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Introduction:  The Outer Planets team for the LPI 
Solar System Oxygen Initiative  will survey the role of 
oxygen in the formation and evolution of the outer 
planets  and their satellites as well as the role oxygen 
plays in current processes. We will consider oxygen in 
the atmospheres and interiors of the gas giants and 
their satellites, and on satellite surfaces in hydrated 
minerals and a variety of  ices (water, SO2, CO2, as 
well as oxygen, ozone and peroxides).   Topics of in-
terest include current models of solar system formation 
and outer planet satellite accretion;  the delivery of 
volatiles to Earth and the inner planets; establishment 
of oxidation states of other oxygen-bonded elements in 
the cores, mantles, crusts, and oceans of icy satellites 
during their differentiation and in ongoing processes; 
surface and atmospheric modification through subli-
mation, hydration/dehydration, photochemistry, and 
ion-molecule (plasma) interactions.  We will explore 
the relationship of outer planet oxygen reservoirs to 
those in the inner solar system, the early solar system, 
and comets through the mediation of water. The use of 
isotopic and elemental measurements as indicators of 
formation processes, evolution pathways, and sources 
of oxygen and current processes in different objects 
will be examined. 

Questions to be addressed:  The breadth and vari-
ety of objects in the outer solar system makes coverage 
of this area especially challenging.  A preliminary set 
of thematic areas of investigation and a preliminary list 
of questions has been assembled by the outer planets 
group as a stimulus for further discussion. These in-
clude:  

 
Current state and evolution of the Gas Giants 

What are the oxygen abundances in the deep interiors 
of Jupiter and other Gas Giants? 

How do the abundances of oxygen-bearing molecules 
and their roles in Jovian weather affect abundances 
in the cloud layers and upper atmosphere relative to 
the deep interior? 

What is the deep oxygen abundance in the interiors of 
the other giant planets and how do oxygen-bearing 
species participate in their weather at upper atmos-
pheric levels? 

What is the chemical and physical form of oxygen in 
the modeled “molecular oceans” or deep interior 
icy mantles of Uranus and Neptune? 

How do the evolution of Gas Giant planet radii, scale 
height, and heat flow affect the molecular forms and 
meteorical cycling of oxygen-bearing molecules and 
ices in the clouds and upper atmosphere? 

 
 Formation of the Gas Giants and their Satellites   
Did a condensation front (snowline) exist in the solar 

nebula and Jovian nebula and if so, what were their 
locations versus time and relative to the accretion of 
satellites?  

Was the condensation and accretion history of the 
circumplanetary nebulae homogeneous or heteroge-
neous, and what does this imply about the internal 
distribution of oxygen-bearing molecules and oxida-
tion states of satellite interiors? 

What were the principal phases of water ice (amor-
phous, crystalline) present in planetesimals at vari-
ous distances from the protosun?  

How much mixing of oxygen reservoirs occurred 
across the outer Solar System and between the Solar 
Nebula and circumplanetary nebulae? 

Is there an oxygen isotopic gradient or other structure 
within the outer solar system and between the inner 
and outer solar system? 

If so, is this structure related to mixing, to fractiona-
tion related to a solar nebula snowline, or to local 
circumplanetary snowlines or other condensation 
limits, and how can we discern the difference?  

How were volatiles trapped in water ice (clathrate, 
amorphous); what were the processes that seeded 
the giant planets with heavy elements and which de-
termined ratios of those elements to oxygen? 

How much of the outer solar system’s water ice is es-
sentially unprocessed from the molecular cloud, ver-
sus sublimated and recondensed and chemically re-
acted and recycled?   

Where might we find such unprocessed ice? 
   
 Outer planet satellites and rings 
What are the interior structures and ice mass fractions 

of the moons of the outer solar system?  
What is the nature and extent of a liquid water ocean 

beneath the crust of Europa and within other icy 
moons? 

How is oxygen cycled and fractionated in the icy shell, 
in the ocean, and in the suboceanic crust and mantle 
of Europa?   
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What is the extent of melting of Titan’s water ice crust 
by impacts and cryovolcanism? (and how much of 
this crust is exposed to the surface?)   

How do magnetosphere and solar wind particles in-
teract with the surfaces of icy satellites, chemically 
and physically?  

What is the source of the oxygen atmospheres around 
some of the outer solar system moons…how many 
have such atmospheres?  

What are the compositions of the ring systems of the 
giant planets and what are their origins and lon-
gevities?  

Is there ammonia-water volcanism on Enceladus (or 
anywhere) and does it supply particles for Saturn’s 
e-ring?  

How are oxygen and oxygen-bearing substances cy-
cled through the crust of Io, and how is oxygen’s 
isotopic composition affected during high- and low-
temperature processes? 

What are the various phases of water ice, other oxy-
genated volatiles, aqueous solutions, and dissolved 
impurities present in the interiors of the icy satel-
lites? 

What are the physical properties of ice, aqueous solu-
tions, and other condensed volatiles under the range 
of environmental conditions on the surfaces and in 
the interiors of outer planet satellites and the gas 
giant planets?    

How do these properties affect the geologic behavior, 
surface landforms, and geophysics of icy satellites? 

How can we use oxygen isotopes as paleothermome-
ters for key processes and materials in the crusts of 
icy satellites? 

How can we use long-lived radioactivities of elements 
dispersed in ice and cosmogenic nuclides to radi-
ometrically date icy materials and surfaces?  

If biological processes in satellite interiors produce or 
consume oxygen, how might this be indicated in the 
nature of oxygen-bearing materials, including ices 
and organic materials, that have been affected? 

 
Comets, Kuiper Belt Objects, and Planetesimals 

What is the relationship between short-period comets 
and the Kuiper Belt, and between Oort Cloud (long-
period) comets and planetesimals inward of the or-
bit of Neptune?   

What are the relationships between oxygenated vola-
tiles of comets, Kuiper Belt objects, regular gas-
giant satellites, and terrstrial planets?   

 
Implications for Extrasolar Planets and Life 

How does the oxygen abundance in our solar system 
and sun compare to that of other stars and extraso-
lar planetary systems? 

How is this oxygen abundance expected to affect the 
nature of extrasolar planets,  their satellites, and the 
prospects for potentially habitable environments? 

How should the abundance of oxygen relative to other 
elements affect key organic and biochemical proc-
esses, and how would it affect the prospects for life 
and the possible nature of life in this and other solar 
systems? 

 
The overarching question is: 

How can the chemical and isotopic nature of oxygen 
help us understand these materials, their origins and 
histories, and their key relations and processes? 

Formal activities: During the next three 
years, each of the oxygen teams will be holding work-
shops and convening special sessions at scheduled 
conferences with the intent to provide a focus for re-
searchers interested in the topic, and a venue for them 
to present their ideas.  Current plans put the outer solar 
system workshop as the last in this series. The Initia-
tive will wrap up with publication of a book presenting 
the current understanding of “oxygen” in the solar 
system relative to their part of the Initiative. To pre-
pare for this activity, the Outer Solar System group 
will establish working subgroups to delve into details 
of broad thematic areas such as identified above.  For 
further information on the Solar System Oxygen Initia-
tive in general, contact either Stephen Mackwell, Di-
rector, Lunar and Planetary Institute 
(mackwell@lpi.usra.edu) or James J. Papike, Univer-
sity of New Mexico (jpapike@unm.edu). Please con-
tact Jonathan Lunine (jlunine@lpl.arizona.edu) with 
questions specific to the outer solar system group, or 
with offers to assist in this process, including contribu-
tions within any thematic area.  
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