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Among the many “ocean worlds” of our solar system, Enceladus appears unique in its combination of 

astrobiologically relevant, exploration-worthy attributes: extensive liquid-water ocean with high-temperature 
hydrothermal activity, containing salts and organics expressed predictably into space. The Enceladus south polar 
plume allows direct access to telltale molecules, ions, isotopes, and potential cytofragments in space. Plume mass 
spectroscopy and sample return, in situ investigation of surface fallback deposits, direct vent exploration, and 
eventually oceanographic exploration can all be envisioned. However, building consensus to fund such ambitious 
exploration hinges on acquiring key new data. A roadmap is essential. It could start with cost-capped onramps: 1) 
flythrough analysis of the plume, following up on Cassini measurements with modern instruments; 2) sample return 
of plume material for analysis on Earth. A methodical mission sequence in which each step depends on emergent 
results from prior missions would push in situ oceanographic exploration into the second half of this century. Even 
for this scenario, prioritization by the next planetary Decadal Survey would be pivotal. 

 
 

I. INTRODUCTION 
Cassini discovered tidally-modulated jets emitting 

salty water from the interior of Saturn’s small moon 
Enceladus.1-3 It gravitationally inferred a water reservoir 
of regional extent underlying the jet source,4 directly 
measured salts and organic species in the resulting 
plume,5 determined that the plume is the source of the 
long-lived E-ring around Saturn,6 determined that the 
nanosilica particles comprising the ring originated in a 
high-temperature hydrothermal system on the Enceladus 
seafloor,7 and found that the ocean must be global.8 

Even though we do not yet know the longevity of this 
hydrothermal activity, Enceladus nonetheless meets 
today’s textbook conditions for habitability.9 And 
because its well-mapped plume expresses ocean 
material far into space where its composition can be 
sampled directly without landing, Enceladus is one of 
the most promising places in our solar system to search 
for evidence of alien life. Using Enceladus as the 
exemplar, this paper proposes a template for stepwise 
Ocean World scientific exploration that could determine 
in this century how singular Earth life is. 

 
II. EPOCHAL MOTIVATION 

Discovery of life elsewhere is one of the defining 
challenges of our time: an existential human question, 
now finally addressable. It shares with the mid-20th 
century’s Project Apollo a kind of atavistic power to 
compel action – something humankind has fantasized 
about down through the ages, historically so impractical 
that it became mythologized, but which technological 
progress has now brought within our reach. Indeed, it is 
difficult to imagine how our 21st-century space-science 
enterprise could escape the grip of this quest: to finally 
know whether we are alone, and if so, why. 

In an ironic turn that evinces humanity’s readiness to 
tackle this Big Question, contemporary space flight 
capabilities have put us on the cusp of pursuing it in 
three utterly different ways.  

The first approach is through exoplanet spectroscopy 
– using telescopes to collect spectra of the light 
reflected by and transmitted through the atmospheres of 
planets orbiting other stars. By doing this for hundreds 
or thousands of exoplanets, we can establish chemical 
fingerprints of these worlds’ atmospheres, seeking 
evidence of nonequilibrium conditions best explained 
by a biosphere.10 

The second approach is through increasingly 
sophisticated exploration of Mars. Via roving avatars, 
humankind has already determined that early Mars had 
clement conditions, including long-lived bodies of 
flowing and standing water11 that were chemically 
compatible with habitability.12 Today Mars is dry and 
frozen, but nonetheless taunts us with indications of 
subsurface environments that might still be habitable 
today.13 The hope of finding extant, tenacious life on 
Mars is not unreasonable. But even evidence of extinct 
life would be an epochal discovery; we have “followed 
the water,” and now are ready to follow clues of 
habitability including organics and other traces left by 
life. 

The third approach was not even imagined before 
the startling discoveries of the Voyager, Galileo, 
Cassini, and Dawn projects revealed that our traditional 
definition of a stellar habitable zone was far too 
simplistic. Despite having only eight major planets, our 
own solar system has by some counts at least ten “ocean 
worlds” (Figure 1). Some, like Mars and Ceres, are now 
apparently frozen. Not enough is known yet about 
Venus to determine whether it ever had oceans, and 







 66th International Astronautical Congress, Jerusalem, Israel. Copyright ©2015 by the International Astronautical Federation. All rights reserved. 

IAC-15,A7,1,2,x30092 Page 4 of 10 

we have done with dozens of moons in the giant-planet 
systems) by building predictive models that reconcile 
observations with causal physics and chemistry.  

Should scouting discover biosignatures, a new 
branch opens to pursue those findings especially. At a 
minimum, this branch leads to understanding how the 
discovery might be mimicking an actual biosignature, 
which would inform our understanding of the limits of 
life in theoretically habitable environments. But 
alternatively, it could trigger yet another branch: one to 
confirm the presence of life and pursue the 
understanding of an alien ecology. 

Most of the basic sequence can be executed to a 
great degree by flyby and orbiter missions. Indeed, 
Cassini has exemplified this approach already by 
performing both remote-sensing and “flyby in situ” 
measurements throughout the Saturn system (and the 
Europa Multiple Flyby mission takes this approach for 
the next step of exploring that ocean world). We can say 
that Cassini discovered a habitable ocean at Enceladus: 
the interdisciplinary findings enabled by its flagship 
payload have confirmed all the attributes that make 
Enceladus so compelling an ocean-world destination.  

Frustratingly though, the two key Cassini 
instruments that conduct direct chemical measurements 
in the Enceladus plume – the INMS (Ion and Neutral 
Mass Spectrometer) and CDA (Cosmic Dust Analyzer) 
– cannot themselves do more than they have done 
already. Designed in the early 1990s for a general 
exploratory mission, they lack the mass range, 
sensitivity, and molecular-fingerprint discrimination to 
follow up their own results with greater finesse. Their 
capabilities are now far outstripped by today’s state of 
the art in space flight instruments. A flyby-orbiter 
mission following the path that Cassini has blazed, but 
with only two instruments – modern mass spectrometers 
for gases and particles – could answer the question 
marks on both main branches of the roadmap: 
quantifying chemical tracers of the habitability of the 
ocean environment; and directly conducting multiple, 
independent chemical tests for the presence of life. 

Characterizing habitability would mean determining 
how hospitable the liquid-water environment inside 
Enceladus is today, and has been through time. In 
particular, the acidity of the water, its temperature, its 
oxidation state, and the presence of a redox “battery” 
that could power biological reactions can all be inferred 
via ratios of key chemical species in the plume. 
Fingerprinting high molecular-weight organics could 
determine whether the molecules Cassini has detected 
arose from abiotic synthesis, or instead evidence 
macromolecules expected in biological systems. The 
investigative thread would seek in the end to understand 
the geophysical conditions that prevent environments 
from being truly habitable. 

Direct tests for life are also possible for a plume 
flythrough mission. Mass spectrometry of plume 
constituents could discriminate types of preferential 
chemistry that are a signature of all living systems we 
know. Are organic hydrocarbons including amino acids 
prevalent in ratios expected from thermodynamics, or 
indicative of selective synthesis and uptake? Does the 
abundance profile of carbon-atom number in long-chain 
fatty acids follow a Poisson distribution, or evince a 
pattern implying synthesis from common-unit building 
blocks? Is 12C preferentially incorporated into the 
organics measured? Does the abundance distribution of 
amino acids match abiotic synthesis (e.g., with glycine 
dominating), or is there a family of amino acids both 
more common and more evenly represented? If such a 
family is discerned, is it different from the 22 amino 
acids used by terrestrial life? Finally, is there a 
significant chiral excess among biomolecules, and is it 
the same as on Earth (L-amino acids and D-sugars)? 
Results from a plume analysis mission could range from 
strongly negative (inconsistent with the presence of 
biological activity), to ambiguous, to strongly positive. 

Should ambiguous, or circumstantially positive, or 
inarguably positive biosignature indications be found, 
programmatic focus would inevitably shunt onto the 
life-confirmation path of the roadmap, and thus to the 
retrieval of samples to Earth for detailed analysis in 
terrestrial laboratories. Plume samples could be returned 
either before, or along with, samples of fallback “snow” 
collected from Enceladus’ surface, or even from within 
sulcus vents. Unequivocal confirmation of life would 
hinge on structural evidence (e.g., cytostructures like 
cell walls, organelles, and chromosomes), and finding 
intermediate products in biochemical cycles for 
respiration and reproduction. Understanding the genetic 
transcription process would follow, including the 
determination of whether Enceladan life shares the same 
chemical language as Earth life. Every step of this 
investigative chain would yield important results. 

Beyond the headlines, confirmation of Enceladan 
life would open a final branch on the roadmap: to gain 
an understanding of the biogeochemical cycles that link 
multiple species in an ocean ecology, and of the 
diversity and tenacity of life that may occupy multiple 
ocean niches. This ultimate step of the roadmap would 
require in situ cave and ocean exploration: autonomous 
spelunking and submarining under the ice crust of a 
faraway moon. 

 
V. BRIDGING FROM CASSINI TO THE FUTURE 

Clearly this ambitious roadmap spans many decades 
of potential exploration, several key decision points, 
many classes of mission, and technologies ranging from 
today’s state of practice to capabilities far beyond what 
we know how to do. The technologies and mission types 
best able to address each step of the roadmap matter 
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INMS Ion and Neutral Mass Spectrometer 
NASA National Aeronautics and Space 

Administration 
SLS Space Launch System 
TRL Technology Readiness Level 
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