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Overarching goals: Understand the origin of Earth’s water and its habitability. In a broader 
context, understand whether Earth-like planets are common in other exoplanetary systems.
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• Water mass fraction increases with distance 
from the Sun.
• “Textbook model”: temperature in the terrestrial 

planet zone too high for water ice to exist.
• Water and organics had to be delivered later 

by impacts of comet- or asteroid-like bodies.
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WATER IN THE SOLAR SYSTEM

Snow Line
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• Alternative: water survived, incorporated into 
olivine grains or through oxidation of an early H 
atmosphere by FeO in the magma ocean.
• Volatiles on Earth and the other terrestrial planets 

appear to have been heterogeneously sourced 
from different Solar System reservoirs. 
• Late accretion of chondritic and cometary 

materials is an important stage.

van Disoecck et al. 2014               Broadley et al. 2022              Woo, Morbidelli et al. 2023



WHY STUDY COMETS? • Focus on D/H because the observed variations 
are large, a factor of 3. The required accuracy 
of the individual measurements is much more 
forgiving than for other isotopic ratios.

• Comets are tracers of the present day outer Solar System that 
can be studied using remote sensing techniques (atmospheres)

• Compare isotopic composition of the outer Solar System (Kuiper 
belt, Oort cloud) with the inner Solar System (Asteroid Belt)

• Compare composition of different dynamical groups, look for 
correlations with physical parameters

• Quantitative constraints on the dynamical/chemical models of 
the early Solar System

This document has been reviewed and determined 
not to contain export controlled technical data.

Cometary bombardment 
described by the Nice model

252 | Nature | Vol 611 | 10 November 2022

Review

and N from a S-rich differentiated planetary body with a super-chondritic 
C/N86. Alternatively, if N was preferentially released to the early atmosphere 
relative to C, then early episodes of impact-driven atmospheric escape could 
have induced preferential loss of N, hence raising the bulk C/N of Earth107. 
Notably, the record of atmospheric loss during episodes of giant impacts 
may be reflected in the He/Ne of Earth’s mantle108. During giant impacts, 
the preferential degassing of less soluble Ne would increase the 3He/22Ne in 
the mantle residue. Raising the 3He/22Ne of the upper mantle from a solar or 
chondritic value of about 2 to its modern day value of about 10 would require 
at least two episodes of magma ocean formation and atmospheric loss108.

The main accretion phase of Earth ended with the Moon-forming 
impact109, which set the stage for the subsequent evolution of our planet 
towards a habitable world110,111. The high angular momentum of the 
Earth–Moon system calls for an extremely energetic event, which prob-
ably resulted in the partial, or complete, melting of the proto-Earth112–114. 
To what extent terrestrial volatiles contained within the fledgling ocean 
and atmosphere survived this event is a matter of debate115,116. A dramatic 
loss of atmospheric volatiles during the Moon-forming event is however 
supported by the observation that our planet as a whole contains at most 
a few per cent of 129Xe initially produced from the decay of short-lived 129I  
(half-life 15.6 Myr)115,117,118, indicating that up to 99% of terrestrial 129Xe 
(and presumably other volatile elements to varying degrees) was lost 
during giant impacts akin to the Moon-forming event.

Evidence for accretion following the Moon-forming impact arises from 
the composition of highly siderophile elements (rhenium, osmium, irid-
ium, ruthenium, platinum, rhodium, gold and palladium) in the mantle. 
These elements, which concentrate into metal phases, and hence the core, 
during planetary differentiation, are found in excess in the terrestrial man-
tle relative to the expected amounts given their wholesale removal to the 
core. Furthermore, the relative proportions of these elements are compa-
rable to that of chondrites, indicating that an addition of about 0.5 wt% ME 
of chondritic material to a mantle that was barren in highly siderophile 
elements occurred after core formation119–121. From mass-balance consid-
erations, ref. 122 proposed that a roughly 0.5 wt% ME ‘late veneer’ consisting 
of CC-type material would yield enough H2O and C to form the surface 
reservoir of our planet, yet provide too much atmospheric noble gases by 
a factor of 3–5. It is noteworthy that estimates of mantle water contents 
range from one123 to up to five to ten ocean masses7. This illustrates how 
poorly constrained H, C and N abundances for the BSE are, even more so 
considering the potential volatile budget of the terrestrial core85,86,105,124,125. 
However, it is clear that volatile elements added after the Moon-forming 
event cannot account for the whole BSE inventory, hence requiring a sig-
nificant fraction of terrestrial volatiles to have survived the main stages 
of terrestrial formation, including giant impacts.

Finally, comets that are rich in water ice (10–50%) and organic mate-
rials126 have long been proposed as potential suppliers of water and 
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Fig. 3 | Main stages of planetary formation and volatile incorporation into 
terrestrial building blocks within the PSN. Although part of the molecular 
cloud matter could have been delivered to the protoplanetary disk and 
incorporated into planetary bodies (for example, comets) with little to no 
modification, the vast majority of the H-, C- and N-bearing molecules from the 
molecular cloud would have been destroyed (vaporized) en route to the disk via 
thermal and stellar ultraviolet processing19. Stage 1: formation of the first solids 
via condensation of silicates and ice, and polymerization of organic materials. 

Stage 2: early accretion of the first planetary objects by accumulation of 
variable amounts of silicates, organics and ice. Stage 3: planetary bodies  
that reach a sufficient size to capture nebular atmospheres may experience 
episodes of nebular in-gassing during periods of magma oceans. Stage 4: after 
dissipation of the PSN gas, planetary embryos may collide during giant 
impacts, such as the one that formed the Moon. Stage 5: after Moon formation, 
Earth experienced late episodes of chondritic material accretion (referred to as 
the late veneer), accompanied by marginal contributions from comets.

Broadley et al. 2022 3

Multiple stages of volatile incorporation



• Comets: variations between one and three times the terrestrial value, 
both in long-period and short-period comets

D/H RATIO
IN THE
SOLAR
SYSTEM

Unique 
Fingerprint
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TERRESTRIAL D/H RATIO IN HYPERACTIVE COMETS

Comets with high active fractions 
typically have terrestrial D/H ratios.
Emit more water molecules than can 
be expected given the size of the 
nucleus.
Presence of sublimating water-ice-
rich grains in the coma.
Archetype 103P/Hartley 2 studied by 
Deep Impact — both icy grains and 
water overproduction were 
observed.
Sublimating icy grains may be more 
pristine and more representative of 
the bulk composition of the nucleus.

Lis et al. 2019This document has been reviewed and determined 
not to contain export controlled technical data.

103P
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D/H DISTRIBUTION: INNER VS. OUTER SOLAR SYSTEM

Alexander 2006

D/H in the inner Solar System relatively 
well constrained by measurements in 
meteorites (100+ measurements).

D/H in the outer Solar System poorly 
constrained – 10 measurements in 
comets, only 4 accurate (8-10%, 1σ).

Need a statistical study to make a 
meaningful comparison!This document has been reviewed and determined 

not to contain export controlled technical data. 6



1-44From First Light to Life

able yield estimate. With a minimum requirement 
of a sample size of 100, the yield is not limited by 
the number of detectable comets, but rather by the 
available observing time.

Sensitivity: !is sample sets the sensitivity re-
quirement, since only a few of the potential Origins 
targets are bright. Origins must attain a D/H ratio 
measurement error of ~10-5 and be able to detect 
weaker comets well below existing detection thresh-
olds (water production rates <1029 s-1). In terms of 
the metric of water production relative to geocen-
tric distance, Origins must probe comets down to a 
value of 0.04 for Earth-like D/H (see Figure 1-40), 
which sets the sensitivity requirement at 3.6 x 10-21 
W/m2 in 1 hour (3V) for the HDO line at 234.6 
Pm. Figure 1-40 shows the simulated Origins/OSS 
yield of comets for 5V D/H ratios of 0.5, 1, and 2 
VSMOW. By comparison, Herschel sensitivity pro-
vided access to tens of bright comets, of which only 
some were observed, each of which needed at least 
5x longer integration time.

1.2.5 The Decisive Advantage of Origins for 
Following the Water Trail

Duri

Origins is the only planned or proposed mis-
sion that can fully explore the trail of water.

ng the next two decades, SOFIA, ALMA, 
JWST, and, if selected by ESA, SPICA, will each 
endeavor to study limited segments of the water trail, but even in combination they will be unable to 
follow the trail of water from the early stages of star and disk formation to the surface of a habitable 
planet (Figure 1-27). Origins provides unique access to key water transitions, with an unprecedented 
combination of high line sensitivity and high spectral resolving power. !e combination of these assets 
gives Origins a decisive advantage for the study of water and the development of habitable conditions 
during planet formation.

While a trace amount of very hot water (>1000 K) is sometimes found in close proximity to young 
stars, the formation of water in the ISM and subsequent accretion onto young disks, the assembly of 
planetesimals, and evolution of young planetary systems all take place at temperatures of 10 to a few 
hundred Kelvin. As shown in Figure 1-26, the OSS wavelength coverage of 25 to 588 µm contains 
almost every water transition with upper state energies less than 1000 K, including the important 
ground-state para and otho H2

16O transitions at 179.5 and 538 µm, respectively.
JWST: JWST has a long wavelength cut-o# just beyond 28 µm, providing access to only one wa-

ter line with an upper state energy less than 1000 K (the 541 – 414 transition at 25.9 µm with Eu/k 
= 844 K). Moreover, given JWST/MIRI’s modest spectral resolving power (R=1500-4000), it will 
generally not resolve water lines in young stars and disks. !us, while JWST will provide integrated 
line intensities for water at the disk surface within the inner (~1 AU) and hot regions (≥ 500 K) of 

Table 1-16: D/H in Comets Requirements Flow
Science Objective 3

De!nitively determine the cometary contribution to Earth’s water by 
measuring the D/H ratio with high precision (>0.5 VSMOW) in over 100 
comets in 5 years.

Science Observable
HDO and H20 line "uxes for at least 100 long- and short-period comets.
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Figure 1-40: Simulations for a nominal 5-year lifetime of the pop-
ulation of comets that will approach the inner solar system as a 
function of their water production rate/Earth-comet distance. Her-
schel is able to probe the area in blue. Origins enables studies of comets two 
orders of magnitude lower, for D/H ratios similar to Earth/Hartley 2. In a 5-year 
lifetime, Origins could observe over 200 comets with D/H ratios encompassing 
all known measurements in the solar system.

Science Requirements
To detect HDO in the fuill sample of ~200 comets, the required line sensitiv-
ity at 234.6 μm is 3.6 x 10-21 W/m2 in 1 hour (3σ) set by the need to reach a 
maximum equivalent comet activity of 0.04 and D/H ~ 1 VSMOW.

Origins 5.9-m

●

WHAT CAN PRIMA 
DO?

Use Origins calculations for the 
number of comes vs. equivalent 
comet activity (FoM=10-28Q/Δ).

FoM=1 (fiducial model): 35 – 40  
comets in a 5 year mission. Line 
flux detection limit 5 x 10-20 W/m2

@ 234.6 µm.

Using the latest CBE sensitivity, 
this corresponds to about 20 h 
per target, or 150 h per year.

PRIMA
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POTENTIAL CONFOUNDING FACTORS

Line Confusion
• Blending with nearby lines 

(e.g., methanol)
• Interference from bright water 

lines leaking through the 
sidelobes of the FTS response

Line-to-Continuum Ratio

Both depend on the spectral 
resolution of the FTS. 
Preliminary calculations suggest 
that R~5000 is sufficient.

Planetary Spectrum GeneratorThis document has been reviewed and determined 
not to contain export controlled technical data.

 

Page 62 
 

Planetary Spectrum Generator 
Chapter 4: Radiative transfer modeling 

grains components, while the gas emissions are calculated by employing a mono-layer non-LTE 
and/or LTE excitation model. The nucleus is assumed to be a spherical emitting surface, while the 
dust in the coma is calculated as a diffuse and extended emitting component. The outgassing of 
dust-grains and parent molecular species is assumed to be isotropic and at constant expansion 
velocity, with photo-dissociation defining the lifetime and spatial extent of molecular species. Using 
these assumptions, the integrated number of molecules (N [molecules]) within the FOV is defined as 
Ngas = Q · t · f(x), where t is the molecular lifetime [s], f(x) is the filling-factor of the FOV with 
respect to the total coma, and Q is the molecular production rate [molecules/s]. The definition and 
calculation of f(x) is complex, and we employ a combination of analytical methods that make use of 
Bessel functions (see chapter 3). Two possible excitation regimes are considered in PSG for the 
molecules: non-LTE fluorescence (typically dominating the flux in the UV-Optical-IR range) and 
LTE excitation (modelled using the methods as previously described in this section). In PSG, we 
model cometary non-LTE by ingesting fluorescence efficiencies (g-factors) which are pre-computed 
for a particular rotational temperature and solar radiation flux (e.g., Villanueva et al., 2013, 2012b, 
2012a, 2011). These line lists can be applied to other similar exospheres of comparable low-
collisional rate and high-insolation rate (see simulation example in Figure 9).  
 
These assumptions are generally accurate enough (and widely employed by the community) to 
determine integrated column densities and molecular fluxes across the coma, yet the lifetime and 
velocity of the dust-grains can be mass/size/composition dependent and may differ from the 
surrounding gas environment. On the other hand, the strong relationship between visual magnitude 
(mainly defined by dust) and water production for 37 comets (Jorda et al., 2008) indicates that a 

 
 
Figure 9: Simulated components of a cometary spectrum (the nucleus and dust coma are shown 
in black, while each molecular gas emission is identified with different colors) across most of the 
electromagnetic spectral range using PSG (see further details in our review about radiative 
processes in Comets III, Bodewits et al., 2022). The model includes nucleus and dust/grains 
emission (see chapter 6), non-LTE fluorescence emissions dominating the UV/Optical/near-IR, 
and thermal emissions dominating the longer wavelengths beyond the near-IR.  
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