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Abstract

In this article, we summarize the work of the NASA Outer Planets Assessment Group (OPAG) Roadmaps to Ocean
Worlds (ROW) group. The aim of this group is to assemble the scientiÞc framework that will guide the exploration
of ocean worlds, and to identify and prioritize science objectives for ocean worlds over the next several decades.
The overarching goal of an Ocean Worlds exploration program as deÞned by ROW is to ÔÔidentify ocean worlds,
characterize their oceans, evaluate their habitability, search for life, and ultimately understand any life we Þnd.ÕÕ
The ROW team supports the creation of an exploration program that studies the full spectrum of ocean worlds, that
is, not just the exploration of known ocean worlds such as Europa but candidate ocean worlds such as Triton as
well. The ROW team Þnds that the conÞrmed ocean worlds Enceladus, Titan, and Europa are the highest priority
bodies to target in the near term to address ROW goals. Triton is the highest priority candidate ocean world to target
in the near term. A major Þnding of this study is that, to map out a coherent Ocean Worlds Program, signiÞcant
input is required from studies here on Earth; rigorous Research and Analysis studies are called for to enable some
future ocean worlds missions to be thoughtfully planned and undertaken. A second Þnding is that progress needs to
be made in the area of collaborations between Earth ocean scientists and extraterrestrial ocean scientists. Key
Words: RoadmapÑEnceladusÑTitanÑEuropaÑTritonÑNASA. Astrobiology 19, 1—27.

1. Introduction

T he 2016Congressional Commerce, Justice, Science,
and Related Agencies Appropriations Bill (hereafter

CJS) directed NASA to create an Ocean Worlds Exploration
program, using a mix of programs already established within
NASA. Their direction for this program was to seek out and

discover extant life in habitable worlds (HW) in the Solar
System. In support of these efforts, the Outer Planets As-
sessment Group (OPAG), directed by NASAÕs Planetary
Science Division (PSD), formed the Roadmaps to Ocean
Worlds (ROW) group to assemble the scientiÞc framework
guiding the exploration of ocean worlds. ROW was given the
following charter:
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3.4. Goal IV. Understand how life might exist at each
ocean world, search for life, and understand
the biology

IV.A. What are the potential biomarkers in each habitable
niche? (determinewhat we are looking for)

A.1. What can we learn about life in ocean worlds from
studying life on the Earth?

A.2. What niches for life are possible in ocean worlds?
A.3. What can we learn about life by understanding the

history of life in ocean worlds?
A.4. What should be our target indicators?
A.5. How do we distinguish extant from extinct life in

environments in which life might develop, and which
timescales (e.g., for metabolism, reproduction, dor-
mancy) matter?

The Earth is the only planet yet where life is known to
exist. Analog studies of life in the EarthÕs oceans and other
habitable niches provide our only anchor for extrapolations to
other ocean-bearing worlds (A.1). Examples of what can be
learned from such studies include: (1) the range of physical
(e.g., temperature, pressure, radiation levels) and chemical
(e.g., pH, redox, salinity/water activity, major/trace elemental
abundances) conditions that life tolerates; (2) whether known
extremophiles exist at the temperatures, pressures, pH, radi-
ation levels, etc. found on other ocean worlds; (3) whether
there exist areas on the Earth that do not support life (and
why); (4) how long it takes ecosystems to colonize a given
environment, or adapt/evolve to changing physicochemical
conditions; (5) the metabolic diversity that might be expected
in ocean world environments; and (6) the amount of potential
biomass that could be sustained in a given ocean world.

Niches for extant life (A.2) must provide a solvent, energy,
and nutrients for a sufÞcient amount of time. By deÞnition,
ocean worlds provide a solvent, and the materials that planets
form from can be expected to contain the necessary nutrients.
Lacking sunlight, bioavailable energy requires the co-location,
in chemical disequilibrium, of electron donors and acceptors.
Determining which metabolic strategies are possible, which
dominate, and what their spatiotemporal distribution is in-
volves Þnding out which electron donors and acceptors are
present, what their abundances are, whether there exist mech-
anisms to bring them together, and the quantiÞcation of sour-
ces, sinks, and their variation in space and time.

Our current knowledge of biology is entirely based on life
on the Earth, but Þnding life elsewhere would provide other
data points to infer universal properties of life. Key con-
siderations include the emergence of life, how long a world
has been inhabited, whether (and which) evolutionary
pressures might have driven or prevented lifeÕs diversiÞca-
tion, and how geological and environmental changes could
affect habitability over time (A.3).

Ideal target indicators (A.4) are speciÞc to life (not found
in abiotic systems), universal (not limited to life on the
Earth), and easy to detect. To date, we do not know of any
single indicator that satisÞes all three criteria. Darwinian
evolution and reproduction may be the only speciÞc and
universal indicators, but we cannot measure them even for
most of life on the Earth, which we cannot culture. Growth
(concurrent life stages) and activity (motility, feeding, bio-
Þlm formation) are speciÞc, but they may not be universal.

Evidence for metabolism (isotopic fractionations from abi-
otic values, co-location of electron donors and acceptors)
can be more easily detected, but its lack of speciÞcity requires
excellent contextual knowledge. Functional molecules (nu-
cleic or amino acid polymers, pigments) are highly speciÞc
and easy to detect, but they may not be universal. Potential
biomolecule components (nucleic or amino acids, lipids,
sugars) with structural preferences (nonrandom chirality,
carbon number, or trace element compositions) may be uni-
versal and easy to detect, but they have low speciÞcity.

Any extant life in ocean worlds (A.5) is likely to be present
as single-celled prokaryotes (and potentially eukaryotes).
(This is also discussed in IV.B.2 below.) Micrometer-scale
imaging can conÞrm the presence of cells irrespective of
their chemistry, and ßuorescence imaging with dyes that are
speciÞc to biochemicals (e.g., lipids, proteins, nucleic acids,
sugars) can assess the co-location of chemicals that are
relevant to life and cell-like features. The required resolu-
tion for such imaging should be the same in ocean worlds
with liquid water as on the Earth: The upper size limit for
single-celled organisms is set by diffusion rates that are
similar in liquid water everywhere, and the lower limit is set
by the need to contain a self-replicating genome and the
chemistry required to manufacture cellular proteins.

As on the Viking missions, metabolism can be observed by
supplying electron donors/acceptors and labeled nutrients to a
sample, and monitoring abundances of labeled products over
time. This approach would beneÞt from simultaneous micro-
and macroscopic imaging of the reaction volume. Micro-
scopic imaging could detect growth, reproduction, motility
(easily distinguished from Brownian motion), and taxis, and
assess their correlation with chemical measurements of met-
abolic activity. Macroscopic imaging could perform the
equivalent of colony counting. Rapid changes in activity can
be stimulated by modest temperature changes or nutrient
addition, although obvious changes, such as the regrowth of
ßagella from dormant bacteria, can take several hours.

On the Earth, microevolution can be very rapid in single-
celled organisms. Organisms with random mutations might
develop into distinct populations with different nutrient
preferences. Thus, evolution might be detected within days or
weeks, by supplying a sample container heterogeneously with
a variety of chemical stimuli and measuring cell concentra-
tions in different regions. Short of being able to induce evo-
lution, a proxy is the observation of multiple species in a
population, likely to arise in the presence of different habitable
niches. Microbial diversity might be detected with short-term
observations of differences in activity levels with different
nutrient sources, motility styles (nonmotile, motile, various
swimming mechanisms), or even structures for organisms that
are larger than a few microns.

IV.B. How to search for and analyze data in different
environments?

B.1. How can we look for extant life in an ocean world
remotely (from orbit or during a ßyby)?

B.2. How can we look for extant life in an ocean world in
in situ (landed, underwater, plume) investigations?

B.3. How can we look for extant life in an ocean world
with sample return science?

B.4. Which science operational strategies should be used
to detect life in ocean worlds?
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the research goals of NASAÕs Astrophysics Division, particu-
larly in relation to the identiÞcation and characterization of
ÔÔhabitable exoplanets and/or their moons.ÕÕ The ROW inves-
tigations are also applicable toÔÔunderstanding the chemical
and physical processes of exoplanets, including the state and
evolution of their surfaces, interiors, and atmospheres,ÕÕ which
is a primary goal of the Exoplanets Research Program.

4. Roadmap to Ocean Worlds

Here, the ROW team outlines a roadmap of initial suites of
missions that advance all ROW objectives as outlined in Ta-
ble 1, with follow-on plans to any one body entirely dependent
on what is found during the initial missions. In other words,
here we do not plan for contingencies but rather focus on the
important next missions to send to different bodies in the
ocean worlds spectrum, along with the needed technologies
for development. It is assumed that, if a candidate ocean world
moves to the category of a conÞrmed ocean world, this
roadmap would be updated and steps would then be taken to
characterize that ocean, its habitability, etc. We focus here on
priorities that can potentially be addressed in the next decade.

Search-for-life missions should take place at target bodies
that are the most likely to support life and should include sci-
ence payloads that can yield important information (such as a
broader context of the sample environment, characterization of
prebiotic chemistry as an indication of how far toward life the
conditions have progressed, or assessment of the habitability of
the environment) even if life signatures are ambiguous or ab-
sent in that particular mission. If hints of biosignatures are
found, an appropriate follow-on mission should be planned.

In this roadmap are the conÞrmed ocean worlds En-
celadus, Titan, and Europa, which are the highest priority
bodies to target in the near term to address ROW goals.
Triton is the highest priority candidate ocean world to target
in the near term.

4.1. Con�rmed ocean worlds

Europa, Titan, and Enceladus are conÞrmed ocean worlds
and each is a compelling target in different ways. As known
ocean worlds, the next step on the ROW goals list (Table 1)
for these bodies is to characterize habitability (as needed)
and then, when/if habitability is deemed adequate for life, to
search for life.

Ganymede and Callisto are also known ocean worlds,
which are of lower priority in the roadmap in terms of
characterizing habitability or searching for life. Because these
oceans are deeper and there is no evidence of communication
between liquid water and the surface and/or a silicate core,
oceans at Ganymede and Callisto should be better understood
before exploring them as potentially habitable. This lack of
knowledge limits their ability to support more of the Ocean
Worlds science objectives, and, thus, they are lower in pri-
ority from the other known ocean worlds.

4.1.1. Known ocean worlds: target summary and recom-
mendations

4.1.1.1. Enceladus.The habitability of EnceladusÕ ocean
has been sufÞciently established by usingCassinimeasure-
ments (Fig. 6), and thus to address ROW goals, a search-for-
life mission could be sent as a next step. The ROW team

strongly recommends that a search-for-life mission at En-
celadus be of high priority in the next decade. Enceladus
mission architectures that address the search for life should be
studied in advance of the next Decadal Survey. New tech-
nologies may need development in addition to that funded for
the New Frontiers 4 ELSAH concept.

4.1.1.2. Europa.Europa Clipper is a ßagship mission in
Phase B of development; the overarching goal of Clipper is
to establish the habitability of Europa. An astrobiology-
focused Europa Lander mission has been studied (Hand
et al., 2017). The ROW team recommends that the Europa
Clipper mission continue as planned for its importance in
characterizing the habitability of Europa. The ROW team
supports a Europa-landed search-for-life mission, especially
if the science payload can yield important astrobiological
information even if biosignature results are ambiguous.
Such a mission will advance the technologies needed to
detect biosignatures at ocean world targets, especially from
in situ measurements.

4.1.1.3. Titan. The habitability of TitanÕs subsurface
ocean and any interfaces between the ocean and surface,
along with the surface lakes and seas of methane/ethane, has
yet to be established. Thus, a habitability/ocean character-
ization mission to Titan is a natural next step to advance
ROW goals at this body. Numerous types of missions at
Titan are possible. The Dragonßy mission concept has been
selected for a Phase A study for New Frontiers 4. The ROW
team considers missions to characterize TitanÕs ocean and
assess its habitability to be of high priority. Even if

FIG. 6. The Enceladus plume, sourced by a potentially
habitable subsurface ocean. Credit: NASA/JPL/Space Sci-
ence Institute.

16 HENDRIX AND HURFORD ET AL.



Dragonßy is selected for New Frontiers 4, additional Titan
missions that advance the understanding of Titan as an
ocean world should be studied before the Decadal Survey
and considered by the Decadal Survey panel.

4.1.1.4. Ganymede.The ESA JUICE mission is set to
explore Ganymede. This mission will characterize Gan-
ymedeÕs subsurface ocean, located between layers of
near-surface and high-pressure ices, to better understand
the formation and evolution of this ocean world. It could
place bounds on communication between the subsurface
ocean and the surface, energy input into the ocean layer,
and the habitability of oceans separated from underlying
rocky mantles. The ROW team supports the ESA JUICE
mission.

4.1.1.5. Callisto.This known ocean world remains to be
fully characterized. Its deep subsurface ocean and its lo-
cation on the edge of the Galilean satellite system limits not
only communication between the ocean and the surface but
also vital energy input to the ocean. It may serve as an end
member on the ocean world spectrum and help, along with
Ceres, to characterize the limit of the ability of bodies to
maintain oceans with sparse tidal input. In addition, be-
cause CallistoÕs ocean is also located between two layers of
ices, Callisto studies could inform studies of GanymedeÕs
ocean. The ROW team supports mission studies to charac-
terize CallistoÕs ocean and its sustainability. A smallsat
mission to Callisto should be studied, which can perhaps
advance ROW objectives.

4.2. Candidate ocean worlds

Triton, Pluto, Ariel, Miranda, and Ceres are among the
possible ocean worlds in the Solar System. Spacecraft data
returned from these bodies suggest the possible presence of
extant liquids in their interiors, but the size of any liquid
reservoir is unknown. These bodies must be explored further
to determine whether they have extant oceans and whether
they should be further studied as ocean worlds. The next
missions to these bodies should establish the presence of
oceans, perhaps using orbiting spacecraft (or multiple ßyby
missions) with magnetic, gravity Þeld, libration, and/or to-
pographic measurements of tidal ßexing. Should extant
oceans be found, future missions should characterize those
oceans to establish their habitability and then potentially
search for life.

In ranking the priority of the worlds just described, we
consider two factors: the timing of geological activity,
suggesting the presence of an ocean, and the likelihood of
this activity being endogenic (including tidal) as opposed to
exogenic (driven by insolation or impacts).

Other possible ocean worlds exist. However, the bodies
listed here represent the most likely targets on which we can
conÞrm oceans in the near future.

4.2.1. Candidate ocean worlds: target summary and rec-
ommendations

4.2.1.1. Triton.Of the worlds just cited, Triton is deemed
the highest priority target to address as part of an Ocean Worlds
Program. This priority is given based on the extraordinary hints

FIG. 7. Voyager2 imageofNeptuneÕs
moon Triton. Image credit: NASA.
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of activity shown by the Voyager spacecraft (e.g., plume ac-
tivity; smooth, walled plains units; the cantaloupe terrain
suggestive of convection) (Fig. 7) and the potential for ocean-
driven activity given byCassiniresults at Enceladus. Although
the source of energy for TritonÕs activity remains unclear, all
active bodies in the Solar System are driven by endogenic heat
sources, and TritonÕs activity coupled with the young surface
age makes investigation of an endogenic source important.
Further, many Triton mission architectures would simulta-
neously address Ice Giant goals on which high priority was
placed in the Visions and Voyages Decadal Survey. Finally, as
Triton likely represents a captured Kuiper Belt object (KBO),
some types of comparative planetology with KBOs could also
be addressed in a Triton mission. Before the next Decadal
Survey, a mission study should be performed that would ad-
dress Triton as a potential ocean world; such a study could be
part of a larger Neptune orbiter mission. The Decadal Survey
should place high priority on Triton as a target in the Ocean
Worlds Program.

4.2.1.2. Pluto.Pluto is the Þrst large object visited in the
Kuiper belt and it shows young, potentially cryovolcanic
terrains, indicating activity may have continued through
much of its history. As for Triton, the source of relatively
recent internal heat on Pluto is not well understood, but
models suggest that an ocean may persist into the present.
Studying large KBOs opens up a new regime for exploring
ocean worlds in the Solar System, and by comparative
planetology helps us understand what is possible for icy
moons that are not currently tidally heated. Mission studies
should be performed to address technology advances en-
hancing exploration of the Kuiper belt or a return to Pluto
with an orbiter (necessary to study a potential ocean). Stu-
dies to explore a potential KBO rendezvous as an extended
part of another mission to the outer Solar System (e.g., to a
gas giant) are also encouraged.

4.2.1.3. Ariel and Miranda.After the Voyager ßyby of
the outer Solar System, similarities between Enceladus,
Miranda, and Ariel were noted. Only afterCassini�sarrival
were EnceladusÕ extant geological activity and ocean dis-
covered. Both Miranda and Ariel show evidence for recent
signiÞcant tectonism that could indicate subsurface oceans.
A mission to the Uranian system should set, as a top pri-
ority, ßybys of these moons to search for evidence of
subsurface oceans.

4.2.1.4. Ceres.Ceres is a unique case, a hydrous dwarf
planet in the asteroid belt. Ceres is* 50% H2O in volume
and has a 40-km-thick shell dominated by volatiles, with a
density of 1.28 g/cm3, but whether there is liquid water in its
interior today is the subject of ongoing analyses of data from
theDawnspacecraft. Ceres is a small and heat-limited body,
likely in the process of freezing, so it may provide an end-
member scenario for medium-sized ocean worlds without
tidal heating. Modeling and experimental research (utilizing
Research and Analysis [R&A] funding) in light ofDawn
results would inform the understanding of ocean worlds as a
whole. A Ceres mission with a primary objective to detect
and characterize any liquids within Ceres should be studied
to determine how well small mission classes can help ad-
vance ROW objectives.

5. Mission Scenarios

5.1. Enceladus

The next steps for exploration of Enceladus should build
on the science achievements of theCassinimission and le-
verage existing and developing technologies to best assess the
habitability or presence of biosignatures (extinct or extant) on
this moon. The following sequence of missions is proposed,
but not explicitly required, to achieve these objectives:

1. Plume ßyby (in situ analysis)Ñto search for complex
organics indicative of life; and to identify the best way
to capture and preserve a sample for sample return.

2. Plume ßyby+sample returnÑto enable higher Þdelity
analysis by utilizing the latest laboratory techniques
and instrumentation on the Earth to search for evi-
dence of life in the plume. An alternative approach
would be to use a Lander to access material for sample
return. This would enable a much larger sample size to
be collected, and it would not rely on plumes being
active for the sample return mission.

3. LanderÑthis mission would look for markers (and
potentially cells) in the larger, heavier plume fallout
grains on the surface that cannot be safely accessed in
a ßyby. An option could be to combine this with a
ÔÔcrawlerÕÕ (below).

4. ÔÔCrawlerÕÕ to access deeper into the Tiger Stripes
(possibly to the ocean)Ñto test new technologies for
accessing chasms of similar ocean worlds without
drilling/melting.

5. Submarine to access the ocean (delivered via either
ÔÔcrawlerÕÕ or melt probe)Ñin this Þnal phase, the ocean
of Enceladus would be sampled directly in the search
for microbial activity or other evidence of life. De-
pending on design, a submersible or something similar
might reach the ocean ßoor to verify the presence of,
and collect samples from, hydrothermal vents.

We note that any mission architecture must remain ßex-
ible to accommodate discovery-driven changes. From
Sherwood (2016): ÔÔAmong the many ÔÔocean worldsÕÕ of
our Solar System, Enceladus appears unique in its combi-
nation of astrobiologically relevant and exploration-worthy
attributes: extensive liquid-water ocean with active hydro-
thermal 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 oceano-
graphic exploration can all be envisioned. However, build-
ing consensus to fund such ambitious exploration hinges on
acquiring key new data. A roadmap is essential. It could start
with cost-capped onramps such as ßythrough analysis of the
plume, following up onCassinimeasurements with modern
instruments; and 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.ÕÕ

Thanks to the pioneering work ofCassini, the Þrst major
steps in the astrobiological exploration of Enceladus have
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already been accomplished: (1) A global, subsurface ocean
was identiÞed and conÞrmed; (2) simple and complex or-
ganics have been detected in a plume that is sourced from
the ocean; (3) multiple independent lines of evidence
strongly suggest hydrothermal activity; and (4) the optimal
landing region for a Lander has been established (the Tiger
Stripes); further high-resolution reconnaissance is needed to
Þnd a safe landing site within the plume fallout zone. This
puts Enceladus in a pivotal role as one of the pathÞnding
targets where we may test our mission strategy to explore
ocean worlds. The optimal strategy must minimize the
number and scope (and therefore cost) of missions needed to
address the question (is there life on Enceladus?) while still
achieving the scientiÞc rigor needed to test such a mo-
mentous hypothesis.

One unique issue for an Enceladus astrobiology mission
is that nearly all orbital trajectories to target this small moon
must also include a Titan ßyby. Instruments designed for
ultrasensitive detection of organics must be adequately
isolated from contamination during this Titan encounter;
this may be a nonissue given that a ßyby well outside of
TitanÕs atmosphere can be used for this purpose. Inlet covers
and/or decontamination heaters may help to address this
concern.

5.2. Europa

The next mission to Europa follows up on theGalileo
mission with a comprehensive remote-sensing survey, in-
cluding global mapping, magnetometry, and radar to sound
the subsurface to attempt to conÞrm the presence of and
depth to a subsurface ocean. Such a mission is currently
under construction at NASA, and the EuropaClipper mis-
sion will extensively characterize EuropaÕs surface. Europa
Clipper includes a radar sounding instrument and magne-
tometer to probe the subsurface structure of Europa, andin
situ instruments to measure the composition of particles in
EuropaÕs exosphere, lofted into space by impacts, sputter-
ing, and/or plumes, if they exist.

One science objective not well addressed byClipper is
gravity science. A low-altitude orbiter mission such as
GRAIL can revolutionize our understanding of Europa, and
it may be achievable within the Discovery or New Frontiers
program.

The next Europa Flagship mission after the global re-
connaissance mission should be a Lander. Such a mission
would be able to not only search directly for life on another
planetary body but also provide valuable information on the
geological nature of the surface. Much can be done remotely
to characterize EuropaÕs habitability, but likely a true search
for life will come from a landed mission that directly
samples EuropaÕs near-surface material to search for signs
of life. Such a Lander mission would sample the subsurface
and perform visual (microscopic) and compositional
(GCMS or other instrument) analysis of materials that come
from EuropaÕs near-surface.

This Þrst Europa Lander would likely choose a landing
site based on compositional heterogeneity as well as safety.
Likely the highest priority landing site would be one where
subsurface material has made recent (very recent, geologi-
cally) contact with the surface. Such a landing site would
likely be selected based on a complete orbital survey of the

surface, to look for compositional indicators of recent ac-
tivity (such as plume deposits), regions where communica-
tion between the surface and subsurface are likely to occur,
as evidenced by high concentrations of nonice materials
(Shirley et al., 2010), and/or regions in the ice shell where
geological processes such as subsumption (Katterhorn and
Prockter, 2014) and ridge formation (Greenberg, 2010),
among others, may facilitate the cycling of surface species
into the subsurface. As warm ice diapirs may be habitable,
and their movement through the crust will heat the sur-
rounding country ice (Quick and Marsh, 2015), producing
transient habitable environments that may last 104—105 years
(Ruiz et al., 2007), chaos regions, and lenticulae Þelds could
also be prime targets for subsurface sampling. Engineering
constraints would also come into play, as we consider what
kind of surface a lander could successfully access.

A Europa Lander mission concept is currently under
study by NASA. Follow-on missions would likely depend
on the results of the Þrst Europa Lander mission, and
whether it detects clear biosignatures. Such future mis-
sions would likely include more capable landers, rovers,
and eventually a submersible or melt probe that would
directly access the subsurface liquid ocean layer and might
even return samples (Sherwood, 2016). Seismology on a
lander would greatly facilitate future exploration into
EuropaÕs ice shell or ocean. A Lander relay orbiter could
include enhanced capabilities to add toClipper science
(e.g., geodesy).

Innovative concepts for Europa exploration should be
encouraged in Discovery and New Frontiers.

5.3. Titan

Titan is a diverse and multifaceted world that is arguably
more complex than the other ocean worlds. Multiple mis-
sions will be needed to reveal Titan and how it Þts in with
other Solar System bodies.

The complex photochemical synthesis of TitanÕs methane-
rich atmosphere leads to deposition of a wide variety of
organic molecules, an active weather system, and ßuvial and
aeolian geological processes. The potential for exchange and
contact of these organics with water creates the potential for
chemically rich environments in the deep subsurface ocean.
At the surface, transient liquid water environments could
exist after impact events and possible cryovolcanic erup-
tions, providing a short-lived habitat for life. The hydrocar-
bon seas and lakes may also serve as regions where prebiotic
chemical processes could potentially evolve into an orga-
nized biochemistry. If these organics reach the water ocean,
then this world would be especially interesting.

Future missions are needed to determine the origin of the
atmosphere, the length of time the photochemical produc-
tion cycle has been running, the complex organic synthesis
of the upper atmosphere, the properties of the hydrocarbon
seas, geodesy and geomorphology of the surface, chemical
sampling of the plains, dunes, water-ice rich mountains,
targeted sampling of locations where water has modiÞed
surface organics (e.g., impact melts), and perhaps even lo-
cations where the subsurface ocean has broached the surface
(e.g., cryovolcanic ßows).

Multiple mission concepts are needed to fully explore
Titan. Next, we list a variety of these concepts. Each
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A return to Pluto/Charon is needed to reveal whether Pluto
has a present-day ocean (a possibility given some of the young
surface terrains and also an outcome produced by some models
of interior evolution), and to characterize CharonÕs past ocean.
An orbiter would signiÞcantly advance Pluto/Charon science
and is likely needed for true characterization of the ocean (e.g.,
via gravity science); however, an additional ßyby would also
be useful. Many unanswered questions remain about this
double dwarf-planet system, and New Horizons observed only
* 40% of the surface area each of Pluto and Charon at
moderate-to-high resolution. The Pluto system provides an
opportunity to study a two-body system where one world may
have retained an ocean into the present, whereas the other
worldÕs ocean froze. Further, the Pluto system is also unique in
that it is not tidally forced today, and thus a present-day ocean
in Pluto would represent a different kind of interior evolution
than those of the giant-planet satellites.

Research into ways to optimize distant outer Solar System
missions is needed. For example:

� Are there opportunities to piggy-back on other missions
to the outer Solar System? (e.g., giant planet missions)?

� Can multiple large KBOs be visited with a single
spacecraft?

� Can multiple smaller/cheaper spacecraft be sent to visit
different KBOs?

� Are KBO orbiters possible with current technology and
within cost constraints?

� Are KBO landers possible with current technology and
within cost constraints?

� What opportunities do different launch vehicles and
power sources enable?

5.8. Other satellites

5.8.1. Saturnian satellites (Mimas, Tethys, Dione, Rhea,
Iapetus). Some of SaturnÕs medium-sized satellites have
had gravity science ßybys byCassini, whereas others have
not had any close ßybys. In all cases, this class of satellite
would greatly beneÞt from multiple close ßybys that are
dedicated to gravity science. Iapetus has only had one rel-
atively close ßyby by Cassini. In addition, the innermost
mid-sized satellite Mimas has had no dedicated ßybys. For
ocean detection, future missions should focus on gravity and
high-resolution imaging to measure librations (Tajeddine
et al., 2014; Thomaset al., 2016), similar to what has been
done at Enceladus (Iesset al., 2014; McKinnon 2015;
Thomaset al., 2016), especially at Dione.

5.8.2. Uranian satellites (Miranda, Ariel, Umbriel, Titania,
Oberon). At Uranus, a ßyby mission to the whole system to
image the regions of the satellites that were in darkness
during the Voyager encounter would greatly enhance our
knowledge of the system. However, aCassini-style orbiter at
Uranus would yield the greatest beneÞt for the system
(Hofstadteret al., 2017). Such a mission should be outÞtted
with instruments that would be useful for analyzing the parent
planet, rings, and the satellites. For example, a magnetometer
and a high-resolution imaging camera would be key. For the
purpose of gravity science and electromagnetic sounding, it
would be necessary to perform multiple close ßybys of each
moon. Ideally, a mission to Uranus would occur at equinox
(2049) or northern summer (2028) to enable imaging of the

hemispheres that were not visible during the Voyager ßybys.
Alternatively, having instruments that can analyze the dark
portions of the satellites would help Þll in any gaps, that is,
laser altimeter, active radar, and/or passive instruments that
are sensitive enough to use ÔÔUranus shineÕÕ or thermal
emission to image the shadowed surface.

6. Additional Major Findings of the ROW Study

Besides laying out scientiÞc priorities and goals of an
Ocean Worlds Program, the ROW group produced two ad-
ditional major Þndings in their discussions.

One major Þnding is that progress needs to be made in the
area of collaborations between Earth ocean scientists and ex-
traterrestrial ocean scientists. We can harness the>100 years of
ocean research that has been accomplished on the Earth and
bring that to bear on future studies that help move the Ocean
Worlds Program forward. Stimulation of a program of com-
parative oceanography will require coordination between
agencies. Classical oceanography might not currently Þt well
within NASAÕs R&A portfolio; however, the work that the
National Science Foundation (NSF) (process studies), the
National Oceanic and Atmospheric Administration (NOAA)
(exploration), and the OfÞce of Naval Research (ONR)
(technology, especially autonomy/robotics) all do in support-
ing different aspects of ocean research on the Earth is some-
thing that they tend to only support under conditions (such as
pressure, temperatures, ocean salinity, seaßoor composition)
that pertain speciÞcally to the Earth. Extending this basis of
Earth-centered knowledge into the Solar System will be a
challenge and requires a shared vision among the agencies just
described. Thus, the ROW team recommends the establish-
ment of a working group to study the speciÞc research areas
that can be investigated by direct collaborations between the
Earth ocean and the ocean world communities.

A second major Þnding of this study is that to map out a
coherent Ocean Worlds Program, signiÞcant input is re-
quired from studies here on Earth: Rigorous R&A studies
are called for, to enable some future ocean worlds missions
to be thoughtfully planned and undertaken. Many research
objectives and investigations involve questions that can be
addressed here on EarthÑthrough modeling, Þeld studies,
lab work, etc. so that spacecraft observations can be best
planned, acquired, and interpreted. Most of the ocean world
mission candidate bodies are in the outer Solar System,
meaning that total mission duration can be decades in
length, and fully addressing the open science questions will
likely require multiple missions to each body. Given these
long timescales, such Earth-based investigations should be
undertaken beginning immediately and continue on in par-
allel with planning and execution of ocean worlds missions.
The objectives laid out in this article cover both those that
include measurements required to be made at the various
target bodies and measurements/studies that will need to be
made here on Earth to prepare for those robotic measure-
ments and to help in their interpretation. Thus, the ROW
team recommends a rigorous R&A initiative as part of the
Ocean Worlds Program; many of these R&A studies could
be addressed as part of the current NASA R&A programs,
and it is recommended that ocean worlds be highlighted in
those programs so that this work can be accomplished.
Equally importantly, however, there are other key areas of
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research that do not Þt into current NASA R&A programs
(notably, oceanography and ocean interfaces studies).

Basic research is needed in all four goal areas, as de-
scribed here.

6.1. Goal I areas

Objective I.C. (How do materials behave under condi-
tions that are relevant to any particular target body?) and its
investigations:

1. What are the phase relations of materials composing
ocean worlds at relevant pressures and temperatures?

2. What is the composition and chemical behavior of
materials composing ocean worlds?

3. What are the rheologic mechanisms by which material
deforms under conditions that are relevant to ocean
worlds?

4. How does energy attenuation/dissipation occur under
conditions that are relevant to ocean worlds?

5. What are the thermophysical properties of material
under conditions that are relevant to ocean worlds?

Many Goal I areas are currently addressed in the Emerging
Worlds and SSW Programs. Applications and relevance to
ocean worlds should be emphasized in these programs.

6.2. Goal II areas

1. New collaborations are needed that interface with Earth-
based ocean researchers to pursue comparative oceanog-
raphy. In the United States,funding for oceanographic
process studies is predominantlyawarded through the NSF
whereas NOAA supports ocean exploration activities. The
ONR also supports development of new technologies
withÑmost relevant to this workÑan increasing interest
in long-range autonomous robotic systems. By design,
however, studies conducted through these agencies focus
exclusively on conditions that are relevant to the EarthÕs
oceans. (See also the Þrst major Þnding in Sec. 6)

2. Ice shell-related studies, for example, radar reßectivity
3. Studies are needed that are related to seaßoor and

subseaßoor water/silicate interactions at ranges that
are relevant to the pressures, temperatures, and che-
mical reactants that are relevant to the full spectrum of
ocean world settings anticipated (such topics may be
covered in HW and SSW); thermodynamics/chemistry
of water—rock interactions (also may be appropriate for
HW and/or SSW). There has been signiÞcant past in-
vestment into processes associated with water-rock
reactions on the Earth, often done through NSF, but
they do not necessarily extend to the full range of
conditions anticipated in all ocean worlds.

6.3. Goal III areas

ÔÔFundamentals of HabitabilityÕÕ questions:

1. Solvent
1.1. What solvents are suitable for life?

1.1.1. Are there limits (water activity, ionic
strength, other) to the composition of
aqueous environments that can support
life? If so, what are they?

1.1.2. Are solvents other than water capable of
supporting life? If so, what are they?

1.2. How do the spatiotemporal extents of liquid en-
vironments factor into habitability? How short/
transient/small is insufÞcient? Can a liquid envi-
ronment be too extensive in space and time to be
habitable?

2. Energy
2.1. Can life take advantage of energy sources other

than those known to support life on the Earth
(redox or visible-near IR light)?

2.2. When and how does energy availability constrain
the type, diversity, and/or abundance of life?

2.3. Are there organismal, local, or planetary scale
limits on how much energy is enough to support
life? If so, what are they, and how do they depend
on the physicochemical environment?

2.4. Are there upper limits to the amount of energy that
can be constructively harnessed by life (vs. that
same energy becoming destructive)?

3. Elemental and molecular raw materials
3.1. Can biochemistry be based on elements other than

those utilized by life on the Earth?
3.2. Are there lower limits on the abundance or con-

straints on the chemical form of elemental and
molecular resources required for habitability?

4. Physicochemical environment
4.1. Can life transcend the physicochemical limits ex-

hibited by life on the Earth? Of particular importance
for ocean worlds, what are the high-pressure limits for
life?

4.2. How do the physicochemical limits for life change
under conditions of compound ÔÔextremesÕÕ or energy
limitation?

5. Origin of life
5.1. Under what physicochemical conditions, with what

energy sources, and with what abundance and
chemical form of elemental and molecular raw
materials can life emerge? How does the proba-
bility of an origin of life vary within the range of
permissive conditions?

5.2. How does the timescale required for life to
emerge vary as a function of conditions within
the permissive set? What is the absolute value
and range of that timescale? (How long must
habitable environments be habitable for life to
emerge?)

5.3. Are there processes essential to the origin of life
that deÞnitively do not occur in sub-ice oceans?

Many of these Goal III questions are covered in the
Exobiology program. Applications and relevance to ocean
worlds should be emphasized in this program.

Note that some of these are extremely challenging
questions that we cannot reasonably expect to answer in
any short-term horizon, for example the question relating
to ÔÔthe probabilityÕÕ of the origin of life. The purpose in
articulating them here is to create a complete list of open
questions whose answers could strongly inßuence the way
we choose to (prioritize a) search for life, whether or not
we think those answers will be forthcoming in a mean-
ingful time frame.

OCEAN WORLDS 23





Hussmann, H., Sohl, F., and Spohn, T. (2006) Subsurface
oceans and deep interiors of medium-sized outer planet sat-
ellites. Icarus 185:258—273.

Iess, L., Stevenson, D.J., Parisi, M., Hemingway, D., Jacobson,
R.A., Lunine, J.I., Nimmo, F., Armstrong, J.W., Asmar, S.W.,
Ducci, M., and Tortora, P. (2014) The gravity Þeld and in-
terior structure of Enceladus.Science344:78—80.

Katterhorn, S.A. and Prockter, L.M. (2014) Evidence for sub-
duction in the ice shell of Europa.Nat Geosci7:762—767.

Kelley, D.S., Karson, J.A., Blackman, D.K., Fruh-Green, G.L.,
ButterÞeld, D.A., Lilley, M.D., Olson, E.J., Schrenk, M.O.,
Roe, K.K., Lebon, G.T., Rivizzigno, P.; The At3-60 Ship-
board Party. (2001) An off-axis hydrothermal vent Þeld near
the Mid-Atlantic Ridge at 30 degrees N.Nature412:145—49.

Kivelson, M.G., Khurana, K., Stevenson, D.J., Bennett, L., Joy, S.,
Russell, C.T., Walker, R.J., Zimmer, C., and Polanskey, C. (1999)
Europa and Callisto: Induced or intrinsic Þelds in a periodically
varying plasma environment.J Geophys Res104:4609—4629.

Kivelson, M.G., Khurana, K., Russell, C.T., Volwerk, M.,
Walker, R.J., and Zimmer, C. (2000) Galileo magnetometer
measurements: a stronger case for a subsurface ocean at
Europa.Science289:1340—1343.

Kivelson, M.G., Khurana, K., and Volwerk, M. (2002) The
permanent and inductive magnetic moments of Ganymede.
Icarus 157:507—522.

Le«ger, A., Selsis, F., Sotin, C., Guillot, T., Despois, D., Mawet,
D., and Ollivier, M., Labe‘ que, A., Valette, C., Brachet, F.,
Chazelas, B., and Lammer, H. (2004) A new family of
planets? ÔÔOcean Planets.ÕÕIcarus 169:499—504.

Lewis, J.S. (1971) Satellites of the outer planets: their physical
and chemical nature.Icarus 15:174—185.

Lorenz, R.D., Stiles, B., Kirk, R.L., Allison, M.D., Persi del
Marmo, P., Iess, L., Lunine, J.I., Ostro, S.J., and Hensley, S.
(2008) TitanÕs rotation reveals an internal ocean and chang-
ing zonal winds.Science319:1649—1651.

McDermott, J., Seewald, J., German, C.R., and Sylva, S. (2015)
Pathways for abiotic organic synthesis at submarine hydro-
thermal Þelds.Proc Natl Acad Sci U S A112:7668—7672.

McKinnon, W.B. (1999) Convective instability in EuropaÕs
ßoating ice shell.Geophys Res Lett26:951—954.

McKinnon, W.B. (2010) Why canÕt Mimas be more like En-
celadus? [abstract #P31B—1534]. In2010 AGU Fall Meeting,
American Geophysical Union, Washington, DC.

McKinnon, W.B. (2015) Effect of EnceladusÕ rapid synchro-
nous spin on interpretation of Cassini gravity.Geophys Res
Lett 42:2137—2143.

Melosh, H.J., Ekholm, A.G., Showman, A.P., and Lorenz, R.D.
(2004) The temperature of EuropaÕs subsurface water ocean.
Icarus 168:498—502.

Meyer, J. and Wisdom, J. (2008) Tidal evolution of Mimas,
Enceladus, and Dione.Icarus 193:213—223.

Moore, J.M., Chapman, C.R., Bierhaus, E.B., Greely, R., Chuang,
F.C., Klemaszewski, J., Clarck, R.N., Dalton, J.B., Hibbits, C.A.,
Schenk, P.M., Spencer, J.R., and Wagner, R. (2004) Callisto. In
Jupiter, edited by F. Bagenal, T.E. Dowling, and W.B.
McKinnon, Cambridge University Press, Cambridge, UK, pp
397—426.

National Academies of Sciences, Engineering, and Medicine.
(2017) Report Series�Committee on Astrobiology and Pla-
netary Science: Getting Ready for the Next Planetary Sciences
Decadal Survey.The National Academies Press, Washington,
DC. Available online at https://doi.org/10.17226/24843

Neveu, M., Hays, L., Voytek, M., New, M., and Schulte, M.
(2018) The ladder of life detection.Astrobiology 18: doi:
10.1089/ast.2017.1773.

Nimmo, F. and Spencer, J.R. (2015) Powering TritonÕs recent
geological activity by obliquity tides: implications for Pluto
geology.Icarus 246:2—10.

Ojakangas, G.W. and Stevenson, D.J. (1989) Thermal state of
an ice shell on Europa.Icarus 81:220—241.

Pappalardo, R.T. and Barr, A.C. (2004) The origin of domes on
Europa: the role of thermally induced compositional diapir-
ism. Geophys Res Lett31: doi: 10.1029/2003GL019202.

Pappalardo, R.T., Belton, M.J.S., Breneman, H.H., Carr, M.H.,
Chapman, C.R., Collins, G.C., Denk, T., Fagents, S., Geissler,
P.E., Giese, B., Greeley, R., Greenberg, R., Head, J.W., Hel-
fenstein, P., Hoppa, G., Kadel, S.D., Klaasen, K.P., Kle-
maszewski, J.E., Magee, K., McEwen, A.S., Moore, J.M.,
Moore, W.B., Neukum, G., Phillips, C.B., Prockter, L.M.,
Schubert, G., Senske, D.A., Sullivan, R.J., Tufts, B.R., Turtle,
E.P., Wagner, R., and Williams, K.K. (1999) Does Europa
have a subsurface ocean? Evaluation of the geological evi-
dence.J Geophys Res104:24015—24056.

Pappalardo, R.T., Collins, G.C., Head, J.W., Helfenstein, P.,
McCord, T.B., Moore, J.M., Prockter, L.M., Schenk, P.M., and
Spencer, J.R. (2004) The geology of Ganymede. InJupiter,
edited by F. Bagenal, T.E. Dowling, and W.B. McKinnon,
Cambridge University Press, Cambridge, pp 363—396.

Peddinti, D.A. and McNamara A.K. (2015) Material transport
across EuropaÕs Ice Shell.Geophys Res Lett42:4288—293.

Porco, C.C., Helfenstein, P., Thomas, P.C., Ingersoll, A.P.,
Wisdom, J., West, R., Neukum, G., Denk, T., Wagner, R.,
Roatsch, T., Kieffer, S., Turtle, E., McEwen, A., Johnson,
T.V., Rathbun, J., Veverka, J., Wilson, D., Perry, J., Spitale,
J., Brahic, A., Burns, J.A., Delgenio, A.D., Dones, L., Mur-
ray, C.D., and Squyres, S. (2006) Cassini observes the active
south pole of Enceladus.Science311:1393—1401.

Quick, L., and Marsh, B. (2015) Constraining the thickness of
EuropaÕs water-ice shell: insights from tidal dissipation and
conductive cooling.Icarus 253:16—24.

Roberts, J.H. and Nimmo, F. (2008) Tidal heating and the long-term
stabilityofasubsurfaceoceanonEnceladus.Icarus194:675—689.

Roth, L., Saur, J., Retherford, K.D., Strobel, D.F., Feldman,
P.D., McGrath, M.A., and Nimmo, F. (2014) Transient water
vapor at EuropaÕs south pole.Science343:171—174.

Ruesch, O., Platz, T., Schenk, P., McFadden, L.A., Castillo-Rogez,
J.C., Quick, L.C., Byrne, S., Preusker, F., OÕBrien, D.P.,
Schmedemann, N., Williams, D.A., Li, J.-Y., Bland, M.T., Hie-
singer, H., Kneissl, T., Neesemann, A., Schaefer, M., Pasckert,
J.H., Schmidt, B.E., Buzckowski, D.L., Sykes, M.V., Nathues,
A., Roatsch, T., Hoffmann, M., Raymond, C.A., and Russell,
C.T. (2016) Cryovolcanism on Ceres.Science353:aaf4286.

Ruiz, J., Alvarez-Go«mez, J.A., Tejero, R., and Sa«nchez, N. (2007)
Heat ßow and thickness of a convective ice shell on Europa for
grain size-dependent rheologies.Icarus190:145—154.

Schmidt, B., Blankenship, D., Patterson, G., and Schenk, P.
(2011) Active formation of chaos terrain over shallow sub-
surface water on Europa.Nature479:502—505.

Schubert, G., Hussmann, H., Lainey, V., Matson, D.L., McKinnon,
W.B., Sohl, F., Sotin, C., Tobie, G., Turini, D., and van Hoolst, T.
(2010) Evolution of icy satellites.Space Sci Rev153:447—484.

Scott, J.R., Marotzke, J., and Adcroft, A. (2001) Geothermal
heating and its inßuence on the meridional overturning cir-
culation.J Geophys Res106:141—154.

Sekine, T., Kimura, T., Kobayashi, T., and Mashimo, T. (2015) Dy-
namic water loss of antigorite by impact process.Icarus260:1—6.

Sherwood, B. (2016) Strategic map for exploring the ocean-
world Enceladus.Acta Astronautica126:52—58.

Shirley, J., Dalton, J.B., Prockter, L.M., and Kamp, L.W. (2010)
EuropaÕs ridged plains and smooth low albedo plains: dis-

26 HENDRIX AND HURFORD ET AL.
































