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Volatiles contained within comets have been subjected to a range of physical and chemical
properties within the protoplanetary disk out of which the solar system formed. Here we focus
on three elements — O, N, and S — that occur in molecular forms of widely varying volatility.
These molecular forms play distinct roles in the disk, ranging from fundamentally determining
opacity and oxidation state (water), to being a passive tracer of the O chemistry (hydrogen
sulfide) and the amount of unprocessed molecular cloud material incorporated in grains (am-
monia). The interactions among the various molecular species are complex, reflecting numer-
ous physical processes in the disk, only some of which are well enough understood to model
in detail with confidence.

1. THE IMPORTANCE OF VOLATILES
AS TRACERS OF DISK PROPERTIES

Some of the details of planet formation are hidden in the
abundances of the elements and isotopes, now present in
the planets themselves, in the small bodies of the solar sys-
tem, and in the meteorites. Constraints imposed by these
abundances are more powerful if they are based on mul-
tiple elements, or more than one isotopic ratio. Models that
simulate the history of volatiles that may condense or ad-
sorb in different ways as a function of position or time in
the disk are difficult to construct because they must con-
sider processes occurring on a broad range of spatial and
temporal scales. Yet, a full understanding of the processes
by which our solar system formed will not be gained until
these processes are quantified to a sufficient extent, and this
has yet to be achieved.

Oxygen, S, and N are elements that are abundant
(Table 1) and of particular importance. Water drives the oxi-
dation state of the disk where it occurs in the gas phase,
and is a primary planet-building material in the outer part of
the disk. The icy nature of comets, many of the moons of
the giant planets, and of the Kuiper belt attest to H2O ice as
a principal planet-building material. Water is dominant as a
solid, and thus it affects the energy balance of the proto-
planetary disk, rather than being a passive tracer. Sulfur’s
complex chemistry is coupled to the H2O abundance in the
inner disk; the diversity of volatilities of S compounds them-
selves mean that some will be found in the rocky (refractory)
primitive material of the chondrites, while others (notably
H2S) will be trapped in H2O ice. H2S was also found in a
number of comets originating from the Oort cloud. This
variety means that S has left clues to the assembly of the

building blocks of planets and comets throughout the solar
system, and is thus of especial value. Nitrogen is a key ele-
ment because it is well measured in comets and in Jupiter
and may have existed in planetesimals as highly volatile mo-
lecular nitrogen, N2, or as ammonia, NH3 (or related com-
pounds), or both. Molecular nitrogen is extremely volatile;
NH3 is only modestly more volatile than H2O ice. Which
of the two forms was more abundant in outer solar system
solids can be constrained by jovian and cometary data, and
in turn this provides constraints on the conditions under
which the icy planetesimals that seeded the giant planets
formed.

Galileo probe and remote sensing data from flybys, or-
biters, and Earth-based observatories provide a detailed set
of elemental abundances for Jupiter unrivalled by that for
any of the other giant planets (Atreya et al., 2003), and il-
lustrate the motivation for trying to understand the coupling
of dynamics and chemistry for multiple volatile species.
Noble gas (Ar, Kr, Xe) and three major element (S, N, C)
abundances in the sensible atmosphere are remarkably uni-
form, being roughly 2–4 times the solar value; He is solar,
while Ne and O are depleted relative to solar (Niemann et
al., 1998). The elemental O depletion is in fact a depletion
of H2O, because H2O is the primary carrier of O in Jupiter.
The depletion is almost certainly associated with the me-
teorology of the atmosphere through which the probe flew
(Atreya et al., 2003). Observations of jovian moist convec-
tion by the Galileo solid-state imaging (SSI) camera as well
as spectra obtained by the Galileo Near-Infrared Mapping
Spectrometer (NIMS) support a deep H2O abundance in
excess of solar (Gierasch et al., 2000). [The Ne depletion
is more problematic, since the abundance is much less than
one would expect for a simple solar composition gas, and
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condensation is excluded for this volatile noble gas. It is
possible that the Ne is dissolved in an immiscible phase of
He deep in Jupiter’s interior (Roulston and Stevenson,
1995).]

Two models to explain the pattern of major elements and
noble gases in Jupiter have been offered. Both are based
on the accepted inference that Jupiter’s interior is heavily
enriched in “heavy” (non-H or non-He) elements relative
to solar values (Fortney and Hubbard, 2003). The source
of the heavy elements cannot be the gas in the disk itself,
which supplies the heavy elements in solar proportion to
H and He. It must come, instead, from a condensed phase
of dust and planetesimals that accreted onto Jupiter as the
giant planet grew (Pollack et al., 1996). The two models
draw on different sources of solids to achieve the heavy
element abundance pattern seen in the Jupiter atmosphere.
Because of the high abundance of O and hence H2O in the
protoplanetary disk (which is assumed to have solar elemen-
tal composition overall), H2O ice is likely to have been the
principle carrier of the volatiles that supplied the heavy
elements. In one model Jupiter accreted solid material
formed in a cold molecular cloud environment in which
volatiles were indiscriminately adsorbed onto amorphous
H2O ice at temperatures below 30 K; this material was de-
livered by infall to the protoplanetary disk and accreted by
Jupiter (Owen et al., 1999). We call this the “amorphous”
model. The second (“clathrate”) model invokes formation
of planetesimals local to the formation zone of Jupiter in a
cooling disk, so that volatiles are progressively trapped in
clathrate hydrate from 150 K down to 38 K (Gautier et al.,
2001). (In this chapter we use the terms “protoplanetary
disk”or just “disk” rather than “nebula” or “solar nebula.”
These last two terms refer to the epoch in the formation of
our own solar system when the protoplanetary disk was
largely gaseous, and it is this part of the evolution we focus
on in the present chapter. For clarity we prefer the more
astronomical term “disk” here.)

Because the trapping conditions and hence mechanism
of volatile trapping in the H2O ice differs in the two mod-
els, the ratio of H2O ice to trapped volatiles differs in the
two cases. The amorphous model predicts that, in order to
produce the observed enrichments of 2–4 times solar in S,
N, C, and the heavier noble gases, enough H2O must have
entered Jupiter to enrich the elemental O abundance by a

factor of 4 relative to solar (Atreya et al., 2003). The clath-
rate model, because it is much less efficient in trapping
volatiles, predicts a much larger accretion of H2O to explain
the pattern of heavy elements, leading to an elemental O
abundance 9 times solar (Gautier et al., 2001). Determina-
tion of the deep H2O abundance will have to await a deep
probe or microwave sounding mission.

The two models also differ in their assumptions about
the elements N and S. The amorphous model explains the
jovian abundance of H2S, hence the element S, in the con-
text of the overall enrichment pattern, starting with a solar
abundance of S in the gas phase from which the ices were
formed. In order to fit the observations, the clathrate model
requires that S in the gas phase in the vicinity of Jupiter,
where the clathrate formed, was about half the solar value.
The principal S compound in the gas phase in either model
is assumed to have been hydrogen sulfide (H2S). As dis-
cussed below, the depletion around 5 AU required by the
clathration model could be explained by a combination of
radial redistribution of H2O, chemical reactions in the hot
inner disk, and outward transport by turbulent mixing. In the
amorphous model for Jupiter, most of the N is molecular
(N2); in the clathrate model it is both in N2 and in NH3.

Thus the three elements O, N, and S are coupled in terms
of the molecular forms required for consistency with jovian
composition under these two diverse views. But they are
necessarily also coupled to the details of the physical pro-
cesses by which they came to be trapped in the solids that
seeded Jupiter. In the remainder of this short chapter we
focus on protoplanetary disk processes that have affected
the partitioning of O, S, and N among compounds and
phases, the interactions (chemical and physical) among
these compounds and phases, and the resulting record left
behind in comets. The examination is necessarily sketchy,
intended to give a flavor for the state of knowledge rather
than provide a complete model for the co-evolution of
volatiles and disk. In section 2 the infall of primitive solid
matter to the disk, and the resulting sublimation of volatiles,
is examined. Transport and chemistry within the disk itself
is the subject of section 3, while the overall implications
for cometary and planetary formation are covered in sec-
tion 4. Section 5 provides a brief list of upcoming missions
and groundbased facilities that can provide additional data
to test some of the ideas engendered by existing data and
modeling.

2. INFALL AND MODIFICATION
OF VOLATILES

The protoplanetary disk out of which the planets formed
was almost certainly the product of the collapse of a larger
region of material within a molecular cloud complex (Du-
trey et al., 1997). To what extent this occurred in a low- vs.
high-mass star-forming region has recently become contro-
versial again as a result of the timescale problem for the
formation of the giant planets — particularly Uranus and
Neptune (Boss, 2003). However, in either case molecular

TABLE 1. Solar elemental abundances (Cox, 2000).

Element Abundance*

Oxygen 8.5 × 10–4

Carbon 3.6 × 10–4

Nitrogen 1.1 × 10–4

Magnesium 3.8 × 10–5

Silicon 3.5 × 10–5

Iron 3.2 × 10–5

Sulfur 1.8 × 10–5

*Abundances are normalized to that of atomic H.
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cloud material was accelerated to large velocities as it fell
into the nascent protoplanetary disk, and as a result solids
were heated and perhaps sublimated before reaching the
protoplanetary disk. Indeed, even before this the material
was likely warmed by radiation from the proto-Sun, residing
as it was far above the center of the disk and hence outside
of the shielding effects of the optically thick disk itself.

The extent to which heating and sublimation of molecu-
lar cloud grains occurred during infall is a matter of both
theoretical and observation debate. From the theoretical
point of view, imagine a grain coming into the protoplanet-
ary disk from a region high above the midplane. Analyses
of protoplanetary disk models indicate that the presence of
shocks will generally create a dependence of the gas density
on altitude above the disk midplane that decouples all but
the smallest grains from the gas, leading to heating and sub-
limation of the grains. Turbulence in the gas associated with
the collapse process enhances the collision rate between
grains and, if collisions are not predominantly destructive,
growth to 1-µm solid particles or 100-µm fluffy aggregates
(from an assumed starting size of 0.1 µm) is possible (Wei-
denschilling and Ruzmaikina, 1994). Existence of millime-
ter-sized grains is suggested from the spectral energy
distribution of some young stars (Beckwith et al., 2000), al-
though populations of small grains are certainly present as
well (Li and Lunine, 2003). It is thus likely that some
amount of grain-gas decoupling, and consequent gas-dy-
namical (i.e., roughly, frictional) heating of the grains oc-
curs in the disk (Ziglina and Ruzmaikina, 1999). Direct
radiative heating of the grains associated with certain kinds
of shock boundaries is also possible.

Thus grains were heated during their passage into the
protoplanetary disk, but the extent to which this happened
depends on several factors, including the final distance of
the grains from the proto-Sun but most importantly the
accretion rate (Neufeld and Hollenbach, 1994). Because the
accretion rate controls the disk luminosity as well as the
strength of the shock, the problem is a coupled one that
must be solved numerically (Chick and Cassen, 1997). Two
endmember cases have been considered in the literature. For
a disk in a relatively low-luminosity state (total luminosity
of disk plus protostar equal to 1–2 times that of the Sun),
silicates, metals, and refractory organics survive the heat-
ing within the 1-AU terrestrial planet region; volatile organ-
ics survive to within a few AU, and H2O ice would be fully
vaporized within 5 AU. Alternatively, higher accretion rates
onto the disk are possible (Chick and Cassen, 1997), for
which the luminosity may be 1 to 2 orders of magnitude
higher, and then H2O ice grains could be vaporized to a dis-
tance of 30 AU.

Of concern here is the fate of the volatiles contained
within the H2O ice. The original grains likely were com-
posed of amorphous ice in which volatile molecular spe-
cies were adsorbed. Thus the sublimation rate during heat-
ing should be largely controlled by the H2O ice latent heat
as well as the grain size, which determines the thermal emis-
sivity. Since the grain size and extent of fluffiness are un-

certain, large variations in the extent to which grains des-
tined for the outer solar system (beyond 5 AU) sublimate
are obtained in numerical models, but the general pattern is
nearly complete sublimation of H2O and more volatile spe-
cies in the Jupiter-Saturn region and very little at orbits
corresponding to the Kuiper belt (Lunine et al., 1991).

Sublimated material reincorporated in grains according
to the local temperature-pressure environment. At 5 AU
temperatures declined relatively slowly during the time of
giant planet formation, and hence much of the sublimated
H2O ice recondensed not as amorphous ice, but rather in
crystalline form (Kouchi et al., 1994). Volatiles released
from amorphous ice by sublimation were progressively
trapped in the crystalline ice as temperatures dropped, likely
in the form of clathrate hydrate. (Gautier et al., 2001). At
30 AU, persistently low temperatures ensured rapid recon-
densation of amorphous H2O ice with simultaneous trapping
of volatiles in the newly formed grains. Thus, the physical
effects on grains of radiative and gas-dynamical heating
associated with infall suggest an important dichotomy be-
tween H2O ice and trapped volatiles at 5 AU, vs. that at
30 AU, with intermediate properties in the intervening realm
of the outer planets.

To what extent is this dichotomy reflected in the prop-
erties of comets, whose sources range over the entire outer
solar system realm from 5 AU to 30 AU and beyond? Be-
cause the compositional and isotopic information for short-
period comets, the origin of which appears to lie in the
Kuiper belt, is rather poor compared to that for long-period
comets, which formed well inward of 30 AU, comparison
is difficult. The abundance of elemental N is modestly de-
pleted in comets, and that of N2 and related volatile N spe-
cies strongly depleted (see Bockelée-Morvan et al., 2004).
One possible explanation for this depletion is that tempera-
tures in the region where the grains of long-period comets
formed was relatively high, cooling slowly, and the conse-
quent incorporation of volatiles involved a fractionation
process akin to, or in fact corresponding to, the formation
of clathrate hydrates (Iro et al., 2003). In such a process,
even though temperatures become low enough to allow the
trapping of N in H2O ice, the competition for void spaces
among species favors carbon monoxide over N2, so that, if
H2O ice is not abundant enough to clathrate both species,
the latter is preferentially excluded from the icy grains.
Much of the N in comets is then the result of condensation
of NH3 into the H2O ice as a stochiometric hydrate, with
the N2 being secondary or absent.

This picture has a number of implications. First, the
progressive trapping of volatile species in the crystalline
clathrate hydrate requires that the icy component of mo-
lecular cloud grains, with their indiscriminant mix of vola-
tile and nonvolatile species, largely or fully sublimated in
the 5–10-AU region. Comets formed of grains from this
region — Oort cloud comets — should exhibit a composi-
tional pattern in which the relative abundances of the most
volatile species are altered from molecular cloud values.
Short-period comets, on the other hand, which had their
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origin in the Kuiper belt at 30 AU and beyond, where sub-
limation was absent or limited, ought to have a grain com-
position that reflects a cold molecular cloud origin.

Second, the model of Iro et al. (2003) weakly suggests
a variation in the H2O ice abundance at 5 AU and beyond
relative to that obtained assuming the solar composition of
elemental O, because the CO abundance seems highly vari-
able from comet to comet. Iro et al. explain the CO varia-
tion as a consequence of the altered number of adsorption
sites available for CO caused by fluctuating amounts of H2O
ice. In fact, the clathrate trapping model to explain the abun-
dance of volatiles in Jupiter requires that the amount of H2O
ice at 5 AU be double the value implied by a solar abun-
dance of elemental O, while the amount of S be half its solar
elemental value (Gautier et al., 2001), and the N values in
several well-measured comets also require an elevated H2O
abundance (Fig. 1). Thus, the N abundance in long-period
comets is tied, albeit indirectly, to the history of H2O and
S-bearing species in the 5 AU region. A mechanism for en-
riching H2O ice in the 5 AU region, namely through cold
trapping of H2O vapor mixed outward from the hot inner
disk as suggested originally by Morfill and Volk (1984), is
presented in the next section.

Third, if the histories of cometary grains embedded
within long- and short-period comets are as different as this
picture implies, then we expect distinct isotopic ratios be-

tween the two classes of comets as well. In particular, D/H
in three long-period comets is twice that of terrestrial ocean
H2O (Meier et al., 1998b; Bockelée-Morvan et al., 1998),
which imposes stringent constraints on the source of the
Earth’s oceans in dynamical models (Morbidelli et al.,
2000). However, these models assume a constant D/H ra-
tio in H2O in comets from the long-period comets of the
giant planet realm to the short-period Kuiper belt comets
at 30 AU. The lack of grain heating and sublimation at
30 AU suggests this assumption may not be realistic; per-
haps, e.g., D/H in H2O in short-period comets is even larger
than in the long-period bodies.

3. EFFECTS OF TRANSPORT WITHIN THE
DISK ON VOLATILE DISTRIBUTION

The complex evolution of volatile species does not end
with the sublimation and reformation of solid grains. Trans-
port processes in the disk bring grains and gas-phase spe-
cies into warmer realms close to the disk center, and then
outward again. Those grains that cross the phase boundary of
a major component of their composition will experience dra-
matic changes, e.g., the sublimation of H2O ice. Gas phase
species that cross boundaries corresponding to changes in
thermodynamically (or kinetically) preferred molecular spe-
cies will have their compositions altered in complex ways —
this is especially the case with S. In the present section we
describe the coupling between the physics of transport in
the disk and the chemistry/thermodynamics of phase transi-
tions and reactions for H2O and S. In the preceding section
we established that the N abundance and its molecular form
in grains is tied to the H2O abundance directly, and to S in-
directly, so at the end of the section we more closely ex-
amine possible similar effects for the molecular carriers of
elemental N. The question of transport processes in disks,
specifically their nature and origin in dissipative processes,
is a complex one for which the reader is referred to other
reviews (Stone et al., 2000).

3.1. Water

The condensation of H2O is a fundamentally important
process in protoplanetary disks, affecting the visible and
infrared opacity, the abundance of solids, and the accretion
rate of planets embedded in the disk. But the gaseous and
solid abundances of H2O as a function of the distance from
the disk center are altered as well by condensation when
radial transport is considered (Morfill and Volk, 1984). In
particular, imagine that some mixing process acts to carry
H2O vapor along a radius at the disk midplane. The pro-
cess could involve macroscopic motions associated with
large-scale turbulence (turbulent diffusion) or instabilities
of some sort. (From a practical point of view, microscopic
diffusion in the disk is too slow to generate the effects con-
sidered here.) Absent condensation, adsorption, or chemical
creation/destruction, the transport mechanism will not alter

Fig. 1. The N2
+ to CO+ ratios [nearly equal to the N2/CO values]

measured in four long-period comets. Bracketing these values are
the predicted N2/CO ratios from the Iro et al. (2003) model with
(bottom line) a roughly solar H2O-to-H2 ratio and (top line) a H2O-
to-H ratio 2.8 times solar. See the text for discussion of a mecha-
nism for enriching the H2O abundance in the outer protoplanetary
disk at the expense of the inner disk. The gas-phase N2/CO value
in the protoplanetary disk — unaltered by grain trapping — is just
above but nearly coincident with the 2.8 times solar line. Thus
roughly doubling the H2O abundance in the region of long-period
comet formation could explain the N2 to CO ratio in comets. Fig-
ure from Iro et al. (2003); for a discussion of the relationship of
the observed ions to the total neutral populations of N2 and CO,
see Bockelée-Morvan et al. (2004).
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the radial distribution of the vapor abundance because any
transient spatial gradients created by the motions are quickly
eliminated by the same mechanisms. In the presence of
chemical/thermodynamic processes, the outcome is quite
different.

We consider condensation as a simple sink, or loss pro-
cess, for H2O occurring at a discrete radial distance from
the Sun at a given time in the evolution of the protoplanetary
disk. Condensation of a particular species occurs when the
partial pressure of that species exceeds the saturation va-
por pressure; since the latter is steeply dependent on tem-
perature, this criterion simply translates into a distance from
the disk center at which the species is saturated. For ex-
ample, the H2O condensation front (sometimes called the
snowline) might occur at 5 AU at a given time in the disk,
then move inward to 3 or 4 AU as the disk ages and cools.
There is no special requirement on the properties of the disk
to possess such a condensation front, other than that the
temperature must decline with radial distance and time.
Water vapor inward of the condensation front will be trans-
ported radially by whatever process, and when it passes
through the snowline it will condense out in the form of
microscopic grains. (Supercooling of the vapor is a distinct
possibility because of the low temperatures involved, ~150–
160 K at typical gas pressures in the disk. However, this
does not change the argument; it simply means the effec-
tive snowline is pushed outward somewhat relative to the
formal thermodynamic line that is defined as above.)

In principle the condensation changes nothing, because
the microscopic grains of ice are embedded in the gas and
move with it, just as does the H2O vapor itself. But the
grains grow, and decouple from the disk gas when they
reach radii exceeding on the order of 0.1 cm (Cyr et al.,
1998). When this happens, although grains will spiral in-
ward as a result of gas drag, the effective inward radial
velocity is smaller than the turbulent velocity. The inward
radial drift velocity declines as the grain size increases.
Hence, the grains effectively are “left behind” in the 5-AU
region, while the H2O vapor continues to obey the standard
diffusive mechanics associated with the gas phase. The
snowline becomes a cold trap, and over time the H2O abun-
dance inward of that line declines (Stevenson and Lunine,
1988). The precise history of the decline depends upon
detailed assumptions about grain growth rates, mechanisms
of vapor transport, and position of the snowline, among
others (Cyr et al., 1998). Disruptive collisions presumably
play an important role, considering that dusty circumstel-
lar disks are observed at ages of several millions of years
(Beckwith et al., 2000). A typical model result for a cylin-
drically symmetric disk, with transport processes in the disk
parameterized as turbulent diffusion, is shown in Fig. 2.
Define the “starting value” as the abundance of H2O in the
absence of condensation processes, a value determined by
the elemental O abundance and partitioning of O among
H2O, CO and other compounds (Cyr et al., 1999). Water
vapor abundances inward of the snowline can drop to well

under half of the starting value as disk transport processes
deliver H2O to the snowline. This H2O is accumulated be-
yond the snowline, leading to an excess of H2O ice there.
Water abundances double the starting value may be accu-
mulated in that region.

The implications of the redistribution of H2O are inter-
esting. The peculiar geochemistry of the enstatite meteor-
ites might be a signature of the depletion of H2O inward
of the disk snowline (Hutson and Ruzicka, 2000). The abun-
dance of organics increases dramatically and the mix of
organic species changes in the inner disk with decreasing
O (H2O) abundance (Cyr et al., 1999). The long timescales
required for the formation of Jupiter in the core accretion
model (Lunine et al., 2003) might be reduced dramatically
if the abundance of solids were enhanced over solar (Lis-
sauer, 1987), as would happen were H2O ice to accumu-
late beyond the snowline (Stevenson and Lunine, 1988). An
enrichment in H2O ice of a factor of 2 beyond the snowline
is required if the crystalline clathrate model of the enrich-
ment of Jupiter is to be consistent with the interior abun-
dances of the major elements in the solar system’s largest
planet, as noted above. Likewise, the depletion of N in com-
ets can be explained by the same model if H2O ice were
enriched where the long-period comets formed. Whether the
enrichment of ice at the snowline is carried far enough

Fig. 2. Water vapor abundance is plotted as a function of dis-
tance in a cylindrically-symmetric and turbulent protoplanetary
disk, where the snowline is initially at 5 AU, for various times in
the evolution of the disk. Top panel assumes that ice grains formed
at the snowline do not drift inward. Bottom panel allows inward
drift of the grains as they grow and decouple from the gas; the
snowline evolves inward as well. “Solar H2O” refers to the start-
ing abundance of H2O, uniform through the disk, and based on the
solar O abundance. From Cyr et al. (1998).
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beyond 5 AU to make this plausible has not been quantita-
tively evaluated.

Alternatively, one might argue that the protoplanetary
disk was quiescent enough that H2O ice delivered from the
molecular cloud did not sublimate in the 5 AU region. While
this appears to be a difficult proposition based on the infall
models described in the last section, it cannot be ruled out,
and in particular “contamination” of the 5–10-AU region
from cold solid matter delivered relatively pristine to more
remote disk regions, then transported inward, is another
intriguing possibility that bears further study.

To assess whether indeed the evolution of H2O in the
disk included establishment of a cold trap, with enrichment
beyond and depletion inward of that point, we must exam-
ine other volatiles to assess whether the signature of this
process might be written upon their abundances.

3.2. Sulfur

Sulfur occurred in a variety of chemical forms of widely
varying volatility in the protoplanetary disk. The most vola-
tile abundant form was likely H2S, and it is this molecule
that would have represented the bulk of the S trapped in
H2O ice. The S abundance in nine long-period comets in
the form of H2S seems to vary from 0.4% to 1.5% relative
to H2O ice, and this is generally less than what is predicted
from the trapping of a solar complement of H2S in clath-
rate hydrate in the disk (Iro et al., 2003). Likewise, the S
abundance in Jupiter cannot be reproduced by the model
unless H2S is depleted in the feeding zone (the region from
which the planet acquires material) of Jupiter relative to
solar abundance (Gautier et al., 2001), but here the con-
straint is more severe: The depletion must be relative to the
background H2. Thus simply augmenting the amount of
H2O ice by — for example — cold-trapping is not sufficient.

[Note that the mass M of gas within a ring of width ∆R,
centered at a heliocentric distance R, is defined by dM/dR =
2π R q Σ, where Σ is the surface density of H and q the
mixing ratio of the considered species. Since the radial
dependence of surface density is weaker than r–2 (Beckwith
et al., 2000), the mass of a molecular species with constant
mixing ratio as a function of radial distance increases as
one moves outward in the disk. Hence most of its mass is
located in the outer disk [see, for example, Fig. 14 of Her-
sant et al. (2001)]. Therefore, the mass of S that was trapped
in solid form in the feeding zone of Jupiter, and that subse-
quently enriched the planet in elemental S, was small com-
pared to the total mass of S in the disk.]

A depletion of H2S in the feeding zone implies a loss proc-
ess for H2S somewhere else in the disk — most plausibly
in the inner region. Indeed, some elemental S is trapped in
the warm inner disk in refractory forms such as FeS (troi-
lite), SiS, MgS, CaS, and other related compounds. Such
S-metal combinations occur fairly rapidly at disk tempera-
ture above about 500 K, and one might imagine some of
the S being excluded from regions farther out in the disk
by this process if turbulent diffusion causes significant ra-

dial mixing. The data in Table 1 suggests that this process
is too efficient; there is enough Fe to remove all the S and
prevent the formation of any but a very small trace of H2S.
However, many of the elements that would otherwise react
with S (Si, Mg) are locked up by reaction with O. Hence
H2S is the primary carrier of S and has essentially the full
solar abundance of the elemental S itself.

The situation is different when the depletion of H2O
inward of the snowline is considered, and hence the elemen-
tal O abundance there is reduced. In an extremely-O-poor
case (10% solar), Si, Mg, and other elements are available
to bind with S as SiS and MgS, and thus drive down the
abundance of H2S to very low levels (Pasek et al., 2003).
The molecule HS also coexists with the SiS and MgS, but
is still only 10% or less of the total S abundance. [Interest-
ingly, SiS is seen in the mass-loss envelopes of carbon stars;
that is, stars with low O abundance relative to C (Bieging,
2001).] Given the much lower volatility of compounds like
SiS and MgS compared to HS and H2S, only the latter two
are likely to be seen in the gas phase of the cold outer disk
where the giant planets formed. At intermediate O abun-
dances, perhaps more likely to obtain in the disk, the chem-
istry becomes even more complex, with CaS and MgS “fin-
gers” over narrow ranges of temperature and hence radial
distance (Pasek et al., 2003).

What this complex chemistry implies for the H2S abun-
dance in the outer part of the disk requires folding in cal-
culations of the kinetics of the S reactions (Fegley, 2000),
including the “poisoning” of the iron grains via the buildup
of layers of sulfides (Lauretta et al., 1996), and a realistic
transport model in a turbulent disk. This has not yet been
done. Since the chemical calculations suggest that the time-
dependence of the H2O — hence O — abundance in the
inner disk might act to destroy H2S there, the S abundance in
the region of Jupiter- and comet-formation could have been
depressed as well. More generally, the histories of O-bear-
ing and S-bearing volatile species in the disk are strongly
coupled.

3.3. Nitrogen

Little has been done to quantify the coupling to the O
abundance of the chemistry of N-bearing species, in par-
ticular, NH3 and N2. Like carbon monoxide and methane,
there is a relationship between the abundances of the oxi-
dized and reduced forms dependent on temperature and H
pressure. At very low temperature (200–300 K) the reduced
(NH3) form of N is preferred, but the conversion timescale
between the oxidized and reduced phases is so long at such
temperatures that, in the disk, the oxidized form (N2) pre-
dominated (Prinn, 1993). That NH3 is seen in comets
(Wyckoff et al., 1991) suggests a source from the nascent
molecular cloud, where NH3 is known to exist (van Di-
shoeck and Blake, 1998); other sources associated with giant
planet formation seem less promising (Mousis et al., 2002).
The presence of a mix of NH3 and N2 derived all or in part
from molecular cloud values is not in conflict with the grain
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sublimation processes considered above; while both are lib-
erated into the gas phase by the sublimation process, am-
bient temperatures in the disk are too low for chemical
exchange of N between N2 and NH3 to occur. Hence the
total molecular ratio (that in the gas and the grains) is
largely preserved, with the exception of a small amount of
NH3 transported to the very innermost, hot part of the disk
where reaction kinetics are fast enough to convert it to N2.

Because NH3 readily forms so-called stochiometric hy-
drates with H2O, there is no condensation front of solid NH3
in the same sense as for H2O. Ammonia hydrates form in
H2O ice grains at temperatures above 70 K for typical disk
temperature-pressure profiles (Iro et al., 2003). Kinetic in-
hibition of this process is unlikely because the NH3 abun-
dance is significantly less than that of H2O ice (i.e., a few
percent), so that relatively little fresh ice must be exposed
to the gas to induce hydrate formation. The infall of NH3
in molecular cloud grains over a broad range of disk semi-
major axes, and the stability of the molecule against trans-
formation to N2, makes it unlikely that a well-defined gradi-
ent in the NH3 abundance was present in icy grains that
remained cooler than 70 K.

4. IMPLICATIONS FOR WATER ICE,
SULFUR, AND NITROGEN
COMPOUNDS IN COMETS

The processes discussed above are a subset of those that
acted in the solar system’s protoplanetary disk on species of
varying volatility. They illustrate that the processes of con-
densation, sublimation, adsorption, and chemical reactions
worked in a coupled fashion with dynamical mechanisms
of mixing and heating in the disk. Grains experienced vary-
ing extents of heating and destruction during disk infall, and
then generation of H2O ice at the snowline engendered a
complex history of fluctuating H2O vapor levels in the in-
ner disk. These in turn affected the chemistry of the disk
in a wide variety of ways — the abundance of organics, the
relative abundance of metal sulfides to H2S, and the abun-
dance of H2O ice — hence giant planet formation time-
scales. Further, the abundance of H2O ice beyond 5 AU de-
termined the abundance of N2 trapped in grains destined for
comets and the giant planets, through the availability of void
sites in the recondensed crystalline ice.

Isotopic evidence for these effects in comets is scanty.
The D/H value in H2O in long-period comets is elevated over
that in carbonaceous chondrites (Robert, 2001), but less ex-
treme than D/H in other molecules observed in molecular
clouds (Bockelée-Morvan et al., 1998). The enrichment has
been used to argue that the H2O in comets has not been sub-
jected to warm temperatures in the inner disk, where re-
equilibration with H and hence lowering of D/H might oc-
cur. However, grain sublimation and vapor cycling through
the disk might have modestly reduced the D/H value rela-
tive to some starting value in the molecular cloud.

The ortho-to-para ratio in H in cometary H2O is some-
what more constraining, challenging any model that heats

cometary H2O in the disk to temperatures significantly
above 30–50 K. At face value, the comets for which this
has been measured — Halley, Hale-Bopp, Hartley-2, and
Wilson — ought to be composed of ice that has not seen
the inner protoplanetary disk. However, the kinetics of the
exchange are very poorly known, and there is also a possi-
bility that the ortho/para value is reset later in the comae
of comets by ion chemistry (Irvine et al., 2000).

The N abundance in comets seems to be well explained
by a model in which N2 is not indiscriminately trapped in
amorphous ice, but instead must compete for void sites with
other volatiles. This too implies a thermal cycling of the
H2O in the grains, up to a temperature that might be incon-
sistent with the ortho-to-para ratio if the latter reflects the
disk environment of the H2O ice grains.

The S abundance in icy grains is also coupled to the H2O
abundance — more accurately, the oxidation state — in the
inner disk, because the latter determines the amount of H2S
in the gas phase vs. the abundance of other S-bearing com-
pounds. Since H2S appears to be the dominant S-bearing
species in comets but is below the solar S/O ratio (Irvine
et al., 2000), it may have been depleted by chemical pro-
cessing in the inner disk. Radial mixing brings H2S sup-
plied from the molecular cloud inward, destroys some of
it, then mixes the H2S depleted gas outward. How much
H2S depletion occurs — i.e., how much of the original
molecular cloud complement is altered in this way — must
await more detailed models in which not only are the chem-
istry and physics coupled, but the time history of the gas
oxidation state is folded in as well. All we can say now is
that a depletion of S at 5 AU, implied by one interpretation
of the Galileo data, seems to be a plausible outcome of S
chemistry in the inner disk (Pasek et al., 2003).

5. FUTURE KEY DATASETS

In this chapter we have sketched a coupled history of
the volatile carriers of three elements: O, N, and S. There
is, of course, much more about cometary chemistry than
just these three elements, and in particular the story of the
organics is a rich one that is covered elsewhere in this book.
But the origin and evolution of the compounds bearing these
elements provides a sufficiently complex and coupled pic-
ture that a list of measurements required to test some of the
ideas presented here (and those not presented as well!) is
daunting. Such measurements will require spacecraft sam-
pling of comets, telescopic observations from the ground,
and Earth- or solar-orbiting telescopes covering wavelengths
not accessible from the ground.

Direct sampling of comets is required to measure the
abundances of relatively refractory species containing N and
S, as well as determine isotopic ratios that are impractical
to measure spectroscopically. Deuterium abundances in H-
bearing species other than H2O ice, with the exception of a
few like HCN (Meier et al., 1998a), remain poorly known,
and would help constrain the thermal history of the H2O
ice. Likewise, measurement of the O isotopes — much more
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difficult spectroscopically — would be of value in this re-
gard. We also wish to know how the volatiles are trapped
in comets, although the thermal cycling of comets as they
pass close to the Sun might have destroyed this record
within a few thermal skin depths of the cometary surface.
Incorporation in clathrate hydrates, adsorption in amor-
phous ice, or the existence of the ices of the volatile spe-
cies themselves (such as NH3) constrain the temperature
history of the ice, provided these phases are indeed from
the time of cometary grain formation. Sampling of noble
gases would provide a record of the trapped abundances of
chemically inert elements for comparison with the jovian
record. Measurement of refractory S-bearing species in the
silicate grains will illuminate the high-temperature S chem-
istry and help sketch out the source of the silicates as well.
These goals and others require the sampling of cometary
silicates by Stardust, and the daringly complex in situ stud-
ies of Rosetta.

Groundbased studies will continue to provide basic ele-
mental, molecular, and isotopic information on long-period
comets as they pass close to the Earth. With the largest
groundbased systems (the European Southern Observatory’s
Very Large Telescope) and even larger ones anticipated for
the next decade (the proposed 30-m Giant Segmented Mir-
ror Telescope) it may be possible to make similar studies
of short-period comets. Is D/H in H2O the same in the short-
period comets as in the long-period comets? Do the compo-
sitional differences between short- and long-period comets
lay out a story consistent with the presumed colder forma-
tion environment of the Kuiper belt vs. the giant planet
region? Can one discern the effects of substantial grain sub-
limation and reformation in the long-period comets against
the background of a more primitive grain mix in the short-
period comets? Many of the clues are accessible from the
ground, but the infrared signatures of composition and iso-
topic ratios may require the combined large aperture and
high-infrared sensitivity of the cryogenic James Webb (Next-
Generation) Space Telescope, to be deployed in solar orbit
after 2011. This system will also be of great value in map-
ping the composition of the distant, and cold, bodies resi-
dent in the Kuiper belt, providing a systematic look at the
composition of what are presumed to be the larger counter-
parts of short-period comets.

Beyond the infrared, the groundbased Atacoma Large
Millimeter Array will provide sensitive isotopic data on
comets and Kuiper belt objects, as well as compositional
information on planet-forming and debris disks in the so-
lar neighborhood. Ultraviolet studies of cometary comae
will further elaborate the chemistry that both illuminates
cometary composition and alters isotopic and chemical
systematics relative to the nucleus. The timescale for ac-
quiring the ground- and spacebased datasets described here
stretch well into the next decade and perhaps beyond. But
these ambitious plans seem sufficiently well formulated to
lend plausibility to the notion that a history of volatiles and
grains, from molecular clouds to comets and planets, will
be a legacy of the first two decades of twenty-first century
space science.
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