (1.61 ± 0.24) × 10−4 [3] in the Jupiter-family comet 
103P/Hartley 2. The red line and the blue line show the D/H 
values for Earth’s ocean [19] and CI carbonaceous chondrites 
[20], respectively.  
 
References: [1] Drouart, A. et al. (1999) Icarus 140, 
129–155. [2] Mousis, O. et al. (2000) Icarus 148, 513–
525. [3] Hartogh, P. et al. (2011) Nature 478, 218–220 
[4] Balsiger, H. et al. (1995) J. Geophys. Res. 100, 
5827-5834. [5] Eberhardt, P. et al. (1995) Astron. 
Astrophys. 302, 301–316. [6] Bockelée-Morvan, D. et 
al. (1998) Icarus 193, 143-162. [7] Meier, R. et al , 
(1998) Science 279, 842-898. [8] Geiss, J. and 
Reeves, H. (1981) Astron. Astrophys. 93, 189-199. [9] 
Yang, L. and Ciesla, F. (2011), MaPS 47, Nr 1, 99–119. 
[10] Millar, T. J. (2002), Planetary and Space Science 
50, 1189-1195. [11] Parise, B . et al. (2003), A&A , 410, 
897-904. [12] Lécluse C. and Robert F. (1994) GCA 
58, 2297-2939. [13] Richet, P. et al. (1977) Annu. Rev. 
Earth Planet. Sci. 5, 65-110. [14] Geiss, J. and 
Gloecker, G. (1998) Space Sci. Rev. 84, 239-250. [15] 
van Dishoeck, E. F. et al. (2011) PASP123, 138-170. 
[16] Ciesla, F. (2011), 42nd LPSC, abstract # 1583. [17] 
Willacy K. and Woods P. M., (2009), the ApJ 703, 479-
499. [18] Villanueva, G. et al.,(2009) the ApJ, 690, L5–
L9 . [19] De Laeter, J.R. et al. (2003) Pure Appl. 
Chem.75, 683–800. [20] Robert, F. (2006) Meteorites 
and the Early Solar System II, 341–351. 
 

2023.pdf43rd Lunar and Planetary Science Conference (2012)


