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Late Heavy Bombardment

History of early Earth

• 4.568 Ga: Sun & Solar nebula

• -100 Myr: Earth accretion, core 
formation and degassing 

• -112 Myr: Formation of Moon

• -150 Myr: first rocks

• -250-350 Myr: liquid water?

• -600 Myr: Late Heavy 
Bombardment

• -700 Myr: first life

•

Halliday (2003)

Earliest crust                   

Late Heavy Bombardment

Sun and Solar nebula formed
Asteroids              
Mars
The Moon
Formation of Earth, 
loss of early 
amosphere, 
oldest minerals

Ga



What is the source of water on Earth?

• Outgassing of volatiles by volcanoes

- But inner Solar nebula was too warm for "wet" 
planetesimals

• Brought by comets & asteroids from outer region



Origin of water on Earth

• Earth' oceans: H2O D/H = 1.56 x 10-4  

• Carbonaceous asteroids (~ 1–3 AU): ~ Earth's value 

• Oort-family comets (~5–20 AU): ~ 3–6 x 10-4 

• Jupiter-family comet Hartley-2 (~5–20 AU): Earth's value 

(Hartogh et al. 11)
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Deuterium chemistry model

• Chemical code "ALCHEMIC" (Semenov et al. 2010)

• Gas-phase reactions: KIDA (Sep 2012)

• Surface reactions (Garrod & Herbst 2006)

• High-temperature gas-phase reactions (Harada et al. 2010)

• Cloning of H-bearing reactions (except of –OH)

• Isotope exchange rates from literature 

• 57,000+ reactions & 1,900+ species

• Reproduces observations

Albertsson et al. (2011), astro-ph/1110.2644



Chemo-dynamical model of Solar nebula

• 1+1D physics

• 1Msun, 1Rsun, Mdot = 10-8 Msun/yr

• alpha-viscosity: α=0.01, diffusion coefficient @ 800 AU: ~1018 cm2/g

• 2D chemistry with turbulent mixing transport: 1 Myr

•New deuterium network
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Figure 1. Left to right: distributions of temperature, density (log10 scale), diffusion coefficient in cm2 s−1 (log10 scale), and pressure scale height in AU (log10 scale)
in the DM Tau disk model. In the first three panels the Y-axis is given in units of the pressure scale height.
(A color version of this figure is available in the online journal.)

FUV radiation field from DM Tau is represented by the scaled
interstellar radiation field of Draine (1978), with unattenuated
intensity at 100 AU of χ∗(100) = 410 (e.g., Bergin et al.
2003). For the X-ray luminosity of the star we adopt a value
of 1030 erg s−1, which is constrained by recent measurements
with Chandra and XMM in the range of 0.3–10 keV (M. Guedel
2010, private communication).

The model disk has an inner radius r0 = 0.03 AU (dust
sublimation front, T ≈ 1 500 K), an outer radius r1 = 800 AU,
an accretion rate Ṁ = 4 × 10−9 M% yr−1 and a mass M =
0.066 M% (Dutrey et al. 2007b; Henning et al. 2010). The
DM Tau disk age is about 5–7 Myr (Simon et al. 2000),
so we adopted 5 Myr as the limiting time in our chemical
simulations. According to the Spitzer Infrared Spectrograph
(IRS) observations (Calvet et al. 2005), the inner DM Tau
disk is cleared of small dust (!3 AU) and is already in a
pre-transitional phase. Therefore, in the chemical simulations
only a disk region beyond 10 AU is considered, where dust
grain evolution seems to be slow and grain growth is moderate
(Birnstiel et al. 2010). In chemical modeling, dust grains are
assumed to be uniform 0.1 µm amorphous olivine particles (with
density of ρd = 3 g cm−3). Equal gas and dust temperatures
are assumed. Gas becomes hotter than dust only in an upper,
tenuous, and heavily irradiated disk layer, which often has
negligible contribution to molecular column densities.

The turbulence in disks is likely driven by the magnetoro-
tational instability (MRI), which is operative even in a weakly
ionized medium, and is essentially a 3D phenomenon (e.g.,
Balbus & Hawley 1991). With modern computational facilities
coupled chemo-MHD 3D models are manageable only for ex-
tremely limited chemical networks and a restricted disk domain
(see, for example, Turner et al. 2007). We have followed the pa-
rameterization of Shakura & Sunyaev (1973), where turbulent
viscosity ν is related to local disk properties such as the char-
acteristic (vertical) spatial scale H (r), the sound speed cs(r, z),
and the dimensionless parameter α:

ν(r, z) = α cs(r, z) H (r). (1)

From observational constraints α is ∼0.001–0.1 (Andrews &
Williams 2007; Guilloteau et al. 2011), similar to values ob-
tained from MHD modeling of the MRI (e.g., Dzyurkevich
et al. 2010). However, the magnitude of MHD viscous stresses
changes throughout the disk, and thus in this simplistic param-
eterization, the α-parameter should also be variable. Unfortu-
nately, without detailed MHD studies it is hard to characterize
α, so we adopt a constant value of 0.01. Since only a disk region
beyond 10 AU is studied, a “dead zone” where effective α can
be very low, !10−4, is avoided.

Consequently, the diffusion coefficient is calculated as

Dturb(r, z) = ν(r, z)/Sc, (2)

where Sc is the Schmidt number that describes the efficiency
of turbulent diffusivity (see, e.g., Shakura & Sunyaev 1973;
Schräpler & Henning 2004). In our simulations, we assume that
gas-phase species and dust grains are well mixed, and trans-
ported with the same diffusion coefficient. We treat diffusion
of mantle materials similar to gas-phase molecules, without
relating it to individual grain dynamics. Hence, two chemo-
dynamical models are considered: (1) the high-efficiency mix-
ing model with Sc = 1, and (2) the low-efficiency mixing model
with Sc = 100. In the Sc = 1 model, the diffusion coefficient
in outer disk regions is ∼1018 cm2 s−1, similar to Willacy et al.
(2006). The second model represents a hypothetical case where
mixing of molecules occurs much slower than turbulent eddy
turnover speeds, yet faster than in the pure laminar gas. The
temperature and density structure, diffusion coefficient Dturb,
and vertical pressure scale height H (r) of the DM Tau-like disk
model are shown in Figure 1.

2.2. Chemical Network

The adopted gas–grain chemical model is described in
our recent papers on benchmarking of disk chemical models
(Semenov et al. 2010b) and observations of CCH in DM Tau,
LkCa 15, and MWC 480 (Henning et al. 2010). A brief sum-
mary is provided below. The chemical network is based on the
osu.2007 ratefile, with recent updates to reaction rates.4 (Note
that in Paper I, we used the UMIST 95 ratefile.) A new class of
X-ray-driven reactions leading to the production of O++, C++,
N++, S++, Fe++, and Si++ is added. Their neutralization reactions
by electrons and charge transfer reactions with molecules are
adopted from Stäuber et al. (2005). The photoionization cross
sections are taken from Verner et al. (1993), as described in
Maloney et al. (1996). Secondary electron impact ionization
cross sections are taken from Meijerink & Spaans (2005).

To calculate UV ionization and dissociation rates, the mean
FUV intensity at a given disk location is obtained by adding
the stellar χ∗(r) = 410 (r, AU)/(100 AU)2 and interstellar χ0
components that are scaled down by the visual extinction in the
vertical direction and in the direction to the central star (1D
plane-parallel approximation). Several tens of photoreaction
rates are updated using the new calculations of van Dishoeck
et al. (2006), which are publicly available.5 The self-shielding of
H2 from photodissociation is calculated by Equation (37) from

4 See http://www.physics.ohio-state.edu/∼eric/research.html.
5 http://www.strw.leidenuniv.nl/ ewine/photo/.

3

Text



1 10
r, AU

0
1
2
3
4
5

z/
H

r

-12-10
-8-6-5

-4

Laminar

1 10

 
 
 
 
 

-12-10
-8 -6 -5

2D-mixing

1 10
 

12.0
14.0

16.0

18.0

20.0
22.0

Lo
g 1

0N
(H

2O
 (i

ce
))

1 10
r, AU

0
1
2
3
4
5

z/
H

r

-12

-12

-10

-10

-8

-8-6
-6

-5

-4

Laminar

1 10

 
 
 
 
 

-12

-12

-10

-10

-8

-8
-6

-6-5

2D-mixing

1 10
 

14.0

16.0

18.0

20.0

22.0

Lo
g 1

0N
(H

2O
)

Water in early Solar nebula

•Turbulent mixing does not bring H2O ice to 1 AU:                                   
fast evaporation & freeze-out << mixing timescale

Abundance of "steam" H2O

H2O ice

"Snow line"
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Heavy water in early Solar nebula

•Mixing brings HDO in warm regions ⇒ partial de-
fractionation in gas & recondensation

Abundance of "steam" HDO

HDO ice

"Snow line"
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All together: D/H of water ice

•Cometary D/H of H2O at 5 – 20 AU: 

-  Laminar model: ~ 5 10-3

✓ Dynamical model: ~ 10-4 – 2 10-3

-   D/H of H2O of Oort-family comets: ~ 10 AU

-  D/H of Earth H2O: ~ 2.5 – 6 AU

•Both models show D/H of Earth's water: ~2–3 AU

+ +
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Conclusions

• New deuterium network

• 2D chemo-dynamical model of Solar nebula

• No icy grains at 1 AU

• Dynamical processes are important for D/H of 
cometary water

• Not so for asteroids

• Source of Earth water: comets vs asteroids?



Thank you!

and

DFG Priority Program 1385:
"The first 10 million years of the 

Solar System" 
(SE 1962/1-1 & 2-1)



Deuterated species in space

• Elemental D/H ratio is ~1.5 10-5

• ISM, protoplanetary disks, comets:         
D/H ~0.1–50%

• Sensitive to T and freeze-out

• A link between D/H of water on Earth 
and in comets or asteroids?

Species D/H

HD <0.05%
H2D+ < 0.3%

N2D+ 0.5–44%

DCO+ 0.1–18%

ND3 0.1–3%

HDO 0.2–7%

HDCO 0.6–170%

D2CO 1–29%

CD3OH <1–5%

DCOOCH3 <2–15%

DCN 0.8–11%

DNC 0.8–12%


