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Abstract. The giant planets of our solar system contain a record of elemental and isotopic
ratios of keen interest for what they tell us about the origin of the planets and in particular
the volatile compositions of the solid phases. In situ measurements of the Jovian atmosphere
performed by the Galileo Probe during its descent in 1995 demonstrate the unique value of
such a record, but limited currently by the unknown abundance of oxygen in the interior of
Jupiter—a gap planned to be filled by the Juno mission set to arrive at Jupiter in July of 2016.
Our lack of knowledge of the oxygen abundance allows for a number of models for the Jovian
interior with a range of C/O ratios. The implications for the origin of terrestrial water are briefly
discussed. The complementary data sets for Saturn may be obtained by a series of very close,
nearly polar orbits, at the end of the Cassini-Huygens mission in 2016-2017, and the proposed
Saturn Probe. This set can only obtain what we have for Jupiter if the Saturn Probe mission
carries a microwave radiometer.
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1. Introduction

The giant planets of our solar system were traditionally considered to be cosmic odd-
balls, interesting specimens of the solar nebula (protoplanetary disk) from which the Sun
and planets formed some 4.55 billion years ago. Indeed, speculation based on pioneering
models of planetary accretion suggested that giant planet formation might be relatively
rare Wetherill (1992). However, the current tally of discoveries of giant planets indicates
that roughy 10% of Sun-like stars possess planets within an order of magnitude the mass
of Jupiter Marcy and X (2010). Ground-based microlensing survey have found hundreds
of unbound (free-floating) or loosely bound planets with masses of order that of Jupiter;
given the efficiency of detection, this implied that two giant planets have formed for every
star in the galaxy OGLE and M (2011).

Since giant planets appear to be a common product of star formation, albeit with only
a minority remaining in tightly bound orbits around their parent stars, understanding the
composition and structure of such bodies should be an important goal of astrophysics.
Study of Jupiter, Saturn, Uranus and Neptune no longer can be regarded as a plane-
tological specialty, but rather as an important branch of astrophysics that informs the
study of the countless numbers of giant planets likely to be present in the cosmos.

Of particular interest in this regard are in situ measurements of composition, by en-
try probe, combined with remote sensing of deep atmospheric species and mapping of
gravitational and magnetic fields—remote sensing that requires close range (though see
dePater et al. (2001) for examples of microwave radiometry of the giant planets done
from Earth). The next decade promises an unprecedented opportunity to build on the
Galileo entry probe mission of 1995 (Fig. 1), through close orbital sensing of Jupiter and
Saturn from Juno and Cassini. The possibility of a Saturn entry probe akin to the Galileo
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Jupiter probe, in the decade following, would complete the basic set of measurements
needed to characterize in detail both of the solar system’s largest planets.

Here I will focus on the chemical and isotopic information contained in Jupiter and
Saturn that informs the details of solar system formation, and the observations that will
deliver this information in the near future.

2. An overview of the chemical and isotopic signatures of Jupiter
and Saturn

A summary of the key chemical and isotopic signatures in Jupiter and Saturn is given
in Table 1. Jupiter’s composition was measured in situ down to 22 bars; Saturn’s was
measured remotely by a variety of ground- and space-based instruments.

Helium. The helium abundance is thought to have been uniform throughout the pro-
tosolar nebula during the formation of the planets and, therefore, any variation from the
generally accepted protosolar value of 0.28 (expressed as a mass fraction; Profitt 1994)
should reflect processes internal to the giant planets themselves. The Jovian value is
close to but slightly below the protosolar one, with error bars based on the disagreement
between the mass spectrometer and the helium detector (refractometer) instruments.
The Saturnian value is well below the solar value but with larger error bars because it is
derived from remote sensing data. The values given here are from preliminary analyses of

Figure 1. Descent module of the Galileo probe, suspended above the deceleration
module/aeroshell. Diameter of the descent module is about 0.9 meters (NASA).
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Table 1. Some chemical and isotopic signatures in Jupiter and Saturn?

Element Abundance in Isotopes Abundance in Isotopes

‘ ‘Jupiter (solar = 1) in Jupiter Saturn (solar = 1) in Saturn?® ‘
|hydrogen|  defined=1 | D/H =2257035210"° |  defined =1 |D/H = 1.7070 22107
|helium | 0.970.5 |PHe/*He = 1.6670.05210~*| ~ 0.6 —0.86 | ? |
|neon | 0.05970.004 | ? | ? | ? |
|arg0n | 3.071.0 | ? | ? | ? |
[krypton | 2.0370.38 | ? | ? | ? |
|xenon | 2.1110.40 | ? | ? | ? |
|carbon | 3.82%0.66 | e/ c=926%04 | 10.4%7 0.4 | 91.872% |
|nitrogen | 4.9071.87 | MNP N = 440160 | 4571 | ? |
|oxygen | 0.2970.09 | ? | ? | ? |
[sulfur | 2.8870.69 | ? | ~ 17 | ? |
Notes:

! Jovian abundances from various sources as tabulated and cited in Marty et al. (2008) except for helium
which is from von Zahn et al. (1998) and Niemann et al. (1998), argon from Mahaffy et al. (2000), D/H as
reported in Fouchet et al. (2009), and oxygen, which is from Wong et al. (2008), using the solar abundances
of Grevesse et al. (2005) (but see also Asplund et al. 2009). Solar He/H, is from Profitt 1994. Saturnian
abundances taken from Fouchet et al. (2009) based on various published and unpublished sources.

Cassini infrared data, which relies on the sensitivity to the helium fraction of the shape
of the continuum infrared absorption. However, this analysis does not yield the same
result as a different analysis which combines data from radio occultations with infrared
data, and further there is disagreement with the same type of analysis from the earlier
Voyager flybys. This complex situation is well described in Fouchet et al. (2009).

Despite the uncertainties the interpretation seems straightforward, which is that helium
is not completely miscible with hydrogen at the temperatures relevant to the interiors
of Jupiter and Saturn, and the zone of immiscibility is larger in Saturn than it is in
Jupiter—consistent with the lower temperature at a given pressure in Saturn relative to
Jupiter. Immiscibility of helium means that droplets of helium form in Saturn’s deep
interior; the sinking of these results in enrichment of helium in the deep interior while
the outer layers are depleted (Stevenson and Salpeter, 1977)). The sinking of the droplets
releases gravitational energy which should be measurable as an added heat source, and
indeed the thermal emission from Saturn (Hanel et al. 1983)) is larger than expected for
a planet which is the age of the Sun. Jupiter, on the other hand, has an infrared emission
consistent with its assumed age of 4.55 billion years, assuming that the emissions sources
are only thermalized solar energy and the original virtualized energy of formation of
the self-gravitating body. While the coarse outlines of this story seem complete, there
remain disagreements on the details (such as whether helium differentiation is occurring
in Jupiter as well) because of uncertainties in the hydrogen-helium equation of state at
high pressure (Hubbard et al. 2009, Wilson and Militzer 2010 ).

The ratio of the light isotope of helium ®He relative to hydrogen is lower in Jupiter
than the generally accepted value for both the solar wind (a sample of gases from the
interior of the Sun today) and the local interstellar medium, while the D/H value is larger.
The sum of the *He and deuterium abundances, normalized to the hydrogen abundance,
is within the (somewhat large) error bars the same as the solar and ISM values; see
(Fig. 2) During stellar nucleosynthesis deuterium is destroyed and 3He produced. Since
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the Sun’s deep interior has been undergoing fusion, and the local interstellar medium
is contaminated with material from massive stars that similarly reflects fusion processes
within Population 1 stars, a sample of gas unaltered by fusion from the time of the solar
system’s formation should have lower 3He and higher deuterium than that found in the
solar wind (a sample of the solar interior) or local ISM, but the sum should be the same.
As figure 2 shows, this is indeed the case for Jupiter. (Owen and Encrenaz 2003). A
similar test for Saturn awaits measurement of the *He abundance, which can only be
done in situ by an entry probe.

Noble gases and C,N,S,P bearing species. Besides that of helium, the abundances of
all of the other noble gases (neon, argon, krypton, and xenon) have been measured in
Jupiter by the Galileo mass spectrometer. Remote sensing measurements of these species
in the well-mixed part of the atmosphere is extremely difficult, and hence there are no
values reported for Saturn. Initial work analyzing the data used solar abundances that
suggested a uniform enrichment of argon, krypton and xenon relative to solar (Mahaffy
et al. (2000)), but more recent updates to the solar elemental abundances (Asplund 2009)
lead to a slightly larger enrichment of argon relative to solar compared to that of krypton
and xenon. The neon abundance Ne/H, is strongly depleted relative to solar, and unlike
water (see below) this is not a meteorological effect in the observable atmosphere. It
is also unlikely to be a depletion in the nebula, since the He/H, ratio is not similarly
depleted. Most likely it is a miscibility effect in the deep interior (Wilson and Militzer
2010). Unlike neon, which is simply too volatile to incorporate in icy planetesimals, argon,
krypton and xenon directly condensed or were trapped or adsorbed in water ice.

There has been a lot of debate on the question of the origin of the heavy noble gas
enrichments, as well as that of carbon, nitrogen, sulfur and phosphorous. The uniformity
is most easily explained if all of the species condensed out as ices, and given their differing

ISM : Ulysses, HST

*He +D

4
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[ =deuterium

Abundance relative to hydrogen x 10*-5

Figure 2. *He and deuterium (D) abundances in Jupiter, and their sum, plotted relative to the
hydrogen abundance in Jupiter. The red points and error bars are the Galileo probe data; the
blue come from Ulysses solar wind measurements and Hubble Space Telescope observations of
the local interstellar medium. Figure based on an argument in Owen and Encrenaz (2003).
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volatilities, this required very low temperatures in the protoplanetary disk, 30 K or
perhaps lower (Owen et al. 1999). An alternative model invoked trapping in clathrate
hydrate (Hersant et al. 2004). Revisions to solar abundances led to enrichments that
were no longer quite so uniform (Grevesse et al. (2005)), which allowed the clathrate
model to more easily fit the data (Mousis et al. 2009). The clathrate model requires
nebular temperatures of between 30-40K, not quite as cold as direct condensation, but
also implies a larger fraction of water ice accompanying the carbon-, nitrogen- and sulfur-
bearing species than does the direct condensation model.

The carbon isotopic ratio >C/13C in Jupiter is similar to the terrestrial value in those
species in Jupiter not affected by photochemical processes, while the 1*N/!N is enriched
by a factor of two relative to terrestrial (Owen and Encrenaz, 2003). This suggests that
while the carriers of carbon to the Earth and to Jupiter were perhaps similar, those of
nitrogen were not.

Ozygen. The deep oxygen abundance in Jupiter is not known because the abundance
of water—the primary carrier of oxygen in the Jovian atmosphere—is in principle strongly
affected by condensation and rainout associated with meteorological processes (Lunine
and Hunten 1987), by advection (Showman and Dowling 2000), or both. The Galileo
probe fell into a relative dry region known as a “hot spot” (for the excess brightness
observed in such regions at 5 um wavelengths), and the water abundance was observed
to increase with depth, or equivalently, with pressure. The sparseness of the measurements
made it impossible to know whether the water had “leveled out” at a value corresponding
to 1/3 solar or would have increased further had the probe returned data below the 21
bar level where communication ceased. Predictions for either the direct condensation
model or the clathrate model are for oxygen abundances several to many times solar in
the Jovian deep interior.

3. A carbon-rich Jupiter

Although atmospheric explanations for the water abundance in Jupiter are attractive,
one must not rule out the possibility that water truly is depleted in the Jovian interior—
that is, the oxygen-to-hydrogen ratio in Jupiter is subsolar. One justification for making
such a case is that a planet with a C/O > 1-a “carbon-rich planet”’—has been discovered
(Madhusudhan et al. 2011a), companion to the star WASP12a with a C/O ratio of 0.44,
roughly solar. One explanation is that the portion of this system’s protoplanetary disk was
somehow depleted in water at the time the planet formed and acquired its heavy element
inventory (Madhusudhan et al. 2011). Prior to this discovery, the possibility of a carbon-
rich Jupiter was considered on the basis of the Galileo results alone by Lodders (2004),
who proposed that the point in our protoplanetary disk at which water ice condensed—
the snowline— might have been further from the Sun than the point at which Jupiter
formed, and volatiles adhering to solid organics rather than water ice were carried into
Jupiter. Indeed, for an increasingly oxygen-depleted (or carbon-enriched) protoplanetary
disk, the point at which water ice forms from water vapor moves progressively outward
(Fig. 3). One difficulty with this hypothesis is the presence of water in the asteroid belt
in the form of the main belt comets (Hsieh and Jewitt 2006), although the relatively high
rock-to-ice ratio in the Jovian vs Saturnian satellite systems might be an argument in
favor.

Mousis et al. (2011) looked at the possibility that Jupiter might be a carbon-rich planet
and examined element-by-element the fit to the Galileo probe data of two contrasting
models: one in which the planetesimal building blocks of Jupiter derived from a disk with
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C/O= 1/2 (roughly, the solar value), and the other in which C/O=1. To achieve the latter
they assumed that the oxygen abundance in the disk had been depleted by a factor of
two.. They then invoked planetesimal trapping in clathrate hydrates that provides a good
fit to the elemental abundances in the Galileo probe data for the C/O=solar case (Mousis
et al. 2009, and reexamined the fit in the case for which C/O = 1. Within the error bars
of the probe data, there is little to distinguish the two bulk elemental abundances the
one from the other. Both fit carbon, nitrogen, sulfur and argon equally well. Neither fits
phosphorous, krypton or xenon, overestimating all of them. The solar C/O case is closer
to P and Xe than the carbon-rich case, but both are well outside the probe error bars.
Mousis et al. (2011) point out that the measured phosphorous abundance is likely a lower
limit to the bulk abundance of phosphorous in Jupiter, because highly non-volatile phases
may be carrying much of this element. Krypton and xenon cannot be so explained, but
Mousis et al. (2009) had already invoked complexing of these noble gases with H;L as a
way of limiting their trapping in clathrate hydrates in the protoplanetary disk.

Regardless of the details, the real test is in the oxygen abundance, which must be
seven times solar in Jupiter in the C/O=solar case to account for the trapping of the
volatiles, and roughly solar in the C/O=1 case. In both cases, the O/H; abundance in
the Jovian envelope is larger than that in the protoplanetary disk overall because of the
inefficiency of trapping of the volatiles in the ice. For direct condensation of all volatiles
with no clathrate, the water enhancement is about 4 times solar in the C/O=solar case
and below solar in the C/O= 1 case (remember that Mousis et al. (2011) label these cases
by the C/O values in the source material of the planetesimals in the original disk). The
hypothesis of Lodders (2004), that the volatiles are actually trapped within organic solids,
would lead to an even smaller water abundance in Jupiter. Thus, any determination of
the deep water abundance in Jupiter yielding a value relative to hydrogen of solar or less
would be a strong argument in favor of a carbon-rich Jupiter.

All of this begs the question of the source of the depletion. A wide range of oxidation
states existed in the protoplanetary disk at different times and locations. For example,
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Figure 3. Qualitative behavior of the snowline— the radial position at which water ice condens-
es—in a protoplanetary disk, for varying elemental ratios of carbon to oxygen. Because silicates
and metals sequester some of the oxygen at high temperatures, the amount of water drops pre-
cipitously and the snow line moves rapidly outward for C/O values approaching, but still below,
unity.
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the enstatite chondrites are thought to have come from parent bodies formed inward of
all the other parent bodies, and their mineralogy suggests reducing conditions—consistent
with a depleted water vapor abundance—in the region of the nebula where they formed
(Krot et al. 2000). That region was almost certainly inward of the nebula snowline, where
radial zones of enrichment and depletion of water vapor associated with the cold finger
effect of condensation and inward radial drift of the icy particles existed (Ciesla and
Charnley 2006. Recent models of the early evolution of Jupiter and Saturn hypothesize
that these giant planets moved inward significantly during the late stages of their forma-
tion, reaching 1.5 AU in the case of Jupiter (Walsh et al. 2011), almost certainly inward
of the snowline (Fig.4). If planetesimals in this region accreted volatiles on refractory
organic and silicate surfaces, as in the Lodders (2004) idea, which were then incorporated
into Jupiter, the latter would appear carbon-rich and oxygen-depleted. However, tem-
peratures in that region may not have been low enough to provide sufficient amounts of
the more volatile phases. Further, this seems inconsistent with the nitrogen isotopic mea-
surements for Jupiter, which suggest different molecular carriers for nitrogen in Jupiter
versus the terrestrial planet region.

A second possibility is that Jupiter’s migration scattered these water poor planetesi-
mals to the colder outer solar system, where they trapped noble gases and carbon-and
nitrogen-bearing species at lower temperature-but water ice, already frozen out, was not
available. Again, these models are of interest only should it turn out that the oxygen
depletion measured by Galileo reflects a bulk oxygen depletion, rather than being at-
mospheric. Essential is the measurement of this quantity, in Jupiter and if possible, in
Saturn.

Asteroids
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/ - Chemically
Snpwline  active zone

Figure 4. Schematic of the movement of Jupiter and the nebular snow line. In the top panel,
Jupiter represented by the grey disk lies beyond the snowline, represented by the crescent. In the
middle panel, later, Jupiter has moved inward of the snowline thanks to the influence of Saturn
(Walsh et al. 2011). In the bottom panel, Jupiter has moved out again, while the snowline is
moving inward at much slower pace (longer timescale). Base figure from Cyr et al. 1998
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Figure 5. Weighting functions for the microwave radiometer on Juno, showing that the instru-
ment is sensitive to water abundances at tens of bars bar pressure levels on Jupiter. Notional
cloud decks are shown on the right based on the drawn temperature profile and the vapor
pressures of the cloud formers. From Janssen et al. (2005).

4. The future: measuring oxygen in Jupiter and noble gases in Saturn

August 5, 2011 marked the launch of NASA’s Juno mission to Jupiter, carrying eight
instruments including two from the Italian Space Agency (ASI). Among the instrument
suite is a microwave radiometer (MWR) built at NASA’s Jet Propulsion Laboratory
(Janssen et al., 2005) with the capability of measuring the abundance of water down
to many tens of bars below the Galileo limit (Fig.5). Complementary to the MWR is
a near-infrared spectrometer JIRAM (Jovian Infrared Auroral Mapper), built by ASI,
that will obtain the water abundance in the meteorological layer (Adriani et al. 2008),
thereby providing a cross-check for the water abundance measured at the shortest wave-
lengths by the MWR. The two instruments together will be able to provide a defini-
tive answer for whether the water abundance is below or above solar, and in the latter
case, by how much. Measurements will begin when Juno enters Jupiter orbit in summer
2016.

Further in the future is the possibility of sending a probe into the Saturn atmosphere
akin to Galileo. Such a mission would complement the detailed remote sensing being
done by the Cassini Saturn Orbiter, which beginning in 2016 will make very close fly-
bys of Saturn similar to what Juno will do at Jupiter, to map the gravitational and
magnetic fields, as well as examine the atmospheric composition at close range in the
infrared. Unfortunately, a microwave radiometer akin to that on Juno is not present on
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Figure 6. The author in front of a duplicate of the Galileo Probe mass spectrometer (on table)
built by Hasso Niemann of the NASA Goddard Spaceflight Center. The detector is on the left;
electronics in the center, and the upper housing on the right. Photo by M. Amato.

the Cassini Orbiter. Current strategic plans for the US planetary program (Space Studies
Board 2011) limit Saturn Probe missions to the medium “New Frontiers” class, which
means that a very deep probe (100 bars), will not be practical. Nonetheless, even flying a
current version of the venerable Galileo Neutral Mass Spectrometer (Fig. 6) will provide
a wealth of data to compare with that from Jupiter, and the possibility of deep prob-
ing of the Saturn atmosphere by microwave radiometry from a carrier, to complete the
compositional diagnosis by obtaining the oxygen abundance, remains under study.

The fascinating possibility that Jupiter and Saturn might have distinct oxygen abun-
dances because they sampled at different times and to differing extents regions of the
nebula heterogeneous in oxygen (i.e., water) abundance is testable if a Saturn probe can
measure the bulk oxygen abundance. In particular, should Saturn have a significantly
higher C/O abundance than Jupiter (even if both were above solar), it would support
the idea that the region inward of the nebular snowline was significantly depleted in
water, giving us a unique insight into nebular condensation and transport processes.
Complementary to this information are the "hot Jupiters” like WASP12-b which are eas-
ier targets for measuring C/O ratios, because their elevated temperature profiles allow
both water and carbon-bearing species to be measured without interference from con-
densation processes (although cloud-forming species more refractory than water ice can
reduce spectral contrast for some temperature ranges).
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5. Implications for the origin of water on terrestrial planets

In this chapter I have pointed out that we know less about the bulk elemental abun-
dance of the solar system’s largest reservoir of planetary material than one might have
otherwise assumed. Another area of deep ignorance is the origin of Earth’s water, which
recently was succinctly summarized (Cowen 2011). Dynamical simulations argue against
a cometary origin for Earth’s water (Lunine 2011), as does the high cometary D/H ratio
(see this conference)-but with the caveat of Brown et al. (2011). This leaves local sources
such as may be derived from adsorption onto grains (de Leeuw et al. 2010), or the as-
teroid belt. However, while meteorite water contents suggest there is plenty of water in
main belt carbonaceous chondrite parent bodies, matching the geochemical constraints is
difficult (see the discussion and references in Lunine et al. 2011). Others have suggested
the possibility that the main belt comets might be examples of bodies from which the
water was derived (Hsieh and Jewitt, 2006; see also the discussion in Lunine et al. 2011).
However, we know little about these bodies.

The notion that Jupiter and Saturn might have moved significantly in terms of radial
distance in the final stages of their formation makes it more likely that icy bodies from
beyond the snowline were introduced into the terrestrial planet region, making the ac-
quisition of water on the Earth easier. However, we do not have any information on the
D/H values for water in this material, unless we think that these bodies are similar to
comets, in which case D/H is not consistent with the terrestrial value. And the water
adsorption hypothesis invokes material for which we have no geochemical information at
all. It is a daunting problem.

Ultimately, there may be a connection between the problem of the elemental abun-
dances of our giant planets and the sources of water for the Earth. The material that
Jupiter and Saturn swept up in the late stages of their formation should be related to
that which they threw outwards, to make the comets, and inward to seed the terrestrial
planets with water and organics. And so determining the full set of elemental abundances
in Jupiter and Saturn is a part of the process of testing hypotheses for how the Earth
acquired its water. Whether there is enough information to make headway—and whether
studies of the elemental abundances in extrasolar giant planets relative to their parent
stars will reveal important systematics—will not be known for some time to come.
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Discussion

VAN DISHOECK: Can you elaborate on the similarities and differences between Main Belt
comets and normal comets, in terms of composition, especially water/organics ratio?

LuNINE: To my knowledge we have no information on the composition of the Main Belt
comets, certainly not the level of detail needed for the ratio of water to organics.

https://doi.org/10.1017/51743921311025026 Published online by Cambridge University Press


https://doi.org/10.1017/S1743921311025026

260 J. I. Lunine

IRVINE: Do we know enough about cometary D/H to rule out traditional comets as the
source of Earth’s water?

LUNINE: Yes, one can rule out comets, if one assumes that the D/H value observed in the
cometary comae are representative of the value in the bulk nucleus. Although it seems
to be a reasonable assumption, there are several papers that argue D/H values may be
significantly altered by vaporization processes ( for example, Brown et al. 2011).
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